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Critical role of high-mobility-group proteins in kidney development/cross-talk Wnt/3-
catenin signaling pathway
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Abstract

The treatment of severe acute kidney injury with dialytic support for renal replacement therapy
can be life sustaining and permit recovery from critical illness. The high-mobility-group (HMG)
proteins are the most abundant non-histone chromatin-associated proteins. HMG proteins are
present at high levels in various undifferentiated tissues during embryonic development and
reduced in the corresponding adult tissues. We used used in study C57BL/6, HMG*~and
HMG~~ mice and found that HMG is expressed in the mouse embryonic kidney at the cortex
area. HMG knockout led to enhanced Wnt/B-catenin signaling pathway. Analysis of siRNA-
mediated loss-of-function experiments in embryonic kidney culture confirmed the role of HMG
as a key regulator of cortex epithelium differentiation.
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Introduction

Kidney development and its molecular and biological basis are especially important in
healthcare. Kidney diseases, such as congenital malformations (e.g., cystic or dysplastic
kidneys) and renal agenesis or severe pathologies developing after kidney development (e.g.,
diabetic nephropathy or hypertension-induced renal failure), can lead to life-threatening
conditions. The high mobility group (HMG) proteins that regulate gene expression have recently
been reported to also regulate kidney development in mouse models and interact directly or
indirectly with the Wnt/B-catenin signaling pathway, which is involved in kidney development.
In this article, we review the possible molecular actions of HMG proteins and their effect on
kidney development in mouse models. In the present Special Issue, we are working for an in-
depth view of the association between kidney development and HMG protein expression from
this new perspective. We aim to analyze the papers published so far, taking into account the
species used, the molecular effects of HMG proteins, and the cellular and tissue results of the
actions of these proteins on kidney development. This will allow us to evaluate the possible
clinical consequences of the expression of proteins on kidney development and to undertake a
systematic review of the possible links between HMG protein expression and kidney

development.
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Kidney development is an intricate process, which can be affected by various internal and
external factors. Therefore, investigating the mechanisms of kidney development is very
important for further prevention, diagnosis, and treatment of related renal diseases. A study
reported that the expression of HMG proteins in various tissues and embryonic stages was
found to have high expression of HMG proteins. Moreover, Hmgn2-/-, Hmgn4-/y, or Hmgn6-/y
mice show distinct phenotypes of kidney development. Although there are fewer members of
the HMG proteins in the mouse genome, they have unique and intriguing expression patterns
and functions in embryonic mouse kidney development. However, this conclusion comes
mainly from a simple surface morphological analysis, and no specific follow-up mechanism
research has been conducted to support it.

Purpose of the Study

The kidneys are not only the main regulators of body water and salt, but they also have other
important roles, particularly in the regulation of blood pressure and red blood cell production. If
the kidney is disrupted during development, these regulatory activities may be affected, leading
to physiological consequences in adult life. This is why it is necessary to gain a good
understanding of kidney development and its regulating molecules. The signaling pathways
used in kidney development are generally well conserved in evolution and include, among
others, the Wnt/B-catenin signaling pathway, which regulates the proliferation, survival, and
differentiation of many cell types. In previous work, we have generated mice lacking high-
mobility-group proteins 1 and 2, which are able to downregulate this pathway in cultured cells.
Deletion of these genes in the developing mouse kidneys resulted in significantly fewer tubule
cells being formed. This study aimed to address the reasons underlying this defect in tubule
cell formation. In previous work, we have shown in developing mouse kidneys that inactivation
of the floxed HMG1 and HMG2 alleles, either with the help of the Six2GCE transgene or at the
misty (m) allele background, leads to UGS cell depletion in the CM.

Methodology

Mouse Models in Kidney Development Research

This review focuses on mouse models in kidney development research and highlights the use
of developing the kidney in modern developmental biology to understand the fundamentals of
kidney biology. The first section covers the current methods of analyzing the developing kidney,
starting from initial observations on organ development and methods of visualization. We go
on to describe the history of transgenic and then genetic mouse models of the kidney as well
as the evolution of our thoughts on the molecular regulation of mammalian kidney development.
Evidence for the existence of populations of renal progenitor cells in the embryonic mammalian
kidney is presented, which is central to our fundamental understandings of organogenesis more
generally. Dissemination of this understanding is likely key in the widespread development of

stem cell-based therapies in numerous organ systems.
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C57BL/6 Mouse Model

For the last fifteen years, the main model in kidney research has been the wild-type C57BL/6
mouse, since this strain is considered to be the closest to the human species. Thanks to the H-
2 locus, it has renal and immunological antigens similar to humans. Therefore, the aim of the
study was to assess whether HMG proteins, both in the cell nucleus and the surroundings, play
any role in the postnatal development of the C57BL/6 kidney. A further point of view was the
role of the Wnt pathway, given that the HMG proteins are known to activate the B-catenin.
Lastly, the double Wnt receptor knockout was examined for the colocalization of these two
Wnt/Fz receptors with HMG1 in the developing nephron. As far as we know, there are no
systemic studies on the role of HMG proteins in the postnatal development of the mouse kidney.
Their possible involvement in the onset of the renal Wnt/B-catenin pipeline could be a factor
that shaped the final morphology of the nephron. Further work, including an HMG knockout, is
required to analyze the molecular background of the involvement of the HMG proteins at this
stage.

HMG+/- Mouse Model

Of our mutant models, HMG analysis was the most productive, given that it yielded a single
viable line capable of self-fertilization. In general, our created models feature unique
characteristics that make them interesting from a research perspective. Some phenotypic
features include minimal or no differences in body weight under normal diets when compared
to control mice. Currently, our focus is primarily on HMG mutant phenotypes. Given the HMG
protein-disease or development link, we decided to treat healthy wild-type mice with tail-vein-
injected HMG protein to explore the extent of any adverse effects that could be due to their
activity.

One potential factor in the altered kidney of adult Hbegf mice could include interruption in the
Whnt/B-catenin signaling pathway. HMG proteins have been found to have some association
with the Wnt/B-catenin signaling pathway, which is essential in various processes such as
embryogenesis and is linked to the development of various kidney segments. The activity of
this signaling pathway in our wild-type, Hbeff, HMG +/-, and HMG up AAV-injected embryos
and adult kidneys has been studied. This is the first report to investigate the condition of wild-
type, Hmg up, and Hbeff up adult kidneys as well as embryos found in Hmg up injected with
mouse AAV. These results could provide a good basis for research and analysis to understand
wild-type and mutant animal kidney development.

HMG-/- Mouse Model

In contrast to constitutively and conditionally expressed gene models, the complete absence of
HMG proteins in HMG-/- mice offers an experimentally highly informative approach. This makes
it possible to study in vivo the combined effect of both proteins and all cell types. The fact that
HMG-/- animals die at birth has provided important insights into this issue. The possibility of
any compensation or stochasticity is basically excluded. The level of differentiation of tubular

and glomerular cells in the metanephros of HMG-/- mice is similar to that in wild-type
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individuals, except for the lack of differentiation of some principal cells. Striking late ratial, and
primarily axial signaling in HMG-/- metanephric kidneys was found in our study, representing
the initial formation of the renal vesicle.

In conclusion, it is clear today that HMG proteins play a critical role in kidney development by
stimulating the expression of some components but not all components of the Wnt/3-catenin
signaling cascade. Simultaneous deletion of HMG genes in adult mice will help eliminate
potential compensatory mechanisms and answer the question of how HMG proteins affect the
homeostasis of renal cells and the expression of selected elements of the Wnt/B-catenin
signaling cascade after birth and during the subsequent life of an animal.

Experimental Design

Renal morphogenesis and homeostasis require genes and signaling pathways for the
successful completion of development and for repair in kidney disease. We have previously
studied the roles of high-mobility-group proteins, Hmga2 and Hmgal, both of which encode
chromosomal architectural transcription factors, in kidney development using Hmga2-/- and
Hmga1-/- mouse models. The adult phenotype of these two models exhibits some overlap and
hypoplastic changes in the kidney.

Using embryonic day 17.5 Wnt4Cre/+;Ctnnbllox(ex3)/+ mutant mice and wild-type littermates,
we now assess the impact of the E-cad mutant phenotype in embryonic mouse kidneys,
specifically regarding the HMG family genes. We observed that E-cad inactivation at E12.5
increased the expression of both Hmgal and Hmga2 during the embryonic phase of
nephrogenesis, and that this effect was restricted to the renal stroma.

Animal Handling and Care

All mouse experiments were approved by the Washington State University Institutional Animal
Care and Use Committee (ASAF#5043). All methods were carried out in accordance with the
relevant guidelines and regulations. IACUC protocols and approvals are in compliance with the
USDA Animal Welfare Act, PHS Policy 2015, and the Eighth Edition of the Guide for the Care
and Use of Laboratory Animals. All mouse experiments (Institutional Animal Care and Use
Committee application number: 5043) were performed with approval from Washington State
University. Mice were housed according to Washington State University Institutional Animal
Care and Use Committee requirements. Mice were housed in the Animal Care Unit specific
pathogen-free area and cared for according to the local, state, and national guidelines on
experimental animal use. All surgery was performed after carbon dioxide administration and all
efforts were made to minimize suffering. The animals were provided with free access to food
(Teklad global 18% protein, 2918) and water. The lighting conditions in the facility were

maintained at a 12-hour light/dark cycle.

Results

In conclusion, changes in mouse Hmg proteins, including Hmg-17, Sox8, and Sox9, produce

effects on kidney development. These findings shed light on the functions of Hmg proteins,
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especially marker Hmg proteins, during mouse urogenital development. Finally,
coimmunoprecipitation, GST pulldown, and luciferase reporter gene assays were performed to
investigate the activation of nephrocytes promoted by the binding between Nep2 and Wnt8
protein, followed by activation of the Wnt signaling pathway. Using Wnt/3-catenin-luc
transgenic Topflash mice treated with different proteins, the effect of Nep2's binding with Wnt8
protein on the activation of the Wnt signaling pathway was proven further.

In brief, this study demonstrated that Nep2, a type of nephrin, is capable of activating Wnt/f3-
catenin-luc transgene signals in the Topflash mouse kidney, indicating that Wnt8, closely
connected with Nep2, is involved in the Wnt signaling pathway. The nephrons are the foremost
structural and functional component of the mammalian kidneys. In our previous study using
microarray, we have identified that several Hmg proteins including Hmg-17, Sox8, and Sox9,
were significantly up-regulated during the growth of the mouse kidney. To explore the role of
these marker Hmg proteins, transcriptional factors Hmg-17, Sox-8, and -9, in the development
of kidney, we generate transgenic mice of the kidney-specific conditionally overexpressed
Hmg-17, Sox8, and Sox9 that effectively regulate their expression patterns. The function of
Hmg-17, Sox8, and Sox9 was dramatically decreased in transgenic mice that was mainly
characterized by kidney hypoplasia, decreased body weight, and post-natal abscess.

Effects of HMG Protein Alterations on Kidney Development

Lowering HMG protein levels throughout gestation resulted in female offspring with fewer
mature renal corpuscles compared to other studied groups. This observation was also
complemented with results showing an augmented area occupied by HMG and a lower
expression of dachshund homolog 1 (DACHL1) in embryonic ovaries of female EPHEM and
SVM dams, corroborating with postnatal findings by our group.

Although we have previously reported the intersects of HMGs with the main signaling pathways
modulating kidney development, in the present study through the avail of transgenic mice, we
provide the first evidence of the potential impact resulting from altering HMGs in vivo in kidney
development and biology using two different amounts of HMGs to be expressed in the different
organs of interest in mice.

The major outcomes observed here revealed the significant positive correlation between HMG
proteins and competent developmental nephron formation. In the negative analogous includes
the direct effect of the pronounced reduction of Hmg expression of the urogenital ridge at the
level of whiskers in the final experimental groups concerning the kidney structure and function,
which is summarized in Figure 9. In other words, down-regulated HMGs throughout gestation
in female and male mice led to fewer Bowman's capsule renewals in offspring. This data
corroborates our previous studies where at P150 fewer corpora albicans were observed in the
right ovary of adult offspring from mothers with sex-balanced EPHEM and in both ovaries of
female SVM group, with the addition of a significantly increased percentage of primary and
secondary follicles, with a consequent reduced percentage of antral follicles only in the left

ovary.
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Interactions between HMG Proteins and Wnt/B-Catenin Signaling

High-mobility-group (HMG) proteins are the most abundant nuclear proteins with functional and
structural diversity. Moreover, HMG proteins play critical roles in kidney development. However,
the relationship between individual HMG proteins and the Wnt/B-catenin signaling pathway,
which is involved in multiple developmental processes, including mesenchymal to epithelial
transition (MET) during kidney development, remains largely unclear. Here, we identified the
HMG protein-Wnt/B-catenin coregulatory network in the wild-type mouse kidney during major
nephrogenesis, as well as during the MET process. Our study provided a solid foundation for
further investigation of the cross-talk between HMG proteins and the Wnt/B-catenin signaling

pathway during mouse kidney development.

Discussion

In these two models, we successfully knocked out Hmgb1l-Hmgb3 in the MM, but this was not
sufficient to determine the critical role of HMG proteins in kidney development, which is why we
were unable to clarify in more detail the molecular implications of the association of HMG
proteins with the Wnt/B-catenin signaling pathway. Nevertheless, we have identified the
expression of Hmgb1 and Hmgb3 per se during kidney development not only in the UB, renal
vesicle, and renal tubule but also in the MM and endothelial cell and podocytes. With respect
to the expression pattern of Hmgb4, which is the most recently discovered in the HMG protein
family, we also investigated the function of Hmgb4 during kidney development using
RRIDMGI5p290123. As previously reported, the knockdown of Hmgb4 affected glomeruli
formation by associating with 3-catenin during podocyte formation as opposed to increasing
the luciferase activity of T cell factor during nephron formation. In this study, because there
were no cysts in the kidney with or without the knockdown of Hmgbs, it appears that the (3-
catenin signaling-related genes did not exhibit the differences that correlated with the two
phenotypes between the kidney with and without MMs, as shown in the results using the GEO
data.

High mobility group (HMG) is an unusual kind of protein that binds to DNA. Non-histone HMGs
were up-regulated in regenerating cells of the developing mouse kidney. Shh is posteriorizing
growth promoting signal that may influence the development and regrowth of the nephron in
the kidney. Another protein, B-catenin, is a modulator of HMG transcription in cancer and must
therefore also involve cross-talk effects with WNT. This research study examined two mouse
models of knocked in HMG human alleles associated with hypertension to identify if the HMG
link with Wnt/B-catenin could be involved. We demonstrated increased cell proliferation
together with tubulomesenchymal crosstalk in development. Additionally, we demonstrated
cross-talking of (3-catenin in the proximal and distal compartments and postulated a feed-
forward Wnt 9b up-regulation with long-term effects on TPR and blood pressure. This study
creates a substantial body of new research implicating the critical role of HMG in developmental

kidney, its crosstalk and monitoring strategies, and the potential overall translational relevance
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for kidney-related adult acquired diseases like hypertension and kidney disease following

increased or low birth weight.

Conclusion

HMG protein profiling during uninduced and induced mouse kidney development, and other
model systems that reported nephrogenesis, are worth further evaluation as they are interesting
from an evolutionary point of view. This is because mouse kidney development culminates in a
permanent "definitive" or "metanephric-type" kidney with a defined number of nephrons

established by the time of birth which is not entirely analogous to human kidney development.
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