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Abstract
Kidney development is a paradigm of how multiple cell types are integrated into highly
specialized epithelial structures via various inductive events. A network of transcription factors
and signaling pathways have been identified as crucial regulators. The recent discovery of a group
of small, non-coding RNAs, microRNAs (miRNAs), has added a new layer of complexity. Studies
using the pronephric kidney of Xenopus and the metanephric kidney of mouse have demonstrated
that a tight regulation of mRNA stability and translation efficiency by miRNAs is very important
as well. The interplay between miRNAs and the transcriptional network provides plasticity and
robustness to the system. Importantly, miRNAs are not only necessary for early aspects of kidney
development, but also later in life. As such they may provide a mean to maintain/modulate kidney
function during homeostasis and injury.

Post-transcriptional regulation is an important, but long neglected aspect in the control of
gene expression. microRNAs (miRNAs), ~22 nucleotide long, non-coding RNAs have
emerged as key regulators in this process. They bind to the 3’UTR of mRNAs and regulate
translational efficiency and mRNA stability. A plethora of work has explored several aspects
of miRNAs, such as, their biogenesis, mode of action and binding site specificity.1–3 Even
then, the biological function of most miRNAs is still unknown. This is - in part - due to the
large number of identified miRNAs, their numerous predicted targets and their rather
modulatory role.1–3 But it is also hampered by the fact that miRNA function can often not
be adequately studied in cell lines and requires in vivo approaches.

The kidney is an essential organ required for removal of metabolic waste products from the
body and conservation of water, electrolytes and metabolites. Notably, the kidney is not a
static organ, but has to be adaptable to changes in environmental conditions such as aging
and dietary inputs. Failure in doing so causes kidney malfunction and can result in serious
repercussions that may ultimately lead to death. Interestingly, many aspects of kidney
diseases involve processes that are initially used during kidney development and are
recapitulated in disease initiation/progression. For example, mesenchymal-epithelial
transition (MET) is involved in the formation of renal tubules, but is perturbed during
fibrotic events such as nephrotic syndrome.4 Similarly, proliferation is required to establish
the final organ size, but is absent in adult kidneys and is only reinitiated under disease
conditions such as polycystic kidney disease.5 It is not surprising that these processes are
targeted by the regulatory role of miRNAs. Indeed, many miRNAs are expressed in the
kidney and their importance is supported by mouse knockout studies.6–10 Eliminating Dicer,
a key enzyme in miRNA biogenesis, from podocytes, a cell type required for the formation
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of the size exclusion barrier in the glomerulus, results in progressive loss of podocyte
function.8–10

One disadvantage of the mouse studies is the complexity of the kidney. In the course of
evolution the kidney has evolved into an organ with millions of functional units, the
nephrons. This high redundancy protects the metanephros, the kidney present in all higher
vertebrates, from malfunction. As long as a sufficient number of nephrons are functional,
problems in a few nephrons often remain undetected. For example, the elimination of Dicer
from podocytes8–10 did not equally affect all podocytes. The mutant kidneys actually
exhibited a mixture of diseased, pre-diseased and normal glomeruli, a fact that greatly
hampered the analysis of the underlying mechanism causing podocyte malfunction. In
contrast, primitive animal models such as Xenopus or zebrafish offer alternative insights due
to their simple kidney structure. The mammalian kidney develops through three successive
and increasingly complex renal structures, the pro-, meso- and metanephros.11,12 While the
three kidney forms appear morphologically different their nephrons are evolutionarily
conserved.13–16 However, the pronephric kidney avoids the redundancy present in the more
complex forms. Its two nephrons develop synchronously on the left and right side of the
body making it an ideal system to study cell fate decisions. As a consequence, the Xenopus
and zebrafish pronephros has emerged as a valuable model to study multiple aspects of
kidney development and disease.17,18 This includes the recent report by Agrawal et al.6 that
touches on several aspects of miRNA regulation (Figure 1) and will further be expanded on
in the remainder of this point-of-view.

Temporal Regulation of Gene Expression by miRNAs
miRNAs bind to the 3’UTR of a given gene and repress its activity. This regulation is not
absolute, since most native miRNA binding sites only result in a modest (30–50%), but not
complete reduction of gene expression.1,6 However, a 50% decrease in expression is often
insufficient to change developmental fates. This fact is exemplified by the observation that
most genetic mutations are recessive and do not result in overt phenotypes in the
heterozygous state. So what is the function of miRNAs if they are unable to promote such
decisions? One often-neglected aspect in gene regulation is the inactivation of an existing
input. To proceed along the path of differentiation, genes have to be turned on and off at the
proper place and time. The latter occurs at several levels, the cessation of de novo
transcription or translation, as well as the degradation of mRNAs and proteins. miRNAs
play an important role in two of these aspects. By binding to the 3’UTR they interfere with
translation and promote mRNA degradation. Importantly, in this process a 50% down-
regulation is sufficient to lower the concentration of e.g. transcription factors beyond
threshold levels and sharpen the borders.

The work of Agrawal et al.6 offers a paradigm for this type of regulation. We found that
early specification of the pronephric field is miRNA-independent. At times when kidney-
specific transcription factors are first expressed, no miRNAs are yet detected in this domain.
Moreover, knockdown of individual miRNA families or interfering with miRNA biogenesis
does not impair the initial specification of the pronephric kidney. In contrast, subsequent
steps are miRNA-dependent. During terminal differentiation when the first wave of
transcription factors is down-regulated, several miRNAs are detected in renal epithelial
cells. Moreover, lack-of-miRNA activity causes defects such as decreased proliferation,
aberrant nephron patterning and delayed terminal differentiation of kidney tubules.6

At the molecular level, the expression of lhx1, a key transcription factor involved in several
aspects of kidney development19–21, is normally down-regulated upon terminal
differentiation. However, in the absence of miRNAs, lhx1 expression levels are maintained.
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This regulation is dependent on the miR-30 family and is partially responsible for the
phenotype. Indeed, close inspection of the lhx1 3’UTR revealed two pairs of miRNA
binding sites, miR-30 and miR-96/182, both of which are expressed in the developing
kidney of Xenopus and mouse. Gain-of-function studies with a lhx1 construct lacking the
3’UTR showed that ectopic lhx1 protein is equivalent to the loss-of-miR-30 activity and
mimicked the phenotype.6 Using antisense morpholino oligomers to block both miR-30
binding sites on the lhx1 3’UTR also delayed terminal differentiation (our unpublished
observations). Together, these data suggest that the miR-30/lhx1 interaction is integral in
regulating the timing of pronephros development. Interestingly, other key transcription
factors involved in kidney development, such as, WT1, Pax2, Pax8 and Hnf1b16 also harbor
multiple miRNA binding sites in their 3’UTR. Given their highly regulated expression it
seems likely that miRNAs also influences these transcription factors. Thus, the temporal
control of gene expression is clearly a very important aspect in the activity of miRNAs
during kidney development.

Spatial Regulation of Gene Expression by miRNAs
Another concept that has been brought forth early on was that a miRNA and its target are
mutually exclusive and do not share the same expression domains.22,23 This means that in a
tissue that is high in a given miRNA, its target is expressed at low levels. Due to the
differences in abundance, the miRNA ascertains that the low expression of the target mRNA
would not result in any significant translation. Our studies provide data supporting such a
mechanism. In addition to miR-30, the miR-200 family was one of the most abundant
miRNAs in the kidney.6 miR-200 is expressed in the developing pronephros, the skin and
part of the somites (Figure 2A,A’). Interestingly, miR-200 has been implicated in the
regulation of epithelial-mesenchymal transition (EMT) by means of regulating the E-box
genes Zeb1 and Zeb2, transcriptional repressors of E-cadherin.24 These proteins are among
the key genes upregulated in skin tumors. As such, it is not surprising that in situ
hybridization in Xenopus did not detect zeb1 and zeb2 in the epidermis, whereas miR-200 is
highly expressed (Figure 2A-B’ and our unpublished data). Therefore, this pair fulfills the
criteria for spatial regulation. High levels of miR-200 in the skin prevent the translation of
zeb1 and zeb2 proteins and protect the integrity of the epidermis. The pronephros, however,
did not follow this rule since both miRNA and target are expressed in the developing
pronephros. This can be explained by two ways: first, zeb1 and zeb2 are expressed in the
developing pronephros, but do not play an important role in its formation. This seems
unlikely since Xenopus embryos injected with an antisense morpholino oligomer targeting
zeb2 mRNA results in EMT defects in the pronephros (our unpublished observations).
Second, the renal epithelial cells present in the pronephros are in the process of
epithelialization, but have not yet turned off zeb1/zeb2. Upon terminal differentiation the
expression of zeb1/zeb2 will cease. At this moment the high levels of miR-200 will protect
the renal epithelial cells from spontaneous de-differentiation. While such a hypothesis still
needs to be experimentally tested, data from another E-box protein involved in MET/EMT,
Snai1, support this scenario. In Xenopus, Snai1 is expressed during kidney development and
has a predicted miR-30 binding site in its 3’UTR (Figure 2C-D’ and our unpublished data).
In mouse, Snai1 regulates the differentiation of renal epithelial tubules.25 Snai1 is expressed
early, but is subsequently turned off and is nearly undetectable in adult kidneys. During
injury Snai1 expression is re-activated to facilitate the repair process. While this scenario is
normally transient, excessive injury results in sustained Snai1 expression, the accumulation
of extracellular matrix and ultimately the impairment of renal function.26 The direct
involvement of E-box proteins was shown in transgenic mice activating Snai1 in adults
leading to renal fibrosis presumably by the activation of an EMT program in the renal
epithelial cells.25 Similarly, it has been shown that miR-192 also targets Zeb1 and may
contribute to its up-regulation in diabetic kidneys.27 As such miRNAs may have an

Wessely et al. Page 3

RNA Biol. Author manuscript; available in PMC 2013 August 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



important modulatory role in kidney homeostasis. Transcriptional regulation of these E-box
proteins acts as an on/off switch, while miRNAs provide a means to fine tune expression
and allow proper responses to minor injury.

Together, these data further strengthen the idea that miRNAs are important in controlling the
spatial gene expression and that this mechanism is instrumental in kidney development and
disease.

Homeostasis and miRNA function
One intriguing aspect of our miRNA profiling in mouse kidneys is that the levels of several
miRNAs (including the miR-30 family) increase as kidney development progresses (our
unpublished data). While their expression levels are relatively low in embryonic kidneys,
they are very high in adult ones. At this time point renal epithelial cells are terminally
differentiated and cell fate determination has concluded. This high expression suggests other
roles for miRNAs besides the two above-mentioned concepts. The kidney has to be able to
adapt to environmental influences and some of these processes may be mediated by
miRNAs. Injury response is obviously one example as it provides plasticity under adverse
conditions. Indeed, miRNA profiling of patients with IgA nephropathy or hypertensive
nephrosclerosis showed changes in miRNA levels.28,29 This is also supported by the
elimination of Dicer from differentiated podocytes.8–10 These mice exhibited progressive
loss of podocytes leading to proteinuria and a decline in kidney function ultimately leading
to death. Interestingly, kidneys exhibited both healthy and diseased podocytes long after
miRNA biogenesis had been disrupted. This suggests that one of the functions of miRNAs is
to enable the podocyte to react to continuous external influences and to maintain its
structural plasticity. Among the leading candidate for this phenotype is miR-30a-5p, the
very same miRNA that was implicated in our study on the early development of the
Xenopus pronephric kidney.6

A bivalent role for the miR-30 family is also supported by in silico target gene analysis that
identified more than 20 solute carrier proteins (SLCs). These are integral membrane proteins
involved in the transport of organic molecules and inorganic ions across the cell membrane.
SLCs are important to maintain urine homeostasis in the kidney and their expression levels
have to be adaptable to the environment. Although not experimentally shown yet, miRNAs
would ideally be suited for this purpose. They result in relatively small changes in
expression (i.e. 30–50% reduction at most) and target several genes simultaneously. As
such, changes in miRNA levels could coordinate complex responses. For example, pH
control of the urine involves the concerted action of several proteins and it would be
intriguing if changes in miRNA levels were a means to prevent acidosis or alkalosis.

SUMMARY
The already available data on miRNAs in kidney development suggest profound roles for
this novel class of regulators. Obviously, - to really appreciate their role in development and
homeostasis of the kidney - the information of multiple miRNAs has to be integrated into a
higher order gene regulatory network. From a therapeutic standpoint, such a network would
help to identify miRNAs that can induce self-sustainable cell populations. These parameters
will allow reprogramming and/or trans-differentiation of renal cells to cure fibrotic diseases
or other kidney ailments.
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Fig. 1. miRNA Activity in Kidney Development and Physiology
Flow diagrams depicting the role of miRNAs in kidney development and during
homeostasis showing the type of regulation, the process involved and an example of each.
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Fig. 2. miRNAs and Epithelial Differentiation
(A-D’) Sections of whole mount in situ hybridizations of Xenopus embryos at stage 39 with
miR-200 (A,A’), zeb2 (B,B’), miR-30 (C,C’) and snai1 (D,D’). Close-ups show the
pronephric kidney. e, epidermis; pn, pronephros. (E,F) Schematic diagrams illustrating the
role of E-box transcription factors and miR-30/miR-200 in the formation of renal epithelial
tubules during kidney development (E) and their imbalance in response to injury (F).
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