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ABSTRACT

The renal vasculature is crucial for proper kidney function, and defects in the kidney
arteries are responsible for many human diseases. However, the molecular
mechanisms that underlie the assembly of the renal blood vessels are poorly
understood. Using lineage tracing we show that renal stromal cells, characterized by
their expression of the transcription factor Forkhead Box D1 (Foxdl), give rise to the
entirety of the mural cell layer of the renal arterial tree (including smooth muscle and
renin cells) as well as glomerular mesangial cells and interstitial pericytes. The goal of

this thesis is to identify the mechanisms that regulate the fate of Foxd1 cells.

We find that Foxd1 itself is necessary for proper kidney development. Deletion of the
Foxdl gene resulted in kidneys that were smaller, fused at the midline, and failed to
properly rotate and ascend. Strikingly, the vasculature of Foxdl-null kidneys was
completely misoriented, with arteries entering the organ from multiple locations in the
kidney periphery in a reversal of the normal arrangement, indicating that Foxdl plays a
crucial role in arterial patterning. We also demonstrate that the Foxdl cell itself is
required for proper differentiation of the mural cells using cell ablation studies. Exposure
of Foxdl cells to diphtheria toxin chain A (Foxd1-DTA) resulted in renal arteries with a
disorganized smooth muscle cell layer, delayed arterial formation, and an altered
vascular pattern similar to that seen in the Foxd1-null animals. In addition, we observe a
potential capability for cells outside the Foxdl lineage to replace Foxdl-lineage cells in

situations of cell injury and death.

Foxdl cells give rise to another progenitor cell population, the renin precursor cells,
which differentiate into arteriolar smooth muscle and glomerular mesangial cells. One
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longtime focus of our lab has been identification of molecules that are responsible for
the remarkable plasticity of renin cell descendants to reacquire the renin phenotype in
response to a homeostatic threat that requires a sustained increase in circulating renin.
Using microarray analysis, we find that the protein aldo-keto reductase 1b7 (AKR1B7) is
a specific marker for renin cells. This association is maintained throughout
development, and in physiological and pathological manipulations that increase or
decrease renin levels. Importantly, in renin knockout animals we show that AKR1B7
delineates a population of cells attempting to make renin, and that these cells
participate in the resulting vascular pathology. We also demonstrate that AKR1B7, like
renin, is regulated by cyclic AMP signaling and RBP-J (Recombination Signal Binding
Protein for 1G-kJ Region) indicative of a larger, overarching genetic program that

regulates the renin cell phenotype.

Finally we investigate the function of RBP-J, the final transcriptional mediator of Notch
signaling, in Foxdl cells (Foxd1R®™"). Conditional deletion of RBP-J resulted in a
reduction in the number of renal arteries, a thinner smooth muscle cell layer, and
defects in vascular branching. In addition, Foxd1=BP7 displayed a lack of mesangial
cells, resulting in glomerular aneurysms. These developmental defects are followed in
adult life by prominent vascular fibrosis and glomerulosclerosis. Thus we conclude that

RBP-J is necessary for proper differentiation of Foxd1 cells.

In summary, my results illustrate the important role of Foxd1i expressing stromal cells
as a precursor for the arterial mural cells and mesangium, and identify three important

proteins in their function and differentiation- Foxd1l, AKR1B7, and RBP-J. Further study



of Foxd1 cells and the molecules that control their fate will be crucial for understanding

the key developmental process of kidney vascular formation.
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[. INTRODUCTION

The adult human kidney receives approximately one-fifth of the total blood pumped from

the heart per mi nut e. The disproportionate a
small size is a result of the key roles the kidney must play. The kidney is tasked with

filtering out the waste products of metabolism from the bloodstream to prevent their

toxic accumulation, while retaining important biomolecules such as proteins and sugars.

At the same time, the kidney must regulate the fluid/electrolyte balance of the blood

while maintaining blood pressure and blood pH. To begin with, | will introduce the basics

of renal anatomy, which is integrally tied to proper kidney functioni as the architectural
principle says, A%f lavill follovi thi$ With avlsrief bvernievtaboatrihé
mechanisms responsible for building the kidney. Finally, 1 will discuss the crucial

Apl umbingo system of the Kki-therenalvaswlature bndi s my

what we know and donét know about its devel op

Kidney anatomy- the nephron and the renal vasculature

The kidney can be broadly divided

) ) Collecting duct
into two regions, the outer layer called Proximal tubule

Mesangial cell  Afferent arteriole

the cortex, and the inner layer called /\J ‘
the medulla. Both of these regions are 5
spanned by the fundamental filtering - -ﬂ-[ T
unit of the kidney, the nephron (Figure

1.1). Blood enters the nephron at the el ol
Distal tubule 0P of Henle

Fig. 1.1 The structures of the adult nephron

glomerulus, a spherical body present

2 My father was an architect, and was fairly strident about me not following in his footsteps.
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in the cortex which is the primary site of filtration. In humans there are approximately 1
million glomeruli per kidney®, although there is significant variation in that number.
Inside, the blood enters a network of glomerular capillaries where fluid and electrolyte
exchange can occur. Surrounding the glomerular capillaries are two cell types,
podocytes and mesangial cells, which control the filtration characteristics of the
glomerulus. The filtrate leaves the glomerulus and passes into the renal tubule, which
consists (sequentially) of the proximal tubule, loop of Henle, and distal tubule. Here,
urine is concentrated as the osmolarity and tonicity of the filtrate is carefully adjusted,
and solutes and ions are reabsorbed or secreted into the bloodstream. Finally, the
filtrate enters the collecting duct system where it will eventually leave the kidney through

the ureter as urine.

Distribution of blood to the nephrons necessitates passing the blood through an
extremely complex system of branching blood vessels (Figure 1.2). Blood enters the
kidney through the renal artery and flows through a series of successively narrowing
arteries (interlobar, arcuate,
interlobular) before reaching the

end-branch afferent arterioles.
e

Fetus Newborn 1 month

Fig. 1.2 Development of the renal vascular tree. Entire vascular
trees were dissected from fetus, newborn, one month old and adult rat to the glomerulus and passes
kidneys. All views are the same magnification. Taken from (29)

The afferent arteriole connects

blood into the glomerular
capillary loops- the end tip of each of the blood vessels seen in Figure 1.2 corresponds

to a single joining of the vascular network to a glomerulus. Uniquely to the glomerulus,

3An investigator down the hall, Dr. Jennifer Charlton, is particularly interested in this question. Apparently fAHow many gl c
humans have?0 is not nearl y omeswoukthinkhki ghtf orward a question as
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the blood exits the glomerular capillaries not through a vein but rather into an efferent,
muscularized arteriole. The efferent arteriole then branches into another network of
capillaries, the vasa recta, which surrounds the loop of Henle to allow ion and water
reabsorption back into the bloodstream. Finally the blood enters the venous system of

the kidney and exits the kidney through the renal vein.

Early kidney development and nephrogenesis.

The development of the definitive adult kidney begins in embryonic life with reciprocal
signaling between the cells of the branching ureteric bud (Figure 1.3, orange) extending
off the Wolffian duct, and the surrounding cells of the metanephric mesenchyme (or
metanephric blastema), which includes the inner layers which will form the cap
mesenchyme (green) and stroma (red). The ureteric bud and the cap mesenchyme,

marked by their expression of Hoxb7 and Six2/Citedl respectively, will form the

Early embryonic Mature nephron
kidney

Mesangial cell | Afferent arteriole

Ureteric bud Collecting duct

Proximal tubule
/ w Podocytes

__- q M\“?LL
/1

Foxd1 Y Cortex
FRAlr
\ o= ' . Smooth muscle cells

JG cell

' Efferent arteriole

Endothelial cells
Distal tubule Loop of Henle

Cap mesenchyme

Fig. 1.3 Lineage relationships of the developing kidney. Proposed derivatives of Foxd1 cells are highlighted red.
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epithelial components of the nephron through a process called nephrogenesis- the
ureteric bud is induced to form the renal urinary collecting duct system(1-3), while the
metanephric mesenchyme differentiates into the epithelial component of the nephron
(green): the proximal and distal tubules, loop of Henle, and the capsule of the
glomerulus (4, 5). As the epithelial nephron differentiates, the metanephric
mesenchyme forms a stereotypical series of structures- first the spherical-shaped renal
vesicle, then the comma-shaped body, and then the s-shaped body, which will
eventually culminate in the formation of a mature nephron (Figure 1.3). In humans,
nephrogenesis is completed by about 34-35 weeks of gestation. In mice however,

nephrogenesis continues after birth for about 3-5 days.

Another key morphogenetic event in renal development is the proper assembly of the
vascular network to distribute blood to the nephrons. The gross morphology of the renal
arterial tree is well characterized, and assembly of the arteries occurs rapidly during kidney
development in a highly stereotyped fashion (Figure 1.2). At the time of the first division of
the ureteric bud, embryonic day 12 in mice, the embryonic kidneys do not have
arteriolar vessels. In mice, the first arterioles are seen around 14-15 days of gestation,
and by 18-19 days of gestation the basic blueprint of the renal arterial tree has been
established (6). This is followed by a burst of fractal branching and elongation of new
arteries and arterioles that repeat the basic pattern for about 10 days after birth, resulting
in a remarkable increase in the complexity and surface area of the vasculature (Figure
1.2). This choreographed series of events requires that progenitor cells differentiate into
the correct cell types, acquire positional information, assemble in the right location within

the vessel, and branch in the correct directions. Failure to correctly form the renal
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vascular tree is associated with many forms of renal disease, as exemplified by the
serious developmental defects in mice where arterial assembly is perturbed (6-9),
particularly when the insult occurs in the newborn period when branching is at its peak. In
these models, altered vascular patterning is quickly followed by deteriorating renal
structure and impaired kidney function. However, comparatively little is known about the
assembly of the kidney arteries versus the epithelial components of the nephron. Firstly,
the origin of the renal vessels has been long debated. While in vitro kidney culture as far
back as the first half of the 20" century allowed identification of the progenitors for the
epithelial nephron, the progenitor cell or cells that give rise to the renal arteries was
unknown, as the renal vasculature does not develop in vitro. Further, appropriate
differentiation of the mural cells (which are the cells that line the renal arteries including
pericytes, smooth muscle cells (SMCs), fibroblasts, but excluding endothelial cells) is
important for maintaining vascular integrity and control of vascular tone (10, 11).
However, the biomolecules and signaling pathways which underlie the establishment,
differentiation and maintenance of the mural cell layer of the renal arteries, are also

unknown.

One crucial cell type not yet discussed is the endocrine cells of the juxtaglomerular (JG)
apparatus, which are essential for homeostatic regulation, and can be found, like their
name implies, adjacent to the glomerulus, lining the afferent and sometimes efferent
arterioles (Figure 1.3). These cells are also known as renin cells for their synthesis of
the enzyme and hormone renin. Secretion of renin from JG cells results in a physiological
cascade, collectively known as the renin-angiotensin-aldosterone system (RAAS), that

causes an elevation in blood pressure accompanied mainly by increased reabsorption of
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sodium chloride and water with the attendant maintenance of extracellular fluid volume
and composition. Control of renin levels in the bloodstream from renin cells in the kidney is
one of the primary effectors the body possesses to regulate fluid and electrolyte
homeostasis. In addition to homeostatic regulation, renin cells are also associated with
branching of the renal blood vessels (12). The factor or factors which control the
differentiation of renin cells in particular have long been an area of focus for the Gomez lab

and are also investigated in this dissertation.

Renal progenitors of the kidney vasculature

Identifying the progenitor cell population(s) which give rise to the renal vasculature is
key to exploring the mechanisms responsible for vascular patterning and development.
There were initially questions as to where those precursors were found, as extra-renal
origins have been previously suggested for the renal vasculature. However, cross-

transplantation studies demonstrated that the PPN

progenitors of the renal vasculature are 7 \/,»_.}\

.. ..;/\
present within the kidney itself (13, 14). >-’
_ . _ N O&fi‘ - % Renin precursor
‘d

Work done previously in our lab identified 7
G

the precursors for the JG cells and a subset \

.

of the arterial smooth muscle cells and

. S . Smooth-muscle cells JG cell
mesangium. Examination of embryonic

Fig. 1.4 The lineage relationships of the renin
cell. Renin precursor cells are derived from
metanephric mesenchymal cells (MC). Renin
expression varies dynamica”y through precursor cells differentiate into a subset of the
renal arterial smooth muscle cells. These cells

. . retain the ability to re-express renin in response to
development. Early in kidney development homeostatic challenge. Figure adapted from (13)

kidneys at different ages shows that renin

renin is expressed in cells lining the large arteries of the kidney vasculature. As the organ
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matures renin expression is progressively segregated up the developing arteries until it is
restricted to the classical adult juxtaglomerular location described earlier (15). Renin
precursor cells give rise not only to mature JG cells that maintain expression of renin but
also to other cell types that will not express renin, such as a subset of vascular smooth
muscle cells lining the renal arteries and cells of the glomerular mesangium (16).
Interestingly, those cells retain the ability to re-express renin in response to stimuli that
challenges homeostasis (16). Thus, a need for a sustained increase in systemic renin
production is met not only through a significant increase in renin production and release by
the JG cells, but instead through an increase in renin cell number, as cells which
previously in ontogeny had expressed renin reacquire the ability to synthesize and secrete
renin (16, 17). These lineage relationships are depicted in Figure 1.4. It must be
emphasized that this increase in cells that secrete renin does not involve proliferation of
migration of cells, or de novo expression by cells previously incapable of synthesizing the
hormone. Instead, it occurs through reactivation of a conserved developmental program

geared to renin synthesis when homeostasis is threatened (18).

However, it was still unknown whether there existed a single progenitor cell for the
entirety of the kidney vasculature, or whether the vasculature arose from multiple cell
populations (including renin precursor cells). In this thesis | examine the hypothesis that
the progenitors are located in the renal stroma, which is composed of a group of loosely
associated cells found in the developing kidney surrounding the cap mesenchyme
(Figure 1.3). The stromal cells are characterized by their embryonic expression of the

protein Forkhead Box D1, or Foxd1.

Forkhead Box D1 (Foxdl)
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Foxdl is a member of the forkhead box winged helix transcription factor family first
identified in 1994 in the developing nervous system in the rostral diencephalic
neuroepithel i um §89). Dal&ionaf FoxdlFesaltéddanra nimber of birth
defects that resulted in death shortly after birth, including markedly abnormal renal
formation. The kidneys had gross anatomical defects, including renal hypoplasia, and a
failure to properly separate and ascend (20), as would happen during normal renal
development. In addition, it was previously noted that Foxd1-null kidneys had disrupted
patterning of the tubules and collecting duct system, indicating that Foxd1 plays a role in
the differentiation of those structures. However, lineage tracing studies showed that

Foxd1 cells did not give rise to those components of the kidney.

Within the kidney, Foxdl marks a group of loosely associated mesenchymal cells
known as stromal cells, which are located surrounding the branching ureteric bud and
cap mesenchyme (Figure 1.3). Based on their location, these cells are excellent
candidates for precursor cells giving rise to the cells of the renal vasculature; the first
chapter of this thesis investigates this hypothesis, and seeks to determine the role of

Foxd1 itself in the development of the renal vasculature.

Genes that confer the identity of renin cells

In addition to determining the precursor(s) for the renal vasculature, there is a need to
identify the mechanisms that regulate the differentiation of those precursor cells into the
renal vasculature. We have previously studied the differentiation of renin precursor cells
which, along with their important physiological role (regulation of blood pressure and
fluid-electrolyte homeostasis), also have the interesting capability to differentiate to form

a subset of the arterial smooth muscle cells, while retaining the ability to re-express
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renin. To define which genes establish  Human o o =~ &g o

. - . Mouse - e o eacgca @ oo 2
the identity of renin cells we performed —— lvspm lv,RXRF
V$CDXF V$ABDB V$HOXC
V$GFI1 i VSLEFF V$HOXF

VSKLFS | VSNR2F

V$ARID

microarray analysis on FACS-purified

. . . Fig. 1.5 Localization of binding sites for transcription
renin-expressing cells from the kidneys factors enriched in JG cells. Sites conserved in the renin
proximal promoter of mice and humans. Red circle,

of newborn, adult, and adult mice V¥RBPF=REP-J

stimulated with captopril (to induce an increase in renin producing cells) adult kidneys
(18). We identified a core of 118 renin cell transcription factors which are present in
renin cells and whose binding sites are conserved in the mouse and human renin

promoters (Figure 1.5). Importantly, in developing renin cells we noted the expression of

ARecombi nant signal binding protein f-Hr

circled), the final transcriptional mediator of Notch signaling, in addition to all the Notch
receptors and their ligands (18). Interestingly, we also noted that renin cells in newborn
mice express a number of angiogenic factors such as Angiopoietin2, VEGF-D, various
integrins, ENPP2/5, and RGS genes, raising the possibility that renin cells play a role in
vascular growth; in fact, it was previously known that during kidney development renin is
associated with branching events in the kidney vasculature (21). In those studies, we
also identified one particular enzyme, aldo-keto reductase family 1 subfamily b member
7 (AKR1B7), which is highly expressed specifically in renin cells. Characterization of the

expression of that protein forms the middle part of this dissertation.

RBP-J, the Notch signaling pathway, and renin cells
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Signaling cell

Jagged /
Delta-like ligand

Notch
receptor

Receiving cell

Fig. 1.6 The Notch signaling pathway. Binding of
the Notch receptor to the Jagged/Delta-like ligand
induces proteolytic cleavage of the Notch intracellular
domain (NICD). The NICD translocates to the nucleus
where it regulates gene transcription by activating the
transcription factor RBPJ .

The Notch signaling pathway is an
ancestrally conserved system of direct cell-
to-cell communication. Activation of the
pathway is mediated by receptor-ligand
interactions- in mammals this consists of
four Notch receptors (Notch 1-4) and the
ligands of the Delta-like (Delta-like 1, 3,
and 4) and Jagged (Jagged 1 and 2)
families. As shown in Figure 1.6 binding of
the receptor to a ligand results in 2
successive proteolytic cleavages of a

domain of the Notch receptor- the Notch

intracellular domain (NICD) (22). The NICD is trafficked to the nucleus, where it

interacts with a transcriptional complex centered on the transcription factor RBP-J (23-

25) (CBF1 in humans, also known as CSL, Su(H), and Lagl in other organisms). RBP-J

is the common transcriptional mediator of all the Notch receptors and ligands, and this

point of integration is an excellent site to study Notch pathway activation and

inactivation.

Canonical Notch cell to cell signaling plays a prominent role during development,

imparting cell fate decisions in many tissues and is involved in organogenesis and

vasculogenesis in multicellular organisms (26-28). One hypothesis investigated by our

lab was that the Notch pathway and RBP-J played a role in the differentiation of the

renin cell, which, as mentioned above, is intimately tied to the kidney vasculature.
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Utilizing the cre-lox system, our lab BT e ENRROtH BT
deleted RBP-J within renin cells. This =
resulted in mice with significantly
fewer renin-positive JGAs and a total

reduction in renin cell number,

accompanied by a decrease in

circulating renin and hypotension (21).  Fig. 1.7 Deletion of RBP-J results in an inability of renin
lineage cells to re-acquire the renin phenotype. Staining
for renin in wild type animals shows extension of renin
staining along the afferent arteriole. Animals with conditional
deletion of RBP-J in renin cells fail to re-express renin in those

RBPJ in renin cells had a significantly  areas. Taken from (21)

In addition, mice with deletion of

blunted ability to re-express renin following a threat to homeostasis (Figure 1.7). It was
also found that the renin promoter has an RBP-J site, and that mutation of the site
resulted in significantly decreased expression of a reporter gene driven by the renin
promoter. Similarly, there are two potential binding sites for RBP-J in the Foxdl
promoter. The final part of my dissertation investigates the hypothesis that RBP-J plays
a key role in the differentiation of Foxdl cells and the development of the kidney

vasculature.

Overview

Proper establishment, differentiation, and patterning of the renal arterial tree is essential
for the development of a normal functioning kidney. However, the mechanisms and cell
populations that are responsible for the formation of the renal vasculature are poorly
understood. My thesis examines the role played by Foxdl-positive stromal cells in the
formation of the renal vasculature, and identifies key proteins in their differentiation and

function.
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In Chapter 2, we show that Foxdl cells are the earliest upstream progenitor for the arterial
mural cells, including renin cells, and also glomerular mesangium. We also demonstrate
that the transcription factor Foxd1l itself directs the endowment and patterning of the renal
vasculature. Finally, we show that the Foxdl cell itself is required for proper kidney

development

In Chapter 3, we investigate the ability of AKR1B7 to serve as a marker for renin cells. We
show that AKR1B7 is co-expressed with renin through a variety of manipulations, and that
its expression is independent of renin per se. We also demonstrate that AKR1B7, similar

to renin, is regulated by cAMP signaling.’

Chapter 4 looks at the role played by the transcription factor RBP-J in the differentiation of
Foxdl cells. We show that conditional deletion of RBP-J in Foxdl cells results in a
severely stunted renal arterial tree with a thinner layer of smooth muscle cells. In addition,
mesangial cells fail to develop properly, and as a result glomeruli are abnormal and have
aneurysmatic capillaries. We also show that these effects are exacerbated by aging,

followed by a secondary phenotype of prominent vascular and interstitial fibrosis.

Chapter 5 closes my dissertation with a discussion of the implications of my research, and

summarizes potential future directions for the work performed here.

*This work was originally my Mastero6és thesis, before
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. THE EARLIEST METANEPHRIC ARTERIOLAR PROGENITORS AND THEIR

ROLE IN KIDNEY VASCULAR DEVELOPMENT

Formatted as a second-authored manuscript and published as:

The earliest metanephric arteriolar progenitors and their role in kidney vascular

development. Sequeira-Lopez ML, Lin EE, Li M, Hu Y, Sigmund CD, Gomez RA. Am J
Physiol Regul Integr Comp Physiol. 2015 Jan 15;308(2):R138-49. doi:

10.1152/ajpregu.00428.2014.
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Abstract

The development of the kidney arterioles is poorly understood. Mature arterioles contain
several functionally and morphologically distinct cell types including smooth muscle,
endothelial, and juxtaglomerular cells, and they are surrounded by interconnected
pericytes, fibroblasts and other interstitial cells. We have shown that the embryonic
kidney possesses all the necessary precursors for the development of the renal arterial
tree, and those precursors assemble in situ to form the kidney arterioles. However the
identity of those precursors was unclear. Within the embryonic kidney, several putative
progenitors marked by the expression of either the winged-forkhead transcription factor
1 (Foxdl+ progenitor), the aspartyl-protease renin (Ren+ progenitor), and/or
hemangioblasts (Scl+ progenitor) are likely to differentiate and endow most of the cells
of the renal arterial tree. However, the lineage relationships and the role of these distinct
progenitors in renal vascular morphogenesis have not been delineated. We therefore
designed a series of experiments to ascertain the hierarchical lineage relationships
between Foxdl+ and Ren+ progenitors and the role of these two precursors in the
morphogenesis and patterning of the renal arterial tree. Results show that 1) Foxdl+
cells are the precursors for all the mural cells (renin cells, smooth muscle cells,
perivascular fibroblasts and pericytes) of the renal arterial tree and glomerular
mesangium and 2) Foxdl per se directs the origin, number, orientation and cellular

composition of the renal vessels.
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Introduction

The kidney is a highly vascularized organ, which in the adult animal receives
approximately twenty percent of the cardiac output (29). Development of a functional
kidney requires that each nephron be properly vascularized. Blood enters each
glomerulus from an afferent arteriole and leaves it via an efferent arteriole. The spatial
arrangement of the pre- and post-glomerular vessels within each nephron is crucial for
the regulation of renal blood flow, arterial blood pressure, glomerular filtration rate, urine
concentration, acid-base balance, disposal of waste products and other kidney functions
that maintain the constancy of our internal milieu and whole body homeostasis.
Therefore, proper assembly of the arterioles with their corresponding nephrons is a
fundamental morphogenetic event that leads to the formation of a functioning kidney.
The mechanisms involved in the development of the kidney vasculature are not well
understood but they are intimately linked to nephrogenesis, the formation of the
epithelial nephron. Nephrogenesis of the definitive kidney in mammals occurs by the
reciprocal inductive interaction of two mesoderm-derived structures: the ureteric bud, an
outgrowth of the Wolfian duct, and the metanephric mesenchyme, a condensation of the
paraxial, intermediate mesoderm. In mice, nephrogenesis begins around embryonic day
(E) 11.5. The ureteric bud undergoes branching morphogenesis and around each
ureteric tip it induces mesenchymal cells to arrange themselves in two distinct cell
compartments (Figure 1.1): 1) the cap mesenchyme, an inner, condensed cell
population, which expresses Six2 and Cited1l and is in close contact with the ureteric
bud. These cells undergo mesenchymal- to epithelial transformation and generate most

of the epithelial nephron including glomerular epithelium, proximal tubules, and loops of
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Henle, distal and connecting tubules (whereas the ureteric bud, in turn, differentiates
into the collecting ducts and ureter); and 2) an outer layer of loosely arranged
mesenchymal cells which express the transcription factor Foxdl (stromal cells) (20) or
cKit (endothelial precursors) (30). Within the loose mesenchyme compartment we have
previously identified renin precursors (13). These cells are strategically located to
provide the necessary precursors for the formation of the kidney vasculature. However
the development of the kidney vasculature is poorly understood. Previous studies from
our laboratory using immunostaining, in situ hybridization and/or individual cell micro
isolation followed by nested RT-PCR indicated that the prevascular embryonic kidney
possessed all the necessary precursors (including renin, smooth muscle, and
endothelial precursors) for the development of the renal arterial tree, and that those
precursors have the capability of assembling in situ to form the kidney arterioles (13).
We also showed that renin progenitors differentiate to juxtaglomerular cells, a subset of
arteriolar smooth muscle and mesangial cells and they are not related to the endothelial
lineage (31). Thus, the stromal compartment contains these two progenitor cells
(Foxdl+ and Renl+), which are likely to endow most of the renal arterial tree. However,
the lineage relationships, and the role of these two distinct progenitors in renal arteriolar
morphogenesis have not been delineated. We designed a series of experiments to
define 1) whether Foxd1+ stromal cells are the precursors for the cells that compose the
renal arterial tree and 2) whether Foxdl per se regulates kidney vascular

morphogenesis and orientation.
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Figure 2.1
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Figure 2.1. Schematic of the early metanephric kidney cells compartments. The
Hoxb7-lineage ureteric bud will give rise to the collecting duct system. The cap
mesenchyme, which expresses Six2 and Citedl, will give rise to the epithelial
components of the tubular nephron. We propose the existence of two other progenitor
populations in the nascent kidney: Endothelial precursors, which express C-kit, will
differentiate into the vascular endothelium, and Foxdl-expressing stromal cells, which

will give rise to the arterial mural cells and mesangium (see Figure 1.3).
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Results
Foxd1l cells are an early precursor for mesangial, vascular smooth muscle, renin

cells and pericytes

Foxd1l is a marker of stromal cells during kidney development (20). To investigate the fate
of Foxd1 cells within the kidney we crossed Foxd1-Cre knock-in mice (FoxD1-GFP-Cre,
referred to as Foxd1“®mice) (31) to R26R (32) or mTmG (33) reporter mice, and followed
the distribution of b-galactosidase positive (b-gal+) or green fluorescent protein positive
(GFP+) cells within the kidneys during embryonic (E13.5-E17.5) and postnatal life (at 1
day, 1 month and 2 months). As shown in Figure 2A b-gal+ cells were restricted to the
undifferentiated stroma at E13.5 with no expression among the developing/branching
epithelial cells. By E17.5 there was expression in mesangial cells of the developing
glomeruli, afferent and efferent arterioles and within the renal interstitium. In the newborn
kidney, the walls of the developing arterioles and arteries were covered by b-gal+ cells.
The endothelial cells (ECs), however, were not positive for b-gal. In the adult kidney, when
development is completed and therefore mature arterioles and arteries can be easily
discerned, b-gal+ cells are present throughout their walls including the adventitia. Again,
ECs were not labeled by the blue Xgal reaction product. Within the peritubular interstitium
b-gal+ pericytes are present surrounding the ECs that form the peritubular capillaries as

previously described (31).

Double labeling studies (X-g a | staining and -smomatnio smas ali @ ga ¢ (c

SMA] and renin) confirmed that Foxdl derived blue cells correspond to both renin and
vascular smooth muscle cells (SMCs) within the developing (Figure 2.2B) and mature

vessels (Figure 2.2C).
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Isolation of Foxdl-lineage cells from Foxd1“®;mTmG newborn and 1 month old mice
(GFP+) by Fluorescent Activated Cell Sorting followed by RT-PCR for Tie2 (EC marker)
and b-globin (EC and blood cell marker) confirmed that cells from the Foxd1l lineage do
not differentiate into cells expressing the endothelial marker Tie2 (Figure 2.2D).
Immunofluorescence for the endothelial marker Pecam (Figure 2.2E) further shows no

coincidence between ECs and cells derived from Foxd1 precursors.

Altogether, these studies suggest that Foxd1+ cells are progenitors for all the mural cells

of the arteriole. ECs, however, are not derived from Foxd1+ cells.
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Figure 2.2
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Figure 2.2. Foxd1+ cells are an early precursor for mesangial, vascular smooth
muscle, renin cells and pericytes but not for endothelial cells. A. Foxd1“®;R26R
kidneys sections at different developmental stages showing extensive expression of b-
gal within the undifferentiated stromal compartment (E13.5), with progressive
differentiation into glomerular mesangium (E17.5, arrows), and cells in the wall of the
arterial tree (NB and adult, arrowheads). Endothelial cells within the arterioles do not

express b-gal. B. Foxd1“®;R26R newborn kidneys sections showing co-expression of b-

gal with immunostaining f or renin (1 ef t, -SMAr (aghtn prowrg.n d

Endot hel i al cell-galdo @Qotl mmpmestsaibni RSYA f or

(right) in kidney sections from adult mice show coincidence of the DAB product (brown)
with the X-gal staining (blue) (arrows). D.RT-PCR f or Ti e 2glodint(bmtpoin)
was positive in samples of whole kidneys (+) and negative in FACS isolated Foxd1-
lineage cells from Foxd1“®;mTmG newborn (NB) and 1 month old (1m) mouse kidneys.
L, 1KB ladder; H,O, negative control. E. Immunofluorescence for Pecam in kidney
section from an adult Foxd1“®;mTmG mouse shows lack of coincidence of the blue
fluorescent marker with cells derived from the Foxdl precursors (GFP). However, ECs
identified by Pecam expression are also positive for RFP which marks cells not derived
from Foxdl progenitors. Scale bars, 50 um. (A performed by MLS, B-C performed by

ML, D performed by EEL, E performed by ML)
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Embryonic expression of Foxd1 and expression in veins and lymphatic vessels

Our previous work has shown that renal stromal cells, marked by their expression of
Foxdl early in kidney development, differentiate into the entirety of the arterial mural
cells (which we define as smooth muscle cells (SMCs), renin cells, and perivascular
fibroblasts, but excluding endothelial cells) and glomerular mesangium. In addition,
work using an inducible cre system showed that an ever-decreasing portion of mural
cells and mesangium is labeled when induction occurs at later embryonic ages, and that
Foxdl1 promoter activity ceases in the kidney prior to day 10 of post-natal life. In order to
understand the precise time course of the expression of Foxdl within the developing
kidney, and to investigate the temporal relation of Foxdl expression relative to the
differentiation of the Foxdl-expressing stromal cell into its downstream derivatives, we
generated monoclonal antibodies against several peptide domains in Foxdl, and
immunostained for Foxdl in the developing kidney (Supplementary Figure 2.1). Early in
kidney development at embryonic day 13.5, prior to the formation of any renal
vasculature, a thin layer of Foxdl-expressing cells stromal cells is found surrounding
the condensing mesenchyme. At embryonic day 15.5, when the kidney arteries are
established and beginning to become muscularized, Foxdl staining is found in the
abundant stromal cell population surrounding the renal tubules, staining the nucleus and
cytoplasm of those cells. By embryonic day 18.5, as the stromal cell population is
regressing, Foxdl expression i s now segregated to i
the renal parenchyma, in between the renal tubules and along the kidney capsule.
Finally, staining kidney tissue from adult mice shows a complete cessation of Foxdl
expression within the kidney. To confirm the specificity of the antibody, we stained

Foxdl1-null animals. No immunostaining signal was found within the kidney of Foxdl
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knockout mice (not shown). Interestingly, we note at all ages that neither the arterial
mural cell derivatives of Foxdl1 cells nor mesangial cells actively express Foxdl. Thus it
appears that once the stromal precursor cells differentiate into those downstream cell

types, they cease expressing Foxd1.

However, we note a new population of cells that actively expresses Foxdl that has not
been previously described. During renal development in embryonic life, Foxdl
expression appeared to be detected within the smooth muscle cells of the veins and
lymphatic vessels of the kidney. To properly investigate this, we co-stained kidney
tissue for Foxdl, as well as markers of veins and lymphatic vessels. LYVE is a marker
for lymphatic vessels, while M2a antigen is a marker for both lymphatics and veins. By
excluding LYVE-positive vessels from M2a-positive areas, it is thus possible to identify
veins. Staining in consecutive kidney sections shows strong, active Foxd1 expression in

both veins and lymphatic vessels at embryonic day 18.5 (Supplementary Figure 2.2).
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Supplementary Figure 2.1
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Supplementary figure 2.1: Immunohistochemistry for Foxdl in the developing

kidney. At embryonic day 13.5, Foxdl is found in the periphery of the condensing
mesenchyme. At embryonic day 15.5, Foxdl is expressed in the loosely associated
cells of the stroma, surrounding the developing renal tubules. By embryonic day 18.5
Foxdl expression is regressing, and is found segregated in focal areas, and along the
kidney capsule. By adult life, Foxd1l ceases to be expressed in the kidney. (performed

by EEL)
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Supplementary Figure 2.2

vessels of the developing kidney. Staining with our antibody for Foxdl, and LYVE
and M2A in consecutive sections. Lymphatic vessels are marked with LYVE, while veins
can be discerned by subtracting the LYVE-positive areas from M2A-positive areas.
Foxdl shows expression within veins (blue arrows) and lymphatic vessels (black
arrows). Foxd1 expression is not detected in the arteries (red arrows). (performed by

EEL)
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Foxd1 is necessary for the proper development of the renal arterial tree.

To address whether Foxdl is necessary for the development of the kidney vasculature we
studied Foxd1” mice. Mice with deletion of the Foxd1 gene died within the first hours of
postnatal life. Shortly after birth they displayed prominent cyanosis, gasping and
abdominal distention (their stomachs were filled with ~150mm?® of air instead of milk)
indicating severe respiratory distress (Figure 2.3A). Histological analysis of the lungs
showed thickened interstitial mesenchyme with infrequent septation and markedly reduced
airway space suggesting that the cause of perinatal death was respiratory failure due to
abnormal lung development (Figure 2.3C). Furthermore, the lung weight-body weight ratio

was significantly decreased (Figure 2.3B).

In agreement with previous studies (using mice were Foxdl1 was replaced by lacZ) (20),
the kidneys of Foxd1” mice were smaller [about 1/3 of the size of the heterozygous or wild
type (WT) littermates and with a significantly decreased kidney weight/body weight ratio
(Figure 2.3B)], were fused in the midline and to the retroperitoneal wall, failed to ascend
and the ureters displayed an abnormal ventral orientation (Figure 2.4A). The renal
parenchyma was underdeveloped and instead of the normal centrifugal gradient of
nephron differentiation consisted of multiple disorganized lobular areas containing few
abnormally distributed subcapsular glomeruli. Furthermore, as shown in Figure 2.5,

i mmunost ai-SMAat §17.6 @vealed an aberrant distribution of the renal vessels,
with subcapsular and capsular arterioles entering the kidney directly from the capsule and
connecting to glomeruli in a centripetal rather than in the normal centrifugal fashion. In
addition, the nephrogenic zone was disorganized, and replaced in some areas with

subcapsular distal tubules in addition to subcapsular mature glomeruli.
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Figure 2.3
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Figure 2.3. Foxd1 is necessary for normal lung development. A. A newborn Foxdl

"mouse (left) shows cyanosis, abdominal distention, an empty stomach and the mouth
wide open indicating respiratory distress; a littermate control (right) shows normal pink
skin color and a stomach full of milk. B. Lung weight to body weight and kidney weight
to body weight ratios were significantly reduced in Foxd1™ mice (* p<0.05, *** p<0.001).
C. Lung sections stained with Hematoxylin and eosin (top and middle panels) and
i mmunost ai-8MAd(bottom rpandl) show normal lung septation and alveolar
development in a Foxdl heterozygous mouse and abnormal thickened interstitial
mesenchyme with infrequent septation and markedly reduced airway space in a Foxd1™
mouse. Scale bars, 500 um (top panels), 50 um (middle panels) and, 200 um (bottom

panels). (Performed by ML)
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Figure 2.4
A Control

Figure 2.4. Foxdl is necessary for the proper origin and development of the renal
arterial tree. A. Gross morphology of kidneys of control mice show normal intrarenal
branches of the renal artery (white arrows) and ureters (u) facing to the midline whereas
Foxd1” mice display capsular arteries (white arrows) originating from the aorta above
smaller fused kidneys with ureters oriented ventrally. (B, bladder) B. Evans blue -
glycerol labeled perfusion of the aorta and abdominal branches showing the normal
arterial branching pattern (white arrows) from a single hiliar renal artery in control mice
and aberrant arteries (white arrows) originating from the aorta above the kidneys in
Foxd1” mice. C. Higher magnification of Foxd1” dissected kidneys area (front and

back) attached to the abdominal aorta (Ao) and to the iliac (l) arteries showing in more
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detail that there are several subcapsular arteries (white arrows) originating from the
aorta at multiple levels (white asterisk) including the iliac arteries (black arrowheads).

(Performed by ML)
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Figure 2.5

Control Foxd1-- Foxd1--

Figure 2.5. Foxd1” kidneys display abnormal topological orientation of the renal

vessels and disorganized renal structure. I mmunost a$MAI(brayvn) fo r U
E17.5 kidneys show that control mice present a normal outer undifferentiated

nephrogenic zone (bracket) and a further developed inner cortex with arterioles (arrow)

and more mature gl éSMAIn thé mesaagium (agasvisend), wherdas

Foxd1” mice present abnormal subcapsular glomeruli (arrowheads) and tubules (T) and

capsular arteries (arrows). Lower panel shows a drawing of the vascular pattern in

control and Foxdl” mi ce as seen in the -3MAcantibbalynto st ai ne
highlight the abnormal arteries (arrows) and afferent arterioles (aa). Scale bar, 50 pum.

(Performed by ML)
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Foxdl is necessary for the proper orientation and branching of the renal arterial

tree.

To define whether Foxdl is important for the appropriate orientation and branching pattern
of the renal arterial tree, we harvested kidneys from newborn mice and manually
microdissected the kidney vasculature. The renal arterial tree of WT newborn kidneys
displayed normal centrifugal branching of arteries originating from a single renal artery,
whereas in Foxd1™ mice, the vasculature consisted of multiple independent arterial and
arteriolar branches originating directly from the aorta and not from the renal artery. In turn,
those vessels connected with capsular vessels that gave rise to the intrarenal arterioles.
Those intrarenal vessels were not properly interconnected with one another. To
understand their intrarenal orientation and their connections with their respective
nephrons, we performed histological analysis of consecutive sections immunostained for
U-SMA to more easily label arterioles (Figure 2.6). Next, we developed a new perfusion
technique using 0.5% of Evans blue in glycerol to directly visualize the abnormal
preglomerular arterial supply and identify its precise origin. Kidneys from Foxdl” mice
receive their blood supply from anomalous branches originating from the aorta above and
below the kidneys (including branches from the iliac arteries) that surround the superior
and inferior poles and give rise to sub capsular branches that enter the kidney laterally,
often ending as a single afferent arteriole (Figures 2.4-6). Lymphatic vessels in the Foxd1™”
kidneys followed the aberrant capsular arteries and veins as evidenced by immunostaining
for the specific marker for lymphatic vascular endothelium (LYVE, Figure 2.7).

Immunostaining for Neuron-specific class Il beta-tubulin (TUJ1) demonstrated that the
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capsular vessels were innervated whereas nerve fibers within the kidney were scarce (not

shown).
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Figure 2.6
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Figure 2.6. Foxdl” kidneys are irrigated by multiple branches from the aorta
instead of a single renal artery. A-C. Transversal sections of E17.5 Foxd1” kidneys
and vertebral area show midline fusion of the kidneys (arrows), ventrally oriented
ureters (U, in C) and multiple capsular arteries (arrowheads). D-L Sagittal sections of
E17.5 Foxd1™ kidneys show several capsular arteries entering the kidneys and some of
them originating from the aorta at different levels. M. Sagittal section of E17.5 littermate
control kidneys shows a single renal artery entering the kidney on the left side and

normal midline orientation of the ureters (U). Scale bar, 500 um. (Performed by ML)
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Figure 2.7
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Figure 2.7. Foxd1™ kidneys display abnormal subcapsular lymphatics.

Immunostaining for the specific marker for lymphatic vascular endothelium (LYVE,
brown) show in newborn kidneys of control mice (left panels) few lymphatic capillaries
within the renal capsule and lymphatic vessels adjacent to a large vein (V) and artery
(A), whereas in the Foxd1” there are multiple large lymphatic vessels adjacent to

aberrant capsular arteries and veins. (Performed by ML)
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Mosaic ablation of Foxd1 progenitors phenocopies the Foxd1™ phenotype.

To explore whether deleting or injuring stromal cells would affect the development of the
renal vasculature and mesangium, Foxd1 cells were ablated with diphtheria toxin. Foxd1®®
heterozygous mice were crossed with mice containing the Rosa-DTA allele (R26R°™)
(34), which expresses diphtheria toxin upon recombination by cre. These mice are referred

t o Fo=gdl-BTAO mi c e .

At all ages, mice lacking cre recombinase or the Rosa-DTA allele were indistinguishable
from control animals. Foxd1-DTA animals died prior to birth. At E13.5 in control animals
the kidneys have normally rotated and separated from each other. However, in Foxdl-
DTA animals the kidneys were fused at the midline (Figure 2.8A). In addition, the
distribution of the arterioles, delineated by smooth muscle staining, was markedly
abnormal in mutant mice: whereas in control animals, the arteries and arterioles were
located within the developing and still poorly defined corticomedullary junction, in Foxd1-

DTA animals, they were located at the periphery of the kidney (Figure 2.6B, black arrows).

In addition, in contrast to WT vessels which possess a thick layer of SMCs, the few
observable deeper intrarenal vessels found in Foxd1-DTA animals had few, small, and
poorly defined segments of smooth muscle that did not support a proper vascular lumen
(Figure 2.8B, arrowheads). Subsequently, at E17.5, the kidneys had a significant number
of smooth muscle coated arteries (arrows) in both controls and Foxd1-DTA mice (Figure
2.8C). Interestingly, at this stage, the total number of vessels was not different between
WT and mutant kidneys (not shown). However, similar to the phenotype seen in Foxd1l™
mice, the orientation of vessels in Foxd1-DTA kidneys was reversed: the blood vessels

laid directly underneath the capsule, turned inward toward the renal parenchyma, and
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made connections with glomeruli (Figure 2.8C, dashed arrows). Quantification of this
phenotype indicated that two thirds of Foxd1l-DTA vessels either rested alongside or
originated directly from the kidney capsule (Figure 2.8D). As in the Foxdl” mice the
subcapsular vessels also connect with aberrant and accessory arteries. There was also a
significant decrease in the thickness of the vascular smooth muscle layer in Foxd1-DTA

animals in comparison to controls (Figure 2.8E).

As a lack of developing nephrons at E13.5 implied either delayed or interrupted
nephrogenesis and glomerulogenesis in Foxd1-DTA animals, we examined Foxdl1-DTA
kidneys at E17.5 to discriminate between these two possibilities. At E17.5, we observed
nephrons at all stages of development, including comma-shaped, s-shaped bodies, and
mature glomeruli (Figure 2.8C). However, the nephrogenic zone (Figure 2.8C, brackets),
an area characterized by rapid cellular proliferation and tissue condensation, was broader
in Foxdl1l-DTA animals, an observation consistent with a delay in nephrogenesis.
Supporting this hypothesis, the number of comma-shaped and S-shaped bodies, were

markedly decreased in mutant animals (Figure 2.8F).

Although diphtheria toxin is purported to be lethal to cells at extremely low concentrations,
we noted that some of the cells derived from Foxdl cells persisted. To examine the
subsequent fate of Foxdl cells upon DTA expression, the Rosa-26 reporter allele was
bred into Foxd1-DTA mice to label Foxdl cells and their descendants. Whereas in control
mice, labeling of mural cells and mesangial cells was uniform, encompassing all the cells
descended from the Foxd1 lineage, labeling in Foxd1-DTA animals was patchy. To identify
the labeled and unlabeled cells in Foxdl-derived structures, we stained for markers of

smooth muscle and me s-8MAgshawed mosait lalbelimg of §MCs:0r U
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whereas some cells stained doubl e pos iSMA ané thef btue lindage marker)
other cell ssSMdAswe¢i & en é gal exjession {Figure 2[8H). A similar
result was found using staining for PDGFR-B (Figure 2.8l1), a marker for mesangial and
vascular SMCs, showing again the presence of double positive cells as well as cells
positive for the mesangial marker but negative for the lineage reporter. These findings
indicate that the cell ablation was mosaic: whereas some cells were depleted, others
survived and yet others were replaced by adjacent cells. In essence, the Foxd1-DTA mice
behaved like a Foxdl hypomorph, due in great part to the mosaic deletion of cells
expressing Foxdl. Overall, the findings of Foxd1-DTA animal phenocopied those of the
Foxd1” mice underscoring the importance of Foxdl per se in the development of the

kidney vasculature.
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Figure 2.8
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Figure 2.8. Ablation of Foxd1 cells using Diphtheria toxin chain A (DTA) results in
significant renal abnormalities. A. Gross morphology of kidneys from mice expressing
DTA upon Foxdl-cre-mediated recombination (Foxd1-DTA) reveals midline fusion, a
failure to separate from the retroperitoneum, and blood vessels visible on the periphery
of the kidney cortex. B-C. Immunohi st o ¢ h e mi -SMAr (rowf) dnr contol and
Foxd1-DTA kidneys. B. At E15.5 control kidneys have well-defined SMC layers

surrounding major arteries (arrows) in the interior of the kidney. By contrast, Foxd1-DTA
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kidneys display areas of diffuse and poorly organized staining within the kidney
(arrowheads). However, large, fully coated vessels can be observed along the periphery
of the kidney (arrows). At this age, control kidneys also display all the stages of
nephrogenesis, up to and including glomeruli (circles). Meanwhile, Foxd1-DTA kidneys
lack mature glomeruli or any of the earlier stages of nephrogenesis such as comma-
shaped or s-shaped bodies. Scale bar, 100 um C. At E18.5. control kidneys have
multiple actin-positive arterioles (arrows) throughout the kidney cortex. Foxd1-DTA
animals meanwhile have comparatively fewer arterioles. In addition, a large subset of
arteries appear to originate from the periphery of the kidney (arrowheads). In contrast to
E15.5, Foxdl-DTA kidneys now possess all the different stages of nephron
development, but we note that the nephrogenic zone (brackets) is broader in Foxdl-
DTA animals. Scale bar, 50 um. D. Quantification of the orientation of arteries seen in
E18.5 Foxd1l-DTA kidney demonstrates that nearly 2/3rds of vessels observed lay
directly underneath or emerge from the capsule. E. The average thickness of the
smooth muscle layer of renal arteries and arterioles is reduced in Foxd1-DTA animals at
E18.5. F. E18.5 Foxd1-DTA kidneys have relatively fewer comma-shaped and s-shaped
bodies. G. Lineage tracing of Foxd1l cells upon ablation. Foxd1-DTA mice were crossed
with mice carryingthe R26Ra |l | el e, wh i eghlactosidpse epenscee-snediated
recombination, labeling Foxdl-expressing cells and their derivatives. In control animals
at E18.5, the Foxdl-lineage marker labels arterial SMCs, mesangial and interstitial
cells. The same cell types are labeled in Foxd1-DTA animals. However, a decrease in
the thickness of the Foxdl1-lineage SMC layer (arrows) and a marked decrease in the

complement of mesangial cells is observed. We also note increased ectopic expression
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of the lineage marker within tubules (arrowheads). Scale bar, 50 um. H-I. Double
staining of Foxd1-DTA kidneys, with LacZ reaction (blue) for Foxd1-lineage cells and
i mmunohi st ochemi sSMAyAs éebrr iro this 9fferehtcarteriole extending

from the glomerulus, a subset of arteriolar SMCs are positive for both the lineage

mar ker -SaMiAd (larrows), while otheMAandnottheposi t i

lineage marker (white arrows). I. Some mesangial cells are double positive for both
mar kers (arrows), whil e -S8MAhbatmepgatizerfoethedimehgge

marker (white arrows). Scale bar, 50 um. (Performed by EEL)
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Deletion of Foxd1 resulted in decreased renin expression

To investigate whether deletion of Foxd1 altered the expression of renin or distribution of
renin-expressing cells, we performed renin immunostaining throughout embryonic
development. The expression of renin in the kidneys from Foxdl” mice was markedly
diminished at all embryonic developmental points and on the day of birth (Figure 2.9).
Because the size of the kidneys from the Foxd1™ mice was smaller than the WTs we
corrected the areas of renin expression per total kidney area and per total arterial/arteriolar
areas (as -8MA stainingpamd as showd in figure 2.9 expression of renin was

still markedly reduced.
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Figure 2.9
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Figure 2.9. Foxdl is necessary for normal renin expression. A. Immunostaining for
renin (brown) of E17.5 kidneys show that control mice present a normal distribution of
renin along developing arterioles and arteries (arrows) as well as in JG areas

(arrowheads) whereas in Foxd1l”

mice there is a marked reduction of renin expression
(arrows). Scale bar, 100 um. B. Quantification of areas immunostained for renin per
tot al kidney area (left) and -$MAron aconsexdtivev as c ul

section (right). (Performed by ML)
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Discussion

Results from these studies show that 1) Foxd1+ renal stromal cells are the progenitors for
renin cells, arteriolar SMCs, pericytes and mesangial cells, and 2) stromal cells, via their
defining transcription factor, Foxdl, are essential for proper morphogenesis and

orientation of a single renal arterial tree per kidney.

We have previously suggested that early in gestation, the embryonic kidney possesses alll
the necessary precursors that compose the kidney vasculature well before arteriolar
vessels can be discerned (13). We proposed that those as yet unidentified precursors
differentiated into all the cell types necessary for the development of the kidney arterioles,
including ECs, SMCs and renin cells (13, 35). In fact, cross-transplantation studies of
embryonic pre-vascular kidneys under the kidney capsule showed that those precursor
cells had the capacity to differentiate, acquire the right positional information and fully
assemble to form the kidney arterioles (13). It was not clear, however, whether those
various cell types arose from one or multiple progenitors. Work from our laboratory
indicated that embryonic renin cells differentiate not only into juxtaglomerular cells but also
into a subset of mesangial and arteriolar SMCs (13, 16). Although those studies suggested
the hypothesis that a single progenitor may give rise to all of the cells of the kidney
vasculature, the fact that renin cells did not differentiate into ECs and only gave rise to a
subset of mesangial and SMCs suggested that a much earlier and upstream precursor
was indeed the progenitor for all the mural arteriolar cells. Indeed, in a review article and
based in our early preliminary work, we suggested that Foxd1+ cells were progenitors for
the mural cells of the renal arterioles (29, 36). We show here that Foxd1 cells not only give

rise to SMCs, mesangial cells and pericytes but also to the renin progenitor cell. Although
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these two progenitors (Foxd1l and Renin progenitor) partially overlap in the generation of
descendants, the Foxdl progenitor is hierarchically upstream of the renin cell: when Foxd1l
cells or the Foxdl gene are deleted, renin cells are frankly diminished. Our results are in
agreement with studies demonstrating that Foxd1+ cells differentiate into renal interstitial

pericytes, which in pathological circumstances also give rise to myofibroblasts (31).

It has recently been reported that a small subset of ECs located in the renal interstitium
may originate from Foxd1l cells (37). However, in our study, we did not find interstitial ECs
co-labeled with the lineage tracer or expression of EC markers in sorted cells derived from
Foxdl precursors. Interestingly, and in agreement with the same study we find that ECs
from the glomeruli and arteriolar vessels are unrelated to the Foxdl lineage (37). Thus,
arteriolar ECs are likely to originate from a more primitive endothelial precursor. Our
results are in agreement with work showing that within the developing renal interstitium,
stromal cells expressing Foxdl and endothelial precursors expressing c-kit constitute two
distinct populations originating from different intra embryonic sites (30). A subset of c-kit+
cells also express angioblast markers such as podocalyxin and Flk1 (30), suggesting that
at least a subpopulation of c-kit+ cells may be the precursors for the renal ECs. Thus, the
available evidence suggests that most if not all of the ECs of the renal interstitium,
glomeruli and arterioles originate from a separate precursor unrelated to the stromal
Foxd1+ cell. The identity of such precursor as a primitive renal hemangioblast has recently

been suggested (29). Further work will be needed to test such hypothesis.

Our results show that Foxdl cells are necessary for the appropriate morphogenesis,
composition and orientation of the kidney vasculature. Foxd1 ™ mice and Foxd1-DTA mice

show very similar phenotypes suggesting that most of the effects exerted by Foxd1+ cells
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are accomplished via their transcription factor Foxdl. The kidneys of Foxdl” mice
displayed numerous developmental defects: they were smaller, they were fused in the
midline and failed to ascend and the ureters were ventrally oriented as previously
described (20, 38). Multiple accessory and aberrant arteries along the abdominal aorta
and the iliac arteries identified in this study are likely the cause that prevents the kidneys to
ascend. Whether mutations of the FOXD1 gene in humans is associated to accessory or
aberrant renal arteries remains to be investigated. Given that Foxdl is expressed in
stromal cells early in development, these findings suggest that Foxd1+ stromal cells affect
the development of adjacent nephron precursors in a yet to be defined manner. In
agreement with this hypothesis, elegant work from two laboratories began to unravel some
the mechanisms involved: first, Das and collaborators have suggested that stromal cells
via their production of the cadherin Fat4 inhibits nephron progenitor expansion/renewal
and cooperate with Wnt9b produced by the ureteric bud to promote differentiation of
progenitors (39) and more recently, Fetting and colleagues suggested the interesting
possibility that lack of Foxd1 which under normal circumstances inhibits decorin, may lead
to premature differentiation of stromal cells and progenitor retention in the epithelial
nephron compartment (40). It is also possible that the alterations in epithelial nephron
development are due to the role of Foxd1l cells in vascular development. Given the striking
vascular abnormalities seen in Foxdl null mice and Foxd1l-DTA animals, inadequate
tissue perfusion may have further contributed to impaired development of both
compartments. Clearly, the available evidence from those and the current study indicate
that the stromal compartment not only regulates vascular-interstitial development but it

plays a fundamental role in the development and maintenance of the epithelial nephron as
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well (39, 40). In our studies we found occasional labeling of renal tubular structures when
crossing Foxd1®® mice to either R26R or mT/mG reporter mice suggesting a residual
activity of Foxd1l in Six2 nephron precursors after the delimitation of epithelial nephron and
interstitial progenitors from a common mesenchymal progenitor (41). This unexpected
mosaic labeling of nephrons was recently reported when activating EGFP-L10a
expression using Foxd1®® mice (41). However, in Foxd1-DTA animals we observed
increased ectopic renal tubular expression of the lineage marker suggesting either an
attempt to increase the expression of Foxdl in the common mesenchymal progenitor
resulting in further differentiation into more Six2 lineage cells or a de novo expression of

Foxdl in an attempt to compensate for the lack of Foxdl in stromal derivatives.

To examine the anatomy and distribution of the renal arterial tree we used two different
techniques: 1) microdissection under direct stereoscopic visualization and 2) Evans blue -
glycerol labeled perfusion. Both techniques as well as immunostaining for markers of the
mural cells of the kidney arterioles yielded similar results: Foxd1 " mice display a disrupted
origin (multiple) and topological orientation of the renal vessels. Whereas in WT animals
the arteries and arterioles arise from the renal artery which enters the kidney through the
hilum and divides successively into smaller branches in a centrifugal fashion, in mutant
mice, there are multiple accessory and aberrant arteries that originate at various levels
from the aorta and iliac arteries that surround the superior and inferior poles within the
renal capsule and wherefrom they traverse towards the center of the kidney in a total
reversal of the renal circulatory pattern. These results indicate that Foxd1l is necessary for
the proper origin, number and orientation of the renal arterial tree and that Foxdl governs

a set of guidance cues involved in the appropriate targeting and directionality of the renal
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vessels. The results agree with previous work showing that loss of Foxdl results in
defects in ureter branching and equally important, loss of appropriate capsular
morphogenesis and cellular composition: in Foxdl " animals the capsule contains a
variety of cell types not normally found in the WT mice (20, 38). The above results also
suggest that Foxdl is important in the differentiation of progenitor cells in the capsule.
Using immunostaining against an endothelial marker (PECAM) a recent study suggested
that in Foxd1-DTAmi ce the bl ood vessels were #dth
(42). We could not confirm the presence of a thicker endothelium, but verified instead the
presence of subcapsular and capsular arterioles and arteries, which normally possess a
thick muscle wall composed of SMCs. The presence of capsular vessels in our study
indicates that Foxd1l normally inhibits the ectopic differentiation and assembly of the renal
vasculature. The mechanisms and molecules involved are unclear and remain to be
defined. Our preliminary unpublished data indicates that Foxd1 inhibits a genetic program
involved in the acquisition of the muscular layers of the renal arterial tree. Further, the
results suggest that Foxd1 participates in the proper orientation of the kidney vasculature.
Given that Foxdl has been shown to be required for the specification and targeting of
ganglion cells in the temporal retina of mammals (43) it is possible that Foxd1l may exert a
similar influence on the orientation and targeting of renal vessels. Whether this is achieved
with the participation of axon guiding molecules such as ephrins, semaphorins, plexins,
slits and netrins (44) will need to be determined. Further studies will be needed to dissect
the mechanism underlying the complex nephron-vascular phenotype ensuing from lack of
Foxd1 cells or their transcription factor, Foxdl. Furthermore, in this study we also identified

that the cause of death of Foxd1l™ mice is due to abnormal lung development; whether
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Foxd1l is also required for normal branching morphogenesis of the epithelial and vascular

compartment of the lung is a possibility that remains to be determined.
Perspectives and Significance

Identification of the Foxd1+ stromal cells as the precursors for the morphogenesis of the
renal arterial tree may open new avenues for understanding the mechanisms that govern
tissue vascularization and remodeling in normal and disease states. Further, it is becoming
evident that the renal vasculature is a major determinant of tissue organization in the
developing mammal and appropriate preservation of function and structure in the growing

and adult individual.
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Abstract

We previously identified aldo-keto reductase 1b7 (AKR1B7) as a marker for
juxtaglomerular renin cells in the adult mouse kidney. However, the distribution of renin
cells varies dynamically, and it was unknown whether AKR1B7 maintains co-expression
with renin in response to different developmental, physiological, and pathological
situations, and furthermore, whether certain factor(s) simultaneously regulate both
proteins. We show here that throughout kidney development AKR1B7 expression-
together with renin- is progressively restricted up the kidney arteries toward the
glomerulus. Subsequently, when formerly renin-expressing cells reacquire renin
expression, AKR1B7 is re-expressed as well. This pattern of co-expression persists in
extreme pathological situations such as deletion of the genes for Aldosterone Synthase
or Dicer. However, the two proteins do not co-localize within the same organelles: renin
is found in the secretory granules, whereas AKR1B7 localizes to the endoplasmic
reticulum. Interestingly, upon deletion of the renin gene, AKR1B7 expression is
maintained in a pattern mimicking the embryonic expression of renin, while ablation of
renin cells resulted in complete abolition of AKR1B7 expression. Finally, we
demonstrate that AKR1B7 transcription is controlled by cyclic adenosine mono-
phosphate (cAMP). Cultured cells of the renin lineage reacquire the ability to express
both renin and AKR1B7 upon elevation of intracellular cAMP. In vivo, deleting elements
of the cAMP-response pathway (CBP/P300) results in a stark decrease in AKR1B7- and
renin-positive cells. In summary, AKR1B7 is expressed within the renin cell throughout
development and perturbations to homeostasis, and AKR1B7 is regulated by cAMP

levels within the renin cell.
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Introduction

The renin-angiotensin system (RAS) is responsible for maintaining blood pressure and
fluid-electrolyte homeostasis. A key point in the regulation of RAS is control of the
synthesis and secretion of the hormone renin within highly specialized juxtaglomerular
(JG) renin cells in the kidney. Throughout embryonic development and into adult life
renin-producing cells show a remarkable plasticity, and their location and number
changes in a dynamic but stereotyped manner. Initially, renin cells are found along large
arteries of the developing kidney, but as the animal matures, renin expression is
progressively restricted downstream toward the glomerulus, until renin is confined to the
adult JG location (13, 15). This process does not involve cellular migration or
proliferation/apoptosis, but instead differentiation- formerly renin-expressing cells
differentiate into a subset of the smooth muscle cells lining the renal arteries (16). A
similar phenomenon occurs with the mesangial cells in the glomerulus, with again a
subset derived from cells that expressed renin earlier in development (16). Interestingly,
these cells retain the capability to re-express renin in response to physiological stress
that necessitates an increase in renin production, such as hypotension, blood loss, or
sodium depletion (16). This remarkable ability to switch phenotypes has long been an
area of interest, as identifying the molecules that establish and regulate the identity of
the renin cell may have important implications not only in the study of homeostatic

regulation, but also for our understanding of cell memory and/or plasticity.

One barrier to the study of the renin cell has been the lack of a reliable and independent
marker for renin cells aside from renin itself, as manipulations which directly affect the

expression of renin (and may not otherwise modify the renin cell) will prevent
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identification of the cell. Using microarray analysis, we have previously identified one
enzyme, aldo-keto reductase family 1, sub-family B member 7 (AKR1B7), which was
highly enriched in the adult renin cell of mice (18). AKR1B7 belongs to an enzymatic
superfamily of over 100 aldo-keto reductases whose members can be found in many
organ systems throughout a multitude of vertebrate and invertebrate animal species.
Within the mouse, AKR1B7 expression has previously been described in the vas
deferens and the adrenal glands (45, 46). However, little is known about the suitability
of AKR1B7 as a marker for renin cells, particularly under developmental, physiological

and pathological situations that modify renin expression and renin cell number.

In addition to studying the expression pattern of AKR1B7, we explored whether factor(s)
already known to regulate renin expression also regulate AKR1B7, as identification of
molecular pathways which co-regulate AKR1B7 and renin could give insight into an
overarching program responsible for regulating the phenotype of the renin cell. One
potential candidate is cyclic AMP (cCAMP). Our laboratory and others have previously

shown that cAMP up-regulates renin expression in vitro and in vivo, and that deletion of

elements of the cAMP-r e s ponse pathway blunts the organis

ability to respond to homeostatic challenge (47-49). Therefore, we hypothesize that

CAMP regulates AKR1B7 within the kidney as well.
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Results

The ontogeny of AKR1B7 expression

Previous work done in our lab using microarray analysis and immunostaining showed
expression of AKR1B7 in the renin cells of adult mice (18). In the present study, we
examined the pattern of AKR1B7 expression during kidney maturation, and whether co-
expression of AKR1B7 with renin was maintained throughout the dynamic changes to
renin cell localization that occur during renal development. Immunostaining for AKR1B7
at various ages showed a pattern of regressing staining along the arterioles that exactly
duplicated the well-established developmental distribution of renin.  Within the
embryonic kidney at embryonic day 15.5 AKR1B7 expression was primarily found along
the large arteries of the kidney (Fig. 3.1a). Staining was also seen near mature
glomeruli outside the nephrogenic zone, and occasionally in the glomerular mesangium.
In the newborn mouse (post-natal day 1), AKR1B7 expression was segregated to
developing afferent arterioles and smaller arteries, along with a few JG areas (Fig.
3.1c), while in adulthood AKR1B7 was confined to the few cells adjacent to the mature
glomerulus that form the JG apparatus (Fig. 3.1e). We confirmed the co-localization of
AKR1B7 and renin using staining in consecutive kidney sections. AKR1B7 staining was
always accompanied by renin staining for in the corresponding region (Fig. 3.1b, d, f),
demonstrating a consistent association between the expression patterns of the two

proteins throughout renal development.
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Figure 3.1
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Figure 3.1: Immunostaining for AKR1B7 and renin in consecutive sections at

various ages. A, B: AKR1B7 and renin staining in embryonic day 15.5 (E15.5) kidneys.

Staining is found along large vessels (arrows) and in the glomerular mesangium

(dashed arrows). C, D: AKR1B7 and renin staining in kidneys from newborn animals.

Staining is found in arteries (arrows) and JG areas (dashed arrows). E. F: AKR1B7 and
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renin staining in adult (post-natal day 45) kidneys. Staining is limited primarily to JG
areas (arrow). At all stages, AKR1B7 staining co-localizes to the same areas as renin.

Circles indicate glomeruli. (performed by EEL)
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Expression of AKR1B7 following pharmacological or genetic manipulation

The co-localization of renin and AKR1B7 throughout kidney development suggests that
the two proteins may respond similarly to manipulations known to affect renin synthesis
and the distribution of renin cells. We first examined AKR1B7 expression using a well-
established method of physiological and pharmacological manipulation that increases
renin levels: mice treated with the angiotensin converting enzyme (ACE) inhibitor
captopril and fed a low-salt diet show re-expression of renin along the renal arterioles to
compensate for diminished blood pressure and electrolyte-fluid depletion (50, 51).
Immunostaining for AKR1B7 in treated mice showed a concomitant increase in the
number of AKR1B7-positive cells (Fig. 3.2a). Expression of AKR1B7 extended along the
afferent arteriole and could be found occasionally within the cells of the glomerular
mesangium, in a pattern reminiscent of embryonic life. Staining with renin in
consecutive sections showed coincident expression along the renal arterioles and
mesangial cells (Fig. 3.2b), confirming that AKR1B7 expresses alongside renin in
conditions of homeostatic stress as well as basal state. The reverse result was obtained
when examining animals fed a high-salt diet- the decrease in renin-positive cells and
fewer renin-positive juxtaglomerular regions was accompanied by a decrease in the

number of AKR1B7-positive cells (not shown).

We also investigated the expression of both proteins under pathological conditions
previously shown to severely alter renin expression levels. Mice in which the gene for
Aldosterone Synthase had been deleted, upon administration of the earlier described
sodium depletion and captopril treatment, exhibit a dramatic expansion of renin

expression along the kidney arteries (52, 53) to a degree far greater than sodium
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depletion and captopril alone. The number of renin positive cells and the amount of
renin in each cell increases dramatically, with renin expression extended along almost
the entirety of the afferent arteriole and interlobular arteries. Immunostaining in
consecutive sections showed that these renin-positive cells also express AKR1B7 (Fig.
3.2¢, d), with many AKR1B7-positive cells lining the arteries and arterioles. Although
not directly comparable, we note that the increase in the intensity of AKR1B7 staining
within each individual cell was not as dramatic as that of renin. The opposite result was
found in mice with conditional deletion of the micro-RNA processing enzyme Dicer in
renin cells, which have significantly fewer renin-positive JG cells and lower plasma renin
levels. The decrease in renin expression is accompanied by a reduction in the domain
of AKR1B7 staining, with fewer AKR1B7-positive cells present in the knockout kidneys.
However, AKR1B7 still coincides specifically with renin in the few remaining renin-

positive JG areas (Fig. 3.2e, f).
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Figure 3.2
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Figure 3.2: Immunohistochemistry for AKR1B7 and renin in consecutive sections

under manipulations known to increase renin expression. Circles indicate
glomeruli, and arrows indicate staining in arterioles. A, B: The domain of AKR1B7 and

renin expression expands in animals treated with captopril and fed low-salt diet, in a
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pattern reminiscent of that observed during embryonic development. C, D: AKR1B7 and
renin in kidneys from mice homozygous for aldosterone synthase deletion. While the
number of labeled cells increases significantly along arteries an arterioles, the increase
in intensity of renin expression is not matched by AKR1B7. E, F: AKR1B7 and renin in
kidneys from mice with conditional deletion of Dicer in renin cells. The number of renin-

and AKR1B7-positive cells is markedly reduced. (performed by EEL)
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AKR1B7 localizes primarily to the plasma membrane and endoplasmic reticulum

To confirm co-expression of renin and AKR1B7 in the same cell, and to characterize the
sub-cellular localization of AKR1B7, we conducted dual immunofluorescence and
confocal microscopy of adult mouse kidney sections. Both proteins were consistently
found in the same cells of the juxtaglomerular apparatus (Fig. 3.3a), with renin localized
to round bodies in the cytoplasm, corresponding to the secretory granules of JG cells.
AKR1B7 however was not associated with the same subcellular structures as renin, as
AKR1B7 staining was found in distinct regions within the cytoplasm (Fig. 3.3b), and
occasionally near the plasma membrane. The sub-cellular localization of AKR1B7 did
not change when examining mice at earlier developmental timepoints (newborn, not

shown) or mice treated with captopril and fed a low-sodium diet (not shown).

Interestingly, we frequently observed AKR1B7 in net-like, latticework structures (Fig.
3.3c) suggestive of association with a particular subcellular structure. To investigate
AKR1B7 localization to a specific organelle, we conducted co-staining with subcellular
markers. JG cells have prominent lysosomes, and it is widely thought that the renin
granules derive from lysosomes (54, 55). However, co-staining with LAMP1, a
lysosomal membrane protein, showed only occasional co-localization with AKR1B7
(Fig. 3.3d). By contrast, co-staining AKR1B7 with protein disulfide isomerase (PDI), an
ER resident protein, demonstrated strong co-localization with AKR1B7 (Fig. 3.3e), with
coincident staining in the previously described net-like pattern, indicating that AKR1B7

also localizes to the ER in renin cells.
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Figure 3.3

AKR1B7

AKR1B7

Figure 3.3: AKR1B7 localizes to the plasma membrane and endoplasmic
reticulum, and not the renin granules. A: Immunofluorescence for AKR1B7 (green)
and renin (red), with counterstaining with DAPI (blue). The two proteins are found in the
same cells, but seldom coincide subcellularly (yellow). B, C: Immunofluorescence for

AKR1B7 (green). AKR1B7 can be found in or near the plasma membrane (B), and also
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in lattice-shaped structures in the cytoplasm (C, arrow). D: Immunostaining for AKR1B7
(green) and LAMP1 (red), a marker for lysosomes. The two only show occasional co-
localization. E: AKR1B7 (green) and PDI (red), a marker for endoplasmic reticulum. The

two show extensive co-localization (yellow). (performed by EEL)
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AKR1B7 is a renin-independent marker for renin cells

As mentioned earlier, studies of renin cells have been complicated by the fact that the
only reliable marker for cells of the renin phenotype was renin itself. To test whether
AKR1B7 would label cells in the absence of renin expression, we immunostained for
AKR1B?7 in kidneys from mice with deletion of the renin gene. Global renin knockout
mice have kidneys with prominent morphological defects including vascular thickening
and a complete absence of renin staining (56). However, AKR1B7 staining is preserved
in cells adjacent to the glomerulus (Fig. 3.4a, arrows). In addition, we found significant
extension of AKR1B7 expression along afferent arterioles (AA), and occasional staining
of the mesangial cells in glomeruli (circles). Interestingly, this pattern is strongly
reminiscent of the distribution of renin cells during conditions that acutely or chronically
stimulate renin production (see Fig. 3.2a-d). We conclude that the renin cell persists in
renin knockout mice and continues to express the marker protein AKR1B7, despite an

inability to produce renin.

A contrasting observation was made in mice where renin cells have been ablated using
expression of diphtheria toxin chain A (DTA) under control of the renin promoter
(Renl1ld-DTA, (8)). Kidneys from those animals lack renin cells, leading to a disruption
of vascular and tubular patterning that is not seen in renin knockout animals. We
detected no AKR1B7 in Renld-DTA kidneys (Fig. 3.4b and 3.4c), and AKR1B7 signal
was absent from any of the cell types that typically arise from renin cells and might be
induced to re-express renin, such as JG areas, arterial smooth muscle cells, or
mesangial cells. Thus, while AKR1B7 expression persisted in the absence of the renin

gene, deletion of the renin cell itself resulted in the complete abrogation of AKR1B7
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expression within the kidney, emphasizing that AKR1B7 marks cells specifically

programmed to express renin.
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Figure 3.4
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Figure 3.4: AKR1B7 expression is independent of renin, and is only absent upon
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deletion of renin cells. A: Immunostaining for AKR1B7 in Renlc KO mice. Mice
homozygous for deletion of renin show extensive staining for AKR1B7 in JG cells
(arrow), cells in the wall of the afferent arterioles (AA) of the kidney, and in mesangial
cells of the glomeruli (circles). B,C: AKR1B7 and renin in kidneys from mice where renin
cells have been ablated by the conditional expression of diphtheria toxin A (DTA). No
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positive staining can be found near glomeruli (circles) or in afferent arterioles (AA).

(performed by EEL)
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CAMP regulates the expression of AKR1B7

We have shown here that AKR1B7 and renin are consistently expressed together,
raising the important possibility that the same mechanisms that regulate renin levels
also regulate AKR1B7. To examine the regulation of AKR1B7 on a cellular level we
utilized our previously described CFP/YFP cell culture system (49). Briefly, CFP/YFP
cells are derived from isolated kidney arteriolar smooth muscle cells of the renin lineage
that were labeled permanently with CFP using the cre/lox system. When grown in
culture these cells do not express renin at basal state, but upon appropriate stimulation
re-activate renin expression and report renin promoter activity through YFP expression
(Renlc-YFP, (49)). In this manner, CFP/YFP cells mimic the in vivo ability of smooth
muscle cells of the renin lineage (CFP") to reacquire the ability to express renin

(acquiring YFP™), and are an appropriate platform to study renin regulation.

As we have previously shown that treatments which increase intracellular cAMP, such
as incubation with forskolin (57), cause CFP/YFP cells to reacquire renin expression
and become YFP-positive (49), we tested whether stimulation of the cAMP pathway

would also increase AKR1B7 expression in our cell culture model. Figure 3.5a shows

that unstimulated CFP/YFP cells expre ssed only | ow amounts of Al
fsko ) . Ho we v e-reatedf G-PP/6FR aells, m addition to activating the renin
promoter (49), al so increased AKR1B7 medpagAds| posl s

controls, we observed that FACS-sorted juxtaglomerular renin cells (isolated from
Renlc-YFP ani mal s) , contained significant amou
I nterestingly, we find t hat As 4.1 cell s (A

constitutively expresses renin (58), also contained AKR1B7 mRNA. To quantify the

79



increase in expression we conducted gPCR on RNA isolated from control and forskolin-
treated CFP/YFP cells, and found a more than four-fold increase in AKR1B7 message
(Fig. 3.5b) after 48 hours of forskolin treatment. This confirmed that in cells of the renin

lineage control of AKR1B7 expression, like renin, is CAMP-sensitive.

To investigate this effect in vivo, we examined animals that had key elements of the
cAMP response pathway knocked out. Animals with conditional deletion (in renin cells)
of two important mediators of cAMP response, p300 and CREB-binding protein (CBP)
(CBP" x P300" : Ren1d“®*, (48)), have markedly fewer renin-positive JG cells.
Similarly, those animals had significantly fewer AKR1B7-positive cells (Fig. 3.5c), all
found within JG areas. Staining in consecutive sections showed that AKR1B7 was still
segregated specifically to those cells which still expressed renin (likely due to
incomplete deletion) (Fig. 3.5d). Thus the data indicates that the cAMP pathway

controls expression of both AKR1B7 and renin in vivo and in vitro.
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Figure 3.5
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Figure 3.5: AKR1B7 expression is regulated by the cAMP signaling pathway. A:
PCR products for AKR1B7 from mRNA isolated from JG cells. We detect AKR1B7
MRNA in JG cells (lane 1) and AS4.1 cells (lane 2), a kidney tumor cell line which
expresses renin. AKR1B7 message is nearly absent from unstimulated cells of the renin
lineage (lane 3), but appears in cells of the renin lineage stimulated with forskolin (lane
4). B: AKR1B7 mRNA levels as measured with gPCR increase nearly five-fold in cells of
the renin lineage after treatment with forskolin when compared to treatment with DMSO
vehicle (anchored to a value of one), p<0.005. C,D: Significantly fewer AKR1B7- and
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renin-positive glomeruli are found in mice where two elements of cCAMP-response, the
genes CBP and p300, have been deleted. Circles indicate glomeruli, and arrows

indicate areas of coincident staining. (performed by EEL)
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RBP-J Deletion Affects the Myo-Endocrine Phenotype of Cells of the Renin
Lineage®

Deletion of the transcription factor RBP-J, the common transcriptional mediator for the
Notch signaling pathway, in renin cells results in a drastic reduction in the number of
renin-positive cells. We also found that AKR1B7 expression was diminished in mice with
conditional deletion of RBP-J in renin cells (Supplementary Figure 3.1A). Quantitation
showed significantly fewer AKR1B7-positive JGAs (Supplementary Figure 3.1B), which
was accompanied by a reduction in AKR1B7 mRNA in the kidneys, to an extent similar
to renin (Supplementary Figure 3.1C). Thus we conclude that RBP-J regulates not only
renin production in renin cells, but also other genes that contribute to the overall renin

cell phenotype such as AKR1B7.

® Data originally published as a third-author manuscript in (59)
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Supplementary figure 3.1
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Suppplementary figure 3.1: Deletion of RBP-J in renin cells affects expression of
genes marking the dual endocrine and SM phenotype of renin cells. (Ai C)
Expression of Akrlb7, an endocrine phenotype marker. (A) Immunostaining for Akrlb7
shows that RBP-J* mice express Akrlb7 in the JGAs (arrows in left panel).RBP-J
cKO mice have few or no Akrlb7-positive JGAs (arrow in right panel). (B) In RBP-J
cKO mice, the JGA indices for both Akrlb7 and renin are significantly reduced.

(C) Akrlb7 and renin mRNA levels in RBP-J cKO mice decreased significantly to the
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same extent compared with controls. Originally published in (59). (A performed by EEL,

B and C by RMC)
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Discussion

The present series of experiments demonstrate that AKR1B7 is expressed in the same
cells as renin throughout the dynamic changes in renin cell distribution during kidney
development, and in response to pharmacological and pathological manipulations that
increase or decrease the number of cells expressing renin. Moreover, we show that
AKR1BY7 is a renin-independent marker for cells attempting to make renin, and that only
complete ablation of renin cells using DTA resulted in an absence of AKR1B7 protein.
Finally, we demonstrated the key role of the cAMP signaling pathway in regulating the

expression of AKR1B7 both in vitro and in vivo.

AKR1B7 expresses specifically in renin cells throughout a variety of

manipulations

We have previously shown that AKR1B7 was highly enriched in renin producing cells of
the adult mouse, by means of both microarray study and immunostaining (18). In this
manuscript we show using immunostaining that co-expression of renin and AKR1B7
occurs throughout all stages of fetal and postnatal kidney development. Confocal
microscopy combined with co-immunofluoresence of AKR1B7 and renin confirmed
definitively that the two proteins are co-expressed in the same cell. Thus, AKR1B7
labels renin cells throughout renal development, and can serve as a marker for renin
cells when assaying directly for renin is not possible or practical. We also show that the
co-expression of AKR1B7 and renin is maintained under physiological and
pharmacological manipulations of renin levels. In the same way that smooth muscle
cells along the afferent arteriole re-acquire the ability to express renin (16) in response
to low salt diet and administration of captopril, they also re-acquire the ability to express
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AKR1B7, demonstrating that AKR1B7 is part of a larger genetic program re-activated by
former renin-expressing cells in response to a need to increase renin levels. This idea
was reinforced by the observation that when the domain of renin cells contracts in
response to high-salt diet, AKR1B7 is likewise restricted to the reduced-in-number
renin-positive cells. Thus, when cells cease the renin-expressing program, they also

stop synthesizing AKR1B7.

We also examine AKR1B7 expression under genetic manipulations which were
previously demonstrated to cause widespread pathological alterations of renin
expression. Global deletion of the aldosterone synthase gene results in hypotension,
abnormal fluid and electrolyte homeostasis, and significantly elevated renin production
accompanied by an increase in renin cells. We show that these cells are also positive
for AKR1B7, indicating the coordinated response of AKR1B7 to this extreme
homeostatic need. By contrast, conditional deletion of the microRNA-processing
enzyme Dicer within renin cells results in fewer renin cells and lower plasma renin
levels, in addition to lower blood pressure, vascular abnormalities and renal fibrosis.
Here we demonstrate that the few remaining renin-positive cells are still positive for
AKR1B7. This finding also implicates a possible role for micro-RNAs to regulate
AKR1B7, although the identity of the micro-RNAs that regulate renin and AKR1B?7 in the

renin cell is a matter of ongoing study (60).

Regardless of the manipulation, the result was the same: as the expression domain of
renin expands, AKR1B7 is also found in the cells that acquire the ability to express
renin. When renin expression decreases and cells cease expressing renin, those cells

also stop expressing AKR1B7. Only complete ablation of renin cells using diphtheria
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toxin (Renlc-DTA) results in abolition of AKR1B7 expression within the kidney,

emphasizing the specificity of AKR1B7 in the kidney for renin cells.

The specific co-expression of AKR1B7 with renin raises the question of AKR1B7
function in the renin cell. One possibility is that the two proteins exert direct regulatory
effects on each other, and are in the same direct molecular pathway upstream or
downstream from each other. However, data generated in this study and in other
laboratories suggests that this is not the case. Confocal microscopy shows that
AKR1B7 and renin are localized to different organelles (the endoplasmic reticulum and
lysosomes respectively) and thus are unlikely to directly interact, although this would
need to be confirmed using other assays such as co-immunoprecipitation or FRET. We
also note that interestingly the amino acid sequence of AKR1B7 lacks the canonical N-
terminal ER localization motif lysine-aspartic acid-glutamic acid-leucine (KDEL), and it
remains to be determined what mechanism causes the localization of AKR1B7 to the
ER. The absence of cross-regulation between AKR1B7 and renin was further supported
by our data showing the persistence of AKR1B7 expression after deletion of the renin
gene. Conversely, Machura et al. (61) show that systemic deletion of AKR1B7 does not
alter the levels of renin transcription and expression. Thus it is likely that AKR1B7 plays
a role in parallel to renin as part of a larger genetic program of establishing the renin cell

phenotype, but that AKR1B7 does not directly interact with renin.

Other alternatives exist for a role for AKR1B7 in the kidney. Endocrine cells may be
particularly vulnerable to oxidative stress due to their increased levels of protein
synthesis. Interestingly AKR1B7 has been shown to possess a protective role in

adrenal cells by catalyzing the reduction of isocaproaldehyde, a byproduct of hormone
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synthesis associated with oxidative stress, into less toxic forms (62). In addition,
analysis of adrenal tumors showed that tumoral cells had blunted AKR1B7 expression
(63), with oxidative stress being a hallmark of tumorigenesis. It is possible that AKR1B7
functions in a similar role in renin secretory cells to protect against accumulated
oxidative stress invol ved i nf renim esyntlmesisn andh cel |
granulopoeisis. This hypothesis would be supported by AKR1B7s localization to the ER,
the primary site of protein synthesis in the cell, although studies of oxidative stress in

renin cells are currently sparse.

Alternatively, AKR1B7 could play a role in prostaglandin synthesis; prostaglandins have
long been thought to play a role in the regulation of renin (64-66). It was previously
found that AKR1IB7 was capable of catalyzing the synt|
biochemically (67) and in vitro (68). As prostaglandin F2U has @
stimulate renin secretion (69, 70), it is possible that AKR1B7 is responsible regulating
renin secretion through prostaglandin F2U syn
the fact that AKR1B7 was described as changing localization to the plasma membrane
when synthesi zi ng (69, ragreeingavgth cumotiservatioR thal AKR1B7
localizes to the plasma membrane of the renin cell. However, studies of renin release

will need to be performed to answer this question.

AKR1B7 marks <cells attempting to synthesize

actual production of renin

Study of renin cells has long been complicated by the fact that the only reliable marker

for renin cells was renin itself. In situations where renin expression was blunted or
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absent, a separate marker for renin cells would be necessary to identify cells attempting
to produce renin. As mentioned earlier we show in vivo that AKR1B7 expression
persists in the kidney even when the gene for renin is deleted, thus establishing
AKR1B70s independence of renin expressi
staining pattern of AKR1B7 in renin knockout mice replicates that of renin cells under
conditions that stimulate renin production, such as the earlier-described phenotype
following sodium depletion and captopril treatment. This suggests that there is an
attempt by cells in the renin knockout kidney to synthesize renin, likely in response to
systemic hypotension and sodium depletion, and that AKR1B7 is a marker for those
renin-less cells of the renin phenotype. The AKR1B7-marked cells thus represent a
system in which the genes for the renin cell phenotype and the renin promoter itself
(which is intact in the renin knockout animal used here (56)) would be chronically
stimulated, as those cells attempt to compensate for a lack of renin. Isolating these cells
could provide an important platform for the study of renin regulation, as studies in renin

cell plasticity have been primarily conducted under conditions of acute stimulation.

Mechanisms of AKR1B7 regulation

The degree of co-expression between AKR1B7 and renin, and a lack of evidence that
suggests that the two enzymes directly regulate each other, presents the highly
interesting possibility that both genes are regulated in a similar manner through an
overarching genetic program that controls renin cell fate. Various inputs are
incorporated to control the identity and subsequent production and secretion of renin by
the renin cell (for a review see (71)), but the exact mechanism(s) which regulates the

renin gene is not fully understood. The AKR1B7 gene and its associated promoter could
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provide an important tool in that search, as having an additional promoter to look at in
silico, in vitro, and in vivo adds a degree of power not previously available. In addition,
identifying transcription factors and other regulatory molecules that affect AKR1B7 could

provide candidates that potentially regulate renin as well.

One possibility examined here is that cyclic AMP plays an important role in the
simultaneous regulation of both proteins. Our lab and others have previously identified
the cCAMP pathway as an activator of renin expression (48, 72). In addition, there exists
a cyclic-AMP response element (CRE) in the AKR1B7 promoter that is key to its
regulation, and cAMP has been demonstrated in vitro and in vivo to play a key role in
the control of AKR1B7 transcription in the adrenal glands (46, 63). In this study, we
show that cAMP plays a similar role in regulating AKR1B7 in the kidney, using multiple
approaches. In vitro, increasing intracellular cAMP levels in cultured cells of the renin
lineage via forskolin causes an increase in AKR1B7 expression. In vivo, deletion of
el ements of t he renin c e-ltledistone acdiyRtransferaspso n s e p
p300 and CBP- significantly blunts the expression of AKR1B7 in the murine kidney.
Taken together, these experiments demonstrate that CAMP plays a significant role in
co-regulating both AKR1B7 and renin in the kidney. Previously, we have also shown
that deletion of Recombination Signal Binding Protein for Immunoglobulin Kappa J
Region (RBP-J), the final transcriptional mediator of the Notch signaling pathway,
resulted in a significant decrease in renin- and AKR1B7-positive cells (36, 59). Whether
and how the Notch pathway and cAMP signaling interact to regulate renin and AKR1B7
expression, potentially as part of an overarching genetic program that controlling renin

cell identity, remains to be determined.
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Perspectives and Significance

AKR1B7 is co-expressed and regulated by the same factors that regulate the renin
gene, suggesting the possibility of an overarching program controlling the renin
phenotype. Interestingly, when the renin gene is mutated, this program continues to
operate and AKR1B7 permits the identification of those cells that were programmed to
express renin but cannot do so. Under these circumstances, the renin-less mutated
cells do not disappear; they can be identified as AKR1B7 + cells which expand along
and around the arterioles of the kidney possibly participating in the concentric
obstructive vessel hypertrophy commonly seen in animals with mutations of the renin
gene. Thus, AKR1B7 adds a new degree of power when investigating the biology of the

renin cell.
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IV. RBP-J IN FOXD1+ RENAL STROMAL PROGENITORS IS CRUCIAL FOR THE
PROPER DEVELOPMENT AND ASSEMBLY OF THE KIDNEY VASCULATURE AND

GLOMERULAR MESANGIAL CELLS

Formatted as a first-authored manuscript and published as:

RBP-J in FOXD1+ Renal Stromal Progenitors is Crucial for the Proper Development
and Assembly of the Kidney Vasculature and Glomerular Mesangial Cells. Lin EE,
Sequeira-Lopez ML, Gomez RA. Am J Physiol Renal Physiol. 2014 Jan;306(2):F249-58.

doi: 10.1152/ajprenal.00313.2013.
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Abstract

The mechanisms underlying the establishment, development, and maintenance of the
renal vasculature are poorly understood. Here we propose that the transcription factor
Aecombi nation signal bi nding pr ot (BBPR)pfasa
key role in the differentiation of the mural cells of the kidney arteries and arterioles, as well
as the mesangial cells of the glomerulus. Deletion of RBP-J in renal stromal cells of the
forkhead box D1 (FOXD1) lineage, which differentiate into all mural cells of the kidney
arterioles along with mesangial cells and pericytes, resulted in significant kidney
abnormalities and mortality by day 30 post-partum. In newborn mutant animals we
observed a decrease in the total number of arteries and arterioles, along with thinner
vessel walls, and depletion of renin cells. Glomeruli displayed striking abnormalities,
including a failure of FOXD1-descendent cells to populate the glomerulus, an absence of
mesangial cells, and in some cases complete loss of glomerular interior structure and the
development of aneurysms. By P30, the kidney malformations were accentuated by
extensive secondary fibrosis and glomerulosclerosis. We conclude that RBP-J is essential

for proper formation and maintenance of the kidney vasculature and glomeruli.
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Introduction

The kidney is a highly vascularized organ, receiving over 20% of the cardiac output in the
adult human. However, the developmental cues and mechanisms necessary for proper
formation of the complex renal arterial tree are poorly understood. Our lab and others have
previously shown that the progenitors for the kidney vasculature are present in the early
embryonic kidney, well before vessels can be discerned (13, 35) Prior work using cell-
specific lineage tracing has demonstrated that within the embryonic kidney there is a
population of stromal mesenchyme cells marked by expression of the transcription factor
forkhead box D1 (FOXD1) (20, 31). Cells derived from the Foxd1-lineage differentiate to
form all the cell types that comprise the mural cell layer of the kidney arteries and
arterioles (vascular smooth muscle cells (VSMCs), renin cells and perivascular
fibroblasts), along with glomerular mesangial cells, and various cell types of the kidney

interstitium including pericytes (29).

In many organisms the Notch signaling pathway is involved in key cell fate and
developmental decisions (25, 26). Interestingly, all elements of the Notch pathway share a
common downstream t r ecantinatian psignalo lsinding aroteiro for,
immunoglobuli n kappa J -3)€78)iPuiar work(inRoBrRab has determined that
RBP-J, and likely Notch signaling, are essential for establishing and maintaining the
identity of renin-expressing cells in adulthood (21). However, it is not currently known
whether RBP-J plays a role in the differentiation of FOXD1+ progenitors into the
downstream derivative cell types, which includes renin cells along with the previously
mentioned cell types. Using the cre-lox system we examined the effects of conditional

deletion of RBP-J in the FOXD1+ precursor cell population and found severe vascular
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defects in the mural cell layer of arteries and arterioles accompanied by a depletion of
renin-expressing cells, and serious glomerular defects characterized by a lack of
mesangial cells and development of glomerular aneurysms. Later in life, these
developmental alterations were aggravated by striking reactive alterations including
glomerulosclerosis, tubular dilations, and fibrosis, suggesting that developmental defects

are further complicated by secondary injury and/or repair mechanisms.

Results
Deletion of RBP-J in Foxdl cells results in defects in the renal arterial smooth

muscle layer

To examine the effects of RBP-J deletion on FOXD1-lineage stromal cells and their
descendents, we generated animals with conditional deletion of RBP-J in FOXD1-cells
(FOXD1®*: RBP-J" hereby termed FOXD1"®™"). Confirmation of RBP-J deletion was
conducted using RT-PCR on whole kidney isolated from mutant or control animals (not
shown). FOXD1"®™ mice were born at expected Mendelian ratios (7 out of 24, 25%
expected), and on the first day of life (PO) were indistinguishable at a macroscopic level
from control animals with the exception of a shorter tail length (Fig. 4.1a), a feature which
was retained in older animals at 30 days of postnatal life (Fig. 4.4a). Examination of

kidneys harvested from FOXD1"®P*

animals at day of birth however revealed striking
renal defects. Newborn FOXD1R™" mice had significantly fewer smooth muscle cell
(SMC)-coated renal arteries than controls, as shown by immunostaining for alpha-smooth
muscle actin (Fig. 4.1b, ACTA2, arrows,), a marker for smooth muscle cells (SMCs).

Arterioles appeared to have significantly thinner vessel walls, and the cells comprising the

mural cell layer were thinner in appearance. Endothelial cells however, as marked by
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staining with platelet and endothelial cell-adhesion molecule (PECAM) showed no
morphological alterations, and we did not find evidence for uncoated endothelial vessels
lacking a smooth muscle cell coating (not shown). Quantification of vessel numbers
showed a nearly six-fold decrease in smooth-muscle coated arteries per area surveyed
and a significant reduction in vessel wall thickness, with control animals having an average
of 6.1 + 0.4 (n=5) vessels per area surveyed, while FOXD1?®"7" kidneys had on average
1.1 £ 0.2 (n=5) vessels per area surveyed (Fig. 4.1c, p<0.05). In addition, the smooth
muscle layer of mutant vessels was thinner, 7.4 + 0.3 um (n=5) in mutants versus 9.5 £ 0.5
pm (n=5) in controls (p<0.005, Fig. 4.1d). A distribution of the measurements of vessel
diameter showed that mutant kidneys had comparable numbers of large-diameter vessels
but significantly fewer small-diameter vessels (Fig. 4.1e), indicating that smaller-diameter

vessels, mostly afferent arterioles, were the most affected by the mutation.

Because our previous work indicated that RBP-J plays a key role in establishing and
maintaining the identity of renin cells, and because renin cells are derived from FOXD1-

1RBPJ—/—

expressing cells, we investigated the expression of renin in FOXD animals by

immunostaining. In wild-type animals at day of birth, renin cells can typically be found

1RBP¥ animals

along afferent arterioles, in addition to larger vessels. However, in FOXD
we found an almost complete absence of immunoreactive renin (Fig. 4.1f), with very few
cells positively stained, and renin expression limited to a few juxtaglomerular regions
rather than extending along the arterioles as is commonly observed in newborn mammals.

Furthermore, we occasionally found that some kidney areas showed tubular dilations and

disruption of tubular structure in mutant animals (not shown).
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Figure 4.1: Kidneys from newborn FOXD1"®™” animals show pronounced

vascular and glomerular defects. A) Newborn (P0) FOXD1R®P*

and control pups are
indistinguishable other than by tail length (yellow boxes). B) Staining for ACTA2 (brown)
in kidney sections. Mutant animals have significantly fewer arteries (arrows), and
comparable vessels are thinner in FOXD1R®™”" animals than in controls. Mutant
glomeruli (circles) are dilated and have distorted morphology, while some are
aneurysmatic and lacking structural cells (solid circles, also 1F). We also note that the
nephrogenic zone (brackets) is wider in mutant animals. C) Quantification of arteries
shows significant decreases in vessel number per area surveyed in FOXD1REPI”

animals (p<0.05). D) Quantification of average vessel thickness shows that FOXD1R?eP>

" animals have thinner vessels (p<0.005). E) In regards to the distribution of arterial
diameters, newborn mutant animals show a deficit in the percentage of smaller-
diameter vessels, but a higher proportion of larger-diameter vessels. F) Immunostaining
for renin (brown, arrowheads) in control animals can be found extending along afferent
arterioles and adjacent to glomeruli. Meanwhile, FOXD1R®™" animals show a

significant depletion of renin cells, with almost no renin-positive cells throughout the

kidney. The solid circle denotes an aneurysmatic glomeruli, see 1B. (performed by EEL)
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Loss of RBP-J in Foxdl cells results in a loss of mesangial cells and glomerular

aneurysms

Further examination of newborn FOXD1R™ kidneys also revealed that in mutant animals
glomeruli displayed striking morphological abnormalities. Hematoxylin and eosin (H&E)

staining (Fig. 2A) showed that glomeruli from FOXD1R®>*

animals (circles) contained an
abnormally elevated number of red blood cells, and that in some cases entire glomeruli
were replaced by glomerular aneurysms filled with blood (Fig. 4.2A, also Figs. 4.1B and
4.1F, solid circles). Quantification of glomerular alterations showed that more than half of
the glomeruli in mutant kidneys appeared abnormal, with nearly a quarter having
aneurysms (Fig. 4.2B). The likely cause of the aforementioned glomerular alterations was
suggested by the unusual ACTA2 staining, which during development stains mesangial
cells, but was diffuse or absent in the glomeruli of mutant kidneys (Fig. 4.1B). To confirm
an alteration in the endowment of glomerular mesangium we stained for platelet-derived
growth factor rfexepda omambk¢PDIGFEFR mesangi al cel |l
mesangial differentiation (74). In control kidneys, PDGFR-b-positive mesangial cells
populate the interior of the glomerulus. FOXD1R®™" kidneys however displayed a
significant reduction or complete absence of PDGFR-b s t a i mnithe glomerulus (Fig.
4.2C), indicating a marked decrease in mesangial cells. As expected and in contrast to the
mesangial alterations, PDGFR-b-positive interstitial cells in between the tubules were
unaffected and stained positive in control and mutant animals. Alterations to the
glomerular mesangium resulted in changes to other cell types that populate the

glomerulus. Staining for podocytes using a podocalyxin antibody (PODXL, Fig. 4.2D)

demonstrated that podocytes remained in glomeruli (circles), although their localization
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and structure was severely affected, with the PODXL-positive cells often confined to a
single thick, peripheral ring instead of being spread more uniformly throughout the
glomerulus. Remarkably, many podocytes persisted even in cases of severe glomerular
aneurysm (solid circle). Glomerular capillaries also showed significant alterations. Staining
for Slit3, a marker for glomerular capillaries, shows that the endowment of glomerular
capillaries is unaffected, as they can be found even in aneurysmatic glomeruli (Fig. 4.2E).
However, in FOXD1*®™" animals the typical arrangement of multiple capillary loops seen
in wild-type animals is lost, with the glomerular capillaries collapsing into fewer loops or a

single, giant loop.
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Figure 4.2
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