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Preface

The study of kidney development and maintenance is critical in understanding the

progression of human disease. Disruption of renal development can give rise to

congenital pathologies including cystic diseases and pediatric kidney cancer. Main-

tenance of the kidney is critical to prevent renal damage later in life, which may

lead to fibrosis and chronic kidney disease (CKD). Current research aimed at

understanding kidney development and homeostasis is enabling the field to pro-

gress toward regenerative and stem cell therapies to repair damaged nephrons. Our

improved imaging capabilities as well as our growing understanding of the molec-

ular mechanisms behind nephrogenesis are leading to novel strategies to generate

nephrons de novo as potential treatment for CKD and other renal pathologies.

Research in animal models has made substantial contributions to our fundamen-

tal understanding of nephrogenesis. Models including the fly, fish, and frog have

simplified nephron organization and structure, enabling their use to assess the

formation and function of the kidney. Although their kidneys are structurally less

complex, they perform similar functions as those of mammals, such as maintaining

physiological water and electrolyte balance and removing waste and toxins. Addi-

tionally, the molecular processes involved in nephrogenesis are highly conserved

among these models, allowing researchers to uncover the fundamental molecular

events required for nephron formation and function through their study. These

models are also being used in studies of human kidney diseases. The first section

of this volume focuses on the use of animal models to study kidney development,

function, disease, and repair.

During kidney formation, molecular signaling leads to coordination of cell

renewal and differentiation, leading to the development of specific cell fates. The

intricate signaling networks among different cell types within the kidney give rise

to the development of functional nephrons. Researchers have invested significant

effort in understanding the molecular signaling involved in kidney development

within the nephrogenic zone, collecting duct system, and stromal compartment. By

understanding the processes involved in the formation of renal tissues, some of the

mechanisms underlying renal disease are becoming apparent. The second section of
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this volume examines the developmental and disease processes that occur within

the nephrogenic zone, collecting duct system, and the stromal components of the

kidney.

In order for the developing kidney to function properly, its epithelial tissue must

undergo morphogenesis to generate functioning nephric tubes. Recent imaging

advances have accelerated our study of morphogenetic processes within the kidney.

Additionally, significant advances have been made in understanding developmental

anomalies leading to morphogenetic defects within the urinary tract. The most

prevalent among these abnormalities are cystic kidney diseases. Maintenance of

the kidney is also important in order to prevent the establishment of renal diseases,

including fibrosis. The final section of this volume describes morphogenesis and

maintenance of the kidney and the diseases resulting from the disruption of these

processes.

Our current understanding of developmental and disease processes in the kidney

continues to expand with the establishment of novel techniques and approaches

along with imaging technologies to study nephrogenesis. Additionally, the classical

approaches to explore nephron development and maintenance have provided a

strong foundation for our understanding of the molecular processes involved.

Current studies in kidney development and disease are taking advantage of our

molecular understanding along with novel strategies to generate nephrons de novo

for potential therapeutic use in the long run.
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Book Abstract

Kidney form and function have been extensively studied for centuries, leading to

discoveries related to their development and disease. Recent scientific advances in

molecular and imaging techniques have broadened our understanding of nephron

development and maintenance as well as the diseases related to these processes.

Kidney Development and Disease brings together established and new investigators

who are leading authorities in nephrology to describe recent advances in three

primary areas of research. The first section describes the use of animal models as

powerful tools for the discovery of numerous molecular mechanisms regulating

kidney development. The second section focuses on nephric cell renewal and

differentiation, which lead to diverse cell fates within the developing kidney, and

discusses diseases resulting from the aberrant regulation of the balance between cell

fate decisions. The final section concentrates on morphogenesis of the developing

kidney and its maintenance after formation as well as the diseases resulting from

failures in these processes.
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Chapter 1

Drosophila Malpighian Tubules: A Model

for Understanding Kidney Development,

Function, and Disease

Naveen Kumar Gautam, Puja Verma, and Madhu G. Tapadia

Abstract The Malpighian tubules of insects are structurally simple but function-

ally important organs, and their integrity is important for the normal excretory

process. They are functional analogs of human kidneys which are important

physiological organs as they maintain water and electrolyte balance in the blood

and simultaneously help the body to get rid of waste and toxic products after

various metabolic activities. In addition, it receives early indications of insults to

the body such as immune challenge and other toxic components and is essential for

sustaining life. According to National Vital Statistics Reports 2016, renal dysfunc-

tion has been ranked as the ninth most abundant cause of death in the USA. This

chapter provides detailed descriptions of Drosophila Malpighian tubule develop-

ment, physiology, immune function and also presents evidences that Malpighian

tubules can be used as a model organ system to address the fundamental questions

in developmental and functional disorders of the kidney.

1.1 Introduction

Kidneys play a vital role as it filters blood, maintains homeostasis, and eliminates

toxicants from the body. They are made up of millions of nephrons, which are the

functional units, and each nephron consists of glomerulus and a tubular duct known

as the renal tubule. The glomerulus is a ball of capillaries where the filtering of
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blood takes place, and the selective reabsorption of useful substances and water

takes place in the renal tubule. A series of interactions between the epithelial

mesonephric duct and the surrounding metanephric mesenchyme leads to the

formation of nephrons (Saxena 1987). Sustaining life becomes impossible when

filtrations from glomerulus and absorption as well as reabsorption from renal

tubules get affected.

Renal dysfunction can result from varieties of pathologies and mortality

resulting from renal diseases ranked as the ninth most abundant cause of death in

the USA (Heron 2016). Acute kidney injury (AKI) is commonly associated with

bacterial infection, sepsis, or ischemia–reperfusion injury (I/R that can transform to

chronic renal disease). Inflammation and immune system activation are important

causal factors in the development of both acute and chronic renal disease, and their

contribution to renal function and disease is now more widely recognized (Imig and

Ryan 2013). Several key components of innate immunity have been implicated in

the progression of renal disease including the complement system, Toll-like recep-

tors (TLRs), dendritic cells, natural killer (NK) cells, and inflammatory cytokines.

To enhance our understanding of the pathogenesis and treatment of kidney

diseases, understanding molecular basis of kidney development and function will

be supportive and selection of appropriate model is important for addressing the

questions raised. Flies have been used to model several human diseases (Alzheimer

disease, Angelman syndrome, Amyotrophic lateral sclerosis, muscular dystrophies,

Parkinson disease, cardiovascular diseases, metabolic disorders, etc.) based on the

conservation of human disease genes in Drosophila genome (http://flystocks.bio.

indiana.edu/Browse/HD/HDintro.htm). There are many human renal disease loci

that are also conserved between Drosophila and human (Dow and Davies 2003;

Dow 2009; Dow and Romero 2010). Developmental and functional similarities

between vertebrate kidney and Drosophila excretory system offers a good model

system to study the genetic basis of several human kidney diseases.

The excretion in Drosophila is a coordinated effort of two functionally and

anatomically distinct organs, the nephrocytes and the Malpighian tubules (MTs).

The nephrocytes are present around the heart and esophagus and remove the waste

products from the hemolymph by filtration in a manner similar to the endocytic

processes in podocytes in human glomerulus (Weavers et al. 2009). On the other

hand, MTs have similar function (absorption, reabsorption, and secretion) to tubular

part of nephrons (Fig. 1.1B) that generates urine via active transport of ions,

water and organic solutes from the hemolymph into the MTs lumen (Maddrell

and O’Donnell 1992; Dow and Romero 2010). This chapter is mainly focused on

kidney diseases that can be studied with Malpighian tubules.

There are four MTs which make the anterior and the posterior pair, anterior

being longer than the posterior. The tubules in each pair joins to form a common

ureter, which connects at the junction between the midgut and hindgut. Anterior

MTs are structurally and genetically divided into different regions: initial, transi-

tion, main, lower segments and ureter. Initial and lower segments are also known as

distal and proximal segments respectively. MT segments are enriched with differ-

ent transporters that express in their specialized cell i.e. principal and stellate cells

4 N.K. Gautam et al.
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which facilitate different functions. The initial segment is used as a storage seg-

ment, storing calcium, magnesium and other solutes in its lumen (Dube et al. 2000;

Wessing et al. 1992). This segment does not play role in fluid secretion (Dow et al.

1994; Rheault and O’Donnell 2001), however, main segment plays major secretary

function and produces primary urine. It secretes a near-isosmotic fluid containing

~120 mmol l–1 K+, ~30 mmol l–1 Na+, and ~150 mmol l–1 Cl–. The lower segment

secretes Ca2+ into the lumen, acidifies the luminal fluids, and reabsorbs K+, Cl–, and

water to make concentrated urine (O’Donnell and Maddrell 1995). Posterior MTs

are relatively smaller having only few cells in initial and transition segments, so

Kidney

Nephrons

Nephron Malpighiantubules

A B

Glomerular part

=  nephrocytes

Tubular part  = 

Malpighain

tubules 

Fig. 1.1 Nephron versus Drosophila renal system: Drosophila renal system is made up of

nephrocytes and Malpighian tubules (MTs). Nephrocytes are present around the heart and esoph-

agus and remove the waste products from the hemolymph by filtration in a manner similar to

podocytes in glomerulus in human kidney, while MTs have similar function (absorption,

reabsorption, and secretion) to tubular part of nephrons (B) that generates urine via active transport

of ions, water, and organic solutes from the hemolymph into the Malpighian tubules lumen. Two

pairs of Malpighian tubules (MTs) are freely floating in body in anterior and posterior direction

and are known as anterior and posterior MTs. Structurally and functionally, MTs are divided into

initial, transition, main and lower segments and attached at the junction between midgut and

hindgut through ureter. MTs are made up of mainly principal cells (PCs) and stellate cells (SCs),

and their number remains fixed in each segment throughout life. Different segments of MTs

perform different functions as different segments of nephron do in kidney (A). In anterior MTs,

initial segment works as storage segment and transports Ca+ ion into lumen. Main segment is

secretory segment enriched with several transporters like Na+/K+-ATPase, V-ATPase, Organic

solute transporters, Potassium channel, Chloride channel and aquaporins, while lower segment and

ureter play reabsorptive role. Posterior MTs have only few cells in initial and transition segments;

thus, posterior tubules mainly play secretory function through main segment and reabsorptive

function through lower segment and ureter

1 Drosophila Malpighian Tubules: A Model for Understanding Kidney. . . 5



there is lack of storage segment (S€ozen et al. 1997). These tubules play major role in

secretion and reabsorption through main segment and lower segment, respectively

(Fig. 1.1B).

Similar to MTs, nephron is a tubular structure composed of single layer of

epithelial cells lining a series of segments: proximal tubule, thin descending tubule

of the loop of Henle, thin and thick ascending tubule of the loop of Henle, the distal

tubule and the collecting duct. Each segment of the nephron has specific function in

terms of absorption, reabsorption and secretion, and the specificity of function is

dependent upon the transport proteins that reside in the apical (lumen facing) and

the basolateral membranes (serosal facing). The proximal segment (tubule) of

nephron reabsorbs 2/3 of filtered Na+ and water, all the glucose and amino acids,

fraction of bicarbonate, potassium, phosphate, and calcium (Curthoys and Moe

2014). Loop of Henle again reabsorbs water and allows urine to get concentrated.

Na+, K+, and Cl– ions are also actively reabsorbed through this region (Palmer and

Schnermann 2015). Distal segment (tubule) is relatively impermeable to water, but

in the presence of antidiuretic hormone (ADH), its permeability to water increases

making urine concentrated (Sands and Layton 2009). Collecting duct is the final

segment of the renal tubule. It has two types of cells, principal and intercalated

cells. Principal cells reabsorb sodium as well as water and secrete potassium, while

α-intercalated cells secrete hydrogen ions and reabsorb K+ through H+/K+-ATPase.

Similarly, intercalated beta cells secrete HCO3
� by having a basolateral H+-ATPase

and apical pendrin channel protiens (Roy et al. 2015) (Fig. 1.1A).

1.2 Development of Malpighian Tubules

Similar to nephrons in human kidney, MTs develop from ectodermal and mesoder-

mal cells during embryonic development. Ectodermal tubule buds evert from the

gut and increase in size by cell division and later mesodermal cells integrate into

ectodermal tubular bud that undergoes cell rearrangements and grow to make

physiologically active tubules (Skaer 1993; Denholm et al. 2003). Entire process

of MTs development can be divided into different developmental processes: (1) pri-

mordium specification, (2) bud evagination, (3) bud extension, and (4) tubule

elongation (Fig. 1.1).

1. Primordium specification: Initially, primordium is established by overlapping

expression of several genes like tailless (tll), huckebein (hkb), forkhead ( fkh),
and wingless (wg) at the posterior region of the embryo from stages 5 to 10 of

embryogenesis (Fig. 1.2.II A). Later, tubule buds evaginate from this

proctodeum (Weigel et al. 1989; Gaul and Weigel 1990; Skaer 1993; Harbeck

and Lengyel 1995; Wu and Langyel 1998).

2. Bud evagination: Two pairs of MTs evaginate as buds at the junction of hindgut

and posterior midgut under the influence of kr€uppel (Kr) and wg at stage 11 of

embryonic development (Harbecke and Janning 1989;Skaer 1993). Hedgehog

6 N.K. Gautam et al.



(Hh) is also required for the completion of bud evagination (Fig. 1.2.II B) (Hoch

and Pankratz 1996).

3. Bud extension: After bud evagination, kr regulates the expression of transcrip-

tion factor cut (ct) in a ring of cells in bud, as a result of cell shape changes. At

the same time, kr, cut, and wg play an important role in directing the bud to

extend cylindrically and become narrower both proximally and distally resulting

in a crescent-shaped morphology during stages 12–13 (Fig. 1.2.II C).

4. Tubule elongation: Followed by bud extension, tip cell is specified within the

tubule primordial via notch signaling which then starts expressing kr and

epidermal growth factor (Egfr) which stimulates mitosis in neighboring cells

and growth of tubules by addition of new cells. At the same time, wg is also

required for cell division and morphogenesis of tubules (Skaer and Martinez

1992; Hoch et al. 1994, Harbecke and Lengyel 1995; Singh et al. 2007). Tip cell
works as dynamic cellular anchor in the morphogenesis of looped tubules

(Weavers and Skaer 2013).

At the end of stage 13 of embryonic development, there is no further cell

division, and the circumference of each primitive tubule comprises about eight

cells (Janning et al. 1986; Skaer and Martinez 1992). Once the cells stop dividing,

the tubular circumference is reduced to only two cells and the tubule enters the

vicinity of the caudal mesoderm and interacts with a subpopulation of the caudal

mesodermal cells (Fig. 1.2.II D). At this stage, the surrounding mesodermal cells

undergo a mesenchymal-to-epithelial transition, and by the process of cell

rearrangements, these mesodermal cells get recruited into the ectodermal bud

cells at regular intervals which later form the SCs (Fig. 1.2.II E) and the ectodermal

cells from the PCs (Denholm et al. 2003). Later, by tubule elongation the MTs are

concomitantly extended further during stages 14 and 15 of embryonic development

(Skaer 1993). The PCs and SCs are also known as primary and secondary cells or

type I and type II cells, respectively (Fig. 1.1). Thus, DrosophilaMTs develop from

two sources: hindgut primordium (ectodermal epithelia) and visceral mesoderm

(Denholm et al. 2003; Jung et al. 2005) similar to human kidney.

Similar to MTs, in human kidneys, the metanephric mesenchyme cells induce

branching of mesonephric duct to form the ureteric bud initially, and then they

respond to signals derived from them (Saxena 1987). Resulting mesenchymal cells

are recruited to the buds, where they undergo a mesenchymal-to-epithelial transi-

tion as they condense to form nephrons (Cho and Dressler 2003). Failure in the

process of recruitment leads to polycystic kidneys and, in the severest cases, to

renal agenesis (Khoshnoodi and Tryggvason 2001; Knier et al. 2016). Therefore,

MT offers opportunity to understand the molecular events underlying recruitment

of mesenchymal cells and transition to epithelial cells to make mature functional

tubular nephrons.

1 Drosophila Malpighian Tubules: A Model for Understanding Kidney. . . 7



1.3 Cells in Malpighian Tubules

The mature tubules are made up of an average of 484 principal cells (PCs) and

110 stellate cells (SCs) divided into four tubules (Janning et al. 1986; S€ozen et al.

1997). The number of PCs and SCs is decided during embryonic development and

Fig. 1.2 Process of Malpighian tubule development: Malpighian tubules development begins at

embryonic stages through different developmental processes: primordium specification, bud

evagination, bud extension, and bud elongation. At early stages of embryonic development

when midgut and hindgut anlagen interacts, signals of unknown identity activate the expression

of kruppel (kr) in the hindgut to give rise to future principal cells in MTs. kr triggers the expression
of cut in the hindgut. Transcription factors, kr and cut, along with wingless play role in tubule

eversion. Furthermore, a new cell lineage called tip cell is produced from these cell population by

the activation of Notch. The specialized tip cell produces epidermal growth factor (Egf) and

stimulates mitosis in neighboring cells at the distal ends and tubule grows by the addition of new

cells. During development, tubule comes in the vicinity of the caudal mesoderm. At this stage, the

Malpighian tubule cells stop dividing, and tubule growth proceeds through extensive cell

rearrangement and intercalation. The caudal mesoderm cells interact with the tubule; individual

cells undergo a mesenchymal-to-epithelial transition (MET) and progressively incorporate into

tubule epithelium as stellate cells. By the end of embryogenesis, in mature tubule principal cells

and stellate cells specialized for different functions. Image modified from Jung et al. (2005) and

Liu et al. (1999)

8 N.K. Gautam et al.



remains fixed throughout life in different segments of tubules. In anterior tubules,

initial segment contains 22 PCs and 13 SCs, transition segment contains 22 PCs,

main segment contains 77 PCs and 20 SCs, and lower segment contains 25 PCs,

while in posterior tubules, initial segment contains 4 PCs and 3 SCs, transition

segment contains 3 PCs, main segment contains 75 PCs and 20 SCs, and lower

segment contains 23 PCs. The total number of PCs and SCs differs in anterior and

posterior tubules. In anterior tubules, the number of PCs and SCs is 145 and

33, respectively, while in posterior, the PCs and SCs number are comparatively

less which are 111 and 22 (S€ozen et al. 1997).

The major physiological activities of Malpighian tubules are carried out by these

two cell types. PCs regulate the ionic balance through channel proteins, (Na+/K+)-

ATPase (Lebovitz et al. 1989), Vacuolar-type H+-ATPase (V-ATPase) (Day et al.

2008), potassium pump (Wu et al. 2015), organic cations, and anion channels

(Rheault and O’Donnell 2004). Inwardly rectifying potassium channels, Irk1 and

Irk2, are responsible for transepithelial K+ flux in the PCs (Wu et al. 2015). Several

transcription factors also control the activities of PCs (Wang et al. 2004; Dow 2009)

(Fig. 1.3).

SCs maintain fluid secretion through Drosophila aquaporin (Drip) and chloride

ion gradient through chloride channel (Pannabecke’r 1995; Dow and Davies 2003;

Dow 2009, Kaufmann et al. 2005; Gautam and Tapadia 2010). Transcription factor,

teashirt, expresses in stellate cells and regulates the expression of water transport

channel, Drosophila aquaporin (Drip), chloride conductance channel, CLC-a, and

leukokinin receptor (LR) that are required for primary urine production (Denholm

et al. 2013) (Fig. 1.3).

Capability peptides and diuretic hormone stimulate urine production through

cGMP and cAMP pathways in PCs (Coast et al. 2001; Cabrero et al. 2002; Kean

et al. 2002; Johnson et al. 2005). Diuretic hormone 44 (DH44) acts through DH

receptor in PCs, and kinin neuropeptide acts through Dromekinin (DK) receptor in

SCs and plays essential role in the regulation of desiccation and starvation tolerance

(Cannell et al. 2016).

Apart from these two cell types, some other cells are also characterized in the

Malpighian tubules, such as the “tiny” cells in the proximal part of Malpighian

tubules (including lower tubules and ureters) which could be homologues of

myoendocrine cells of the ant Formica (Garayoa et al. 1994) that collect urine in

the renal duct and secrete neurohormones in the hemolymph (S€ozen et al. 1997).

The tiny cells in the region of lower tubules and ureters function as multipotent

renal stem cells, and an autocrine JAK-STAT signaling regulates the stem cells’
self-renewal ability (Singh et al. 2007; Zeng et al. 2010). Sav/Scrib and Ras

pathways regulate transformation of these renal stem cells into cancer stem cells

in Malpighian tubules (Zeng et al. 2010). EGFR/MAPK signaling regulates the

proliferation of renal stem cells (Li et al. 2015). Differential Notch activity is

required for maintaining homeostasis of Malpighian tubules in adult Drosophila
(Li et al. 2014).

Similarly, in human kidney, nephrons perform their functions through different

transporters like sodium and hydrogen exchanger 3 (NHE3), Na+/K+-ATPase, Na+/

1 Drosophila Malpighian Tubules: A Model for Understanding Kidney. . . 9



HCO3 (Curthoys and Moe 2014), V-ATPase (Nakhoul and Hamm 2002), mem-

brane water channel proteins, aquaporins (King et al. 2001; Nielsen et al. 1993;

Agarwal and Gupta 2008), glucose transporter (Aronson and Sacktor 1975), and

organic ion transporters (Breljak et al. 2016). Reabsorption of Na+ occurs in all

segments; proximal segments mainly reabsorb sodium through sodium and hydro-

gen exchanger 3 (NHE3), Na+/K+-ATPase, and Na+/HCO3. Loop of Henle mainly

reabsorbs Na+ through Na/K/2Cl cotransporter and hydrogen exchanger 3 (NHE3).

Reabsorption of Na+ in distal convoluted tubule (DCT) occurs through NaCl�

cotransporter NCC, Na-H exchange process mediated by NHE2 (Wang et al.

2001), and epithelial Na+ channel (Costanzo 1984) (Fig. 1.1a). Water concentration

is regulated by aquaporin that facilitates water transport across cell membranes. At

least seven aquaporins (AQP) express in the kidney (Agarwal and Gupta 2008).

Therefore, Malpighian tubules provide the opportunity to understand the genetic

and molecular basis of function of different transporters in different segments.

Fig. 1.3 Expression of different classes of genes in Malpighian tubules: Principal cells and

stellate cells are specialized for different processes through different functional classes of genes

that express in adult MTs (Wang et al. 2004; Dow 2009)
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1.4 Ecdysone Signaling and Malpighian Tubules

Steroid hormone ecdysone is critical for the development ofDrosophila at all stages
starting from embryogenesis to larval molting, pupation, metamorphosis and in

adults. Heterodimer of ecdysone receptor (EcR) and ultraspiracle (USP) is essential

for ecdysone-induced signaling and binds to the ecdysone receptor (Yao et al. 1992;

Thomas et al. 1993).

USP is the Drosophila homologue of vertebrate Retinoid X receptor (RXR) (Oro

et al. 1990), while EcR gene encodes three functional isoforms, EcR-A, EcR-B1

and EcR-B2, which have tissue-specific roles (Koelle et al. 1991; Talbot et al.

1993). EcR-A predominantly expresses in imaginal discs that develop into adult

specific structures while EcR-B1 predominantly expresses in those larval structures

which are destined to die (Schubiger et al. 1998; Cherbas et al. 2003; Davies et al.

2005).

MTs are the specialized tissues as they do not undergo ecdysone-induced

histolysis and proliferation during larval to adult transition as other larval tissues

do. Therefore, role of ecdysone signaling during MT development has been inves-

tigated. All three isoforms, EcR-A, B1, and B2, express in tubules at third instar

larval stage; however, EcR-B2 starts expressing in MTs from early embryonic

developmental stages and plays important role in its development (Gautam et al.

2015). Ecdysone signaling regulates proper intercalation of mesodermal SCs into

ectodermal tubule bud during Malpighian tubules’ development (Gautam and

Tapadia 2010), which is required for the physiological maturation of tubules

(Denholm et al. 2003). Epithelial morphogenesis is dependent on proper cytoskel-

etal organization which is regulated by ecdysone. Ecdysone signaling plays specific

roles in different cell types of MTs, as disruption of ecdysone signaling in SCs leads

to disorganization of SCs but not the PCs (Gautam and Tapadia 2010), while

disruption of ecdysone signaling in PCs leads to disorganization of both SCs and

PCs (Gautam et al. 2015).

Ecdysone also plays important role in fluid secretion of tubules via regulating the

transporter function of SCs and PCs. Ecdysone regulates the expression of Drip in

SCs and also maintains the ionic balance by regulating the expression of (Na+/K+)-

ATPase in PCs (Gautam et al. 2015). Crystals of calcium oxalate, Ca-PO4, xan-

thine, and uric acid are deposited in MTs as excretory products and removed from

the body (Dow and Davies 2003; Hirata et al. 2012; Chi et al. 2015; Browne and

O’Donnell 2016). Functional disability of SCs and PCs through disruption of

ecdysone signaling affects the deposition of uric acid crystal in MTs (Gautam and

Tapadia 2010; Gautam et al. 2015). A recent study shows that expression of a

stretch of 127 glutamine repeat leads to degeneration of MTs, while in normal

condition these tissues do not undergo ecdysone-induced histolysis (Yadav and

Tapadia 2016). Therefore, MTs offer a model system to study the role of steroid

hormone in the development and physiology of human renal system.
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1.5 Malpighian Tubules as an Immune Tissue

Innate immune response is an evolutionarily conserved phenomenon in mammals

and Drosophila. Similar to humans, Drosophila protects against microbes and

parasites via epithelial barriers that exist in trachea, gut, genital tract and MTs.

Apart from excretion, the excretory epithelium of MTs has an important role in

immune defense (McGettigan et al. 2005; Stergiopoulos et al. 2009; Terhzaz et al.

2010; Overend et al. 2012; Verma and Tapadia 2012, 2014, 2015), and by virtue of

their position in the hemocoel, they are the immediate sensors of toxic insults.

Drosophila relies only on innate immune response, which is manifested in different

ways: humoral response, cellular response, melanization, and coagulation reaction.

In humoral response, the antimicrobial peptides (AMPs) are generated by the

immune deficiency (IMD) and Toll pathways (Lemaitre et al. 1995; Lemaitre and

Hoffmann 2007) activated by Gram-negative bacterial infection and Gram-positive

bacterial and fungal infections, respectively (Silverman and Maniatis 2001; Tanji

and Ip 2005). The AMPs are effector molecules of humoral response which act

against bacteria, fungi, parasites, and, in some cases, enveloped viruses. AMPs

are found in evolutionarily diverse organisms ranging from prokaryotes to

invertebrates and vertebrates, and to plants (Tossi et al. 2002; Ganz 2003; Bulet

et al. 2004). In Drosophila, there are 34 AMPs grouped into eight different

families including lysozyme (Hultmark 2003; Imler and Bulet 2005; Lemaitre

and Hoffmann 2007). MTs can sense threat and mount effective killing response

by secreting AMPs of IMD and Toll pathways, which include diptericin, attacin,

cecropin, metchnikowin, defensin, and drosomycin (Tzou et al. 2000; McGettigan

et al. 2005). The expression of IMD-mediated AMPs in MTs is constitutive as well

as inducible (Verma and Tapadia 2012) and they express all the components of the

innate immune pathways like PGRP-LC, IMD, Dfadd, DTak1, Dredd, Diap2, Ird5,

Kenny, and Relish (Chintapalli et al. 2007; Robinson et al. 2013).

A known activator of immune response, nitric oxide (NO), is also involved in

tubule systemic immune response as targeted overexpression of dNOS, an enzyme

in MTs, confers increased survival of adult flies upon septic infection.

NO-stimulated cGMP via cGMP-dependent kinases (DG1 and DG2) activates

IMD signaling in tubule (McGettigan et al. 2005; Davies and Dow 2009; Davies

et al. 2012).

The kidney is the target of immune-mediated injury in a variety of disease

situations with glomerulus being particularly vulnerable to damage by the immune

system (Mathieson 2003). Systemic inflammation is known to target kidney tubular

epithelial cells (TECs) leading to acute kidney injury and chemokine production

(Van Kooten et al. 2000). TECs contribute to the inflammatory reaction through

generation of chemotactic cytokines such as TNF-α, IL-8, IL-6, IL-1β, TGF-β,
MCP-1, RANTES, ENA-78 and also activates T lymphocytes (Van Kooten et al.

2000). Different pathogen-associated molecular patterns, PAMPs, including lipo-

polysaccharides (LPS) and other microbial products such as lipoteichoic acid and

porins, have been reported to directly interact with resident kidney cells. TLRs
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expressing on TECs are upregulated in response to endogenous ligands and play a

critical role in detecting exogenous microbial products (Frei et al. 2010). Harmful

effects of LPS after binding to TLR-4 are mainly due to its influence on tubular cells

(Frei et al. 2010). TECs directly interact with Toll-like receptor and induce release

of several cytokines and inflammatory mediators, including IL-6, IL-10, IL-18,

IP-10, KC, MCP-1, and tumor necrosis factor-α (TNF-α), via the TLR adapter

protein MyD88 (Myeloid Differentiation Factor 88) (Ho et al. 2008; Allam et al.

2012). Inflammatory mediators derived from TECs may contribute to the develop-

ment and progression of renal injury and may mediate distant organ dysfunction

(Cantaluppi et al. 2015). The podocytes or glomerular epithelial cells that act as

active participants of immune response are important in human glomerular phys-

iology and disease (Pavenstadt et al. 2003). TECs operate as professional immune

cells, modulating both innate and adaptive immune responses and play a central

role in the local inflammatory response via cytokine production (Zhang et al. 2008).

Inflammation and immune system activation are important causal factors in the

development of both acute and chronic renal disease; thus, the conservation of the

immune system in Drosophila and human has made it possible to study immunity

and inflammation-related renal dysfunction in humans.

1.6 Malpighian Tubules as Model for Kidney Development

and Diseases

MTs resemble the human kidney in terms of their cellular structure and functional

activities. They share common principle during development, for example, recruit-

ment of cells, divisions of cells in a regulated fashion, rearrangement of cells to

form elongated tubule buds, and intercalation of two distinct cell populations

ectodermal and mesodermal cells to make mature functional tubules (Woolf and

Bard 2003). Several signaling pathways and signaling molecules involved in MT

development are evolutionarily conserved and their role in mammalian kidney is

proven. The branched nature of MTs provides a very good opportunity to explore

the inborn abnormalities during nephron development.

In early stages of MT development, interaction between the midgut and hindgut

anlagen redefines the expression of the transcription factor, kruppel (Kr), to a small

number of precursor cells. Kr is homologue of human kruppel-like family of

transcription factors (KLFs) which further controls the expression of another

transcription factor, Cut, homologue of human Clox (Cut-like homeo box). Com-

bined expression of Kr and Cut signals for the evagination of MTs from the junction

of midgut and hindgut (Denholm et al. 2003). Signaling pathways that are con-

served in humans also play very important role during MT development, such as

Wnt and tll (tlxin human) in primordium specification, Wingless (Wg) in cell

allocation, Hedgehog (Hh) in bud evagination, Transforming growth factor beta

(TGF-β) in branching of the tubules, Notch defining the single tip cell, and
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epidermal growth factor (Egf) in elongation and cell division in the tubule.

EcR-USP heterodimer (homologue of human RXR) functions in cell intercalation

and cell arrangement in tubules (Liu et al. 1999; Denholm et al. 2003; Jung et al.

2005; Gautam and Tapadia 2010; Gautam et al. 2015).

Similar to Malpighian tubules, in human kidneys, the metanephric mesenchyme

cells induce branching of mesonephric duct to form the ureteric bud. These buds

induce signals (Saxena 1987) resulting in recruitment of mesenchymal cells to the

buds, where they undergo a mesenchymal-to-epithelial transition as they condense

to form nephrons (Cho and Dressler 2003). Nephrin, human homologue of Dro-
sophila hibris, plays an essential role in recruitment and fusion of cells (Artero et al.

2001; Dworak et al. 2001; Dworak and Sink 2002). Failure in the process of

recruitment leads to polycystic kidneys and, in the severest cases, to renal agenesis

(Khoshnoodi and Tryggvason 2001; Knier et al. 2016). Nephrin also expresses in

podocytes of glomerulus in human kidney and nephrocytes in Drosophila and its

mutation leads to impaired glomerular and nephrocyte function (Weavers et al.

2009). The interacting partner of nephrin is CMS/CD2AP, homologue of Drosoph-
ila CG11316 (www.flybase.bio.indiana.edu). Nephrin/CD2AP complex also binds

to actin and to p130cas (Kirsch et al. 1999), Drosophila homologue CG1212.
Several other genes like rolling pebbles (rols), myoblast city (mbc), and Rac are

involved in cell intercalation and arrangement in tubules (Erickson et al. 1997;

Nolan et al. 1998; Galletta et al. 1999; Pütz et al. 2005); faint sausage (fas) in cell

adhesion during tubule elongation (Lekven et al. 1998); walrus (wal) in tubule bud

evagination (Liu et al. 1999); and star, rhomboid, spitz, flb, pointed, and sevenup in
tubule elongation (Skaer 1989; Bumann and Skaer 1993; Kerber et al. 1998). Genes

like barr, thr, pimples (Pim), and string (stg) are essential for providing particular

number and size of cells and arrangement in tubules. Short gastrulation (sog) does
not express in Malpighian tubules but is essential during development as it antag-

onizes the activity of Bone Morphogenetic Protein 4 (BMP4) homologue,

decapentaplegic (Dpp) (Francois et al. 1994; Harbeck and Lengyel 1995). Numb
plays essential role in determining stereotypic track of MTs through the body cavity

(Ainsworth et al. 2000; Wan et al. 2000).

Study from lower organisms has proved that cytoskeletal regulation plays

essential role in organogenesis (Kim et al. 2011). Cytoskeletal proteins, F-actin

and β-tubulin, control diverse activities like cytokinesis, polarized intracellular

trafficking, adhesion, migration, and morphogenesis (Pruyne and Bretscher 2000;

Mitchison and Cramer 1996; Vasioukhin et al. 2000; Lanier and Gertler 2000;

Lehmann 1995; Sullivan and Theurkauf 1995). In Drosophila MTs, altered orga-

nization of F-actin and β-tubulin was observed when ecdysone signaling was

disrupted in these cells (Gautam et al. 2015).

Malpighian tubules are polarized epithelial structures consisting of tight junc-

tions (TJs) and adherens junctions (AJs) (Tepass and Hartenstein 1994, Tepass

1997). Tight junctions are present at the most apical region and bring adjacent

plasma membranes in close proximity to prevent transepithelial diffusion and

restrict membrane proteins to their respective domains (Balda and Matter 1998).

Adherens junctions form the zonula adherens and participate in cell–cell interac-

tions and intercellular communication (Gumbiner 1996; Yap et al. 1997).
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Formation of polarized epithelia in Drosophila is controlled by specific transmem-

brane proteins, Crumbs (CRB). Loss of CRB protein leads to loss of polarity

(Wodarz et al. 1993, 1995; Tepass 1996, 1997). The Drosophila Disc large (Dlg),

a homologue of tight junctional protein ZO-1, and Armadillo, the Drosophila
homologue of adherence junction protein β-catenin, express in Malpighian tubules

and are regulated through EcR-USP heterodimer function (Gautam 2012, Ph.D.

Thesis). Dlg and Armadillo are required for the localization of junctional com-

plexes or for the maintenance of apico-basal polarity in epithelial cells and

maintaining cell–cell adhesion, cell polarity, and cytoskeletal integrity,

respectively.

An important role of ions in the regulation of immune response has also been

identified. Intracellular concentrations of Zn++ ions regulate immune cell activities

(Haase and Lothar 2009). Voltage-gated Ca++ channels maintain a constant flux of

Ca++ ions which is necessary for the survival and function of T-lymphocyte (Jha

et al. 2009). Ions also play a role in the regulation of immune response in Malpi-

ghian tubules. The expression of AMPs is regulated through ion channels, Na+/K+-

ATPase and V-ATPase (Verma and Tapadia 2014). Hence, Drosophila renal

system provides opportunities to decipher molecular mechanisms of various kidney

diseases. Some examples of kidney diseases are listed below that can be modeled

with Drosophila renal system:

A. Nephrolithiasis
The formation of crystal aggregates in kidney results in kidney stones, the

clinical condition referred to as nephrolithiasis. Ectopic calcification is the

primary reason for nephrolithiasis; however, its initiating factors remain largely

unknown. Identifying fundamental principal factors for ectopic calcification

may have broad translational significance to deal with nephrolithiasis. Murine

and porcine models have been used to study nephrolithiasis but have limitations

like relatively longer time for onset of stone formation, and lack of genetic tools

has limited genetic screening as a means of exploring mineralization. Insect

model Drosophila overcomes the above problem, and it allows exploration of

the complex interplay among diets, genes, and environmental exposures which

are known to influence kidney stone formation (Dow 2009; Hirata et al. 2012;

Miller et al. 2013; Bagga et al. 2013 Chi et al. 2015).

Mutation in xanthine dehydrogenase (Xdh) gene results in recurrent

nephrolithiasis in humans and dogs (Arikyants et al. 2007; Jacinto et al.

2013). Inhibition of Xdh in Drosophila melanogaster leads to ectopic calcifica-

tion in Malpighian tubules (Bonse 1967; Chi et al. 2015). Selective knockdown

of prestin gene (CG5485) in MTs results in the decrease of calcium oxalate

crystal formation (Hirata et al. 2012). Prestin codes for proteins homologous to

the human Slc26a5 and Slc26a6 transporters that perform as Cl� exchange

systems for HCO3�, oxalate 2�, SO4 2�, and formate. Drosophila epithelial

transport of Cl�, oxalate2�, and SO42� in Malpighian tubule is regulated by a

WNK/OSR1 signaling via dPrestin protein activation (Dorwart et al. 2008;

Sindić et al. 2007, Hirata et al. 2012) (Fig. 1.2).
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Identification of MTs initial segment as major site for Ca++ ion uptake will be

relevant to understanding the fundamental mechanisms of Ca++containing kid-

ney stone formation (Browne and O’Donnell 2016). Moreover, exogenous

exposure of ethylene glycol and oxalate to flies also initiates the formation of

calcified particles in tubules (Chen et al. 2011). Furthermore, it was observed

that inhibition of Zn transporter genes (CG3994, CG11163, and CG17723) in

ZnT family leads to suppression of crystal formation for uric acid, calcium

oxalate, calcium citrate, xanthin, and hypoxanthin in Drosophila Malpighian

tubules (Chi et al. 2015).

Effect of sulfate and thiosulfate on crystal formation was investigated by using

Drosophilamodel and observed that both compounds were effective at decreas-

ing CaOx crystallization via dPrestin transporter that specifically expresses in

PCs of Malpighian tubules (Landry et al. 2016). Recently, Wu et al. used

Drosophilamodels to screen medicinal plants having anti-nephrolithiasis poten-

tial (Wu et al. 2014). Therefore, Malpighian tubules offer a good model to

understand molecular basis for kidney stone formation which will have major

translational impact to treat kidney stone and its prevention.

B. Nephrotic syndrome
Nephrotic syndrome (NS) is a kidney disorder that causes excretion of too much

protein in the urine due to damage of nephrons in the kidneys that help to filter

waste and excess water from blood. In the Bowman’s capsule, podocytes are
polarized epithelial cells that form glomerular filtration barrier through their

interdigitated foot processes and cytoskeletal proteins. The filtration barrier is

responsible for ultrafiltration of the blood and ensures that essential plasma

proteins are retained. Dysfunction of podocytes leads to removal of proteins and

other essential materials in the urine.

C. Nephrotic syndrome also affects the function of the tubular nephrons which

modify the filtrate that filters from glomerulus, for example, abnormalities of

proximal tubular function such as glycosuria, aminoaciduria, and defects in

acidification (Syed et al. 2012) of urine. Drosophila renal system, nephrocytes,

and Malpighian tubules provide a very good model to reveal the molecular basis

of nephrotic syndrome. Drosophila nephrocytes are functionally analogous to

human glomerular podocytes. In particular, both cell types possess a specialized

filtration diaphragm, known as the slit diaphragm (sd) in podocytes and

nephrocyte diaphragm (nd) in nephrocytes. Nephrocyte diaphragm expresses

genes stick and stone (sns), dumbfounded (duf), polychateoid (pyd)Mec2, and
CG31012 which are orthologues of nephrin, neph1, ZO-1, podocin, CD2AP,

respectively, and form a complex of interacting proteins that closely mirrors the

vertebrate slit diaphragm complex. Nephrocyte diaphragm is completely lost in

flies’mutant for sns or duf, a phenotype resembling loss of the slit diaphragm in

the absence of either nephrin (as in the human kidney disease NPHS1) or neph1.

These changes drastically impair filtration function in the nephrocyte (Weavers

et al. 2009). The function of nephrocytes can be easily monitored by assaying

the filtration and uptake of secreted fluorescent proteins from the Drosophila
hemolymph (Gee et al. 2015).
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D. Malpighian tubules play similar function as tubular parts of the nephron. Main

segment of Malpighian tubules is responsible for fluid secretion, lower segment

and ureter for reabsorption, and initial segment for storing ions and other

metabolic products. Since, Malpighian tubules are enriched with several trans-

porters, fluid transport and ion transport assay offer opportunity to evaluate the

function of transporters. Nitrogenous waste products and uric acid gets deposited

in lumen of MTs and finally excretes out through alimentary canal. Capability of

transporter and functions of MTs can also be judged through uric acid deposi-

tion assay. Junctional protein Armadillo (orthologue of vertebrate beta-catenin),

tight junctional protein Dlg (orthologue of vertebrate Zonula occludens ZO-1),

cell adhesion protein Fas-2 (orthologue of vertebrate neural cell adhesion

molecule N-CAM) expresses in MTs and offers opportunity to judge the effects

of nephritic syndrome on junctional and adhesion proteins. It will also be

helpful to identify new proteins/molecules interacting with these proteins.

MTs help in maintaining homeostasis, intestinal pH, regulation and secretion

of calcium (Maddrell et al. 1991), immunological defense, and clearance to

toxic substances (Beyenbach et al. 2010). Therefore, MTs act as a quality

controller for the hemolymph as nephrons control the quality of blood in

humans.

E. Diabetic nephropathy
Impairment of kidney function through diabetes is known as diabetic nephrop-

athy. Long-term diabetes leads to chronic kidney diseases and renal failure; 44%

cases of renal failures are due to diabetes in the USA (National Diabetes

Statistics Report 2014). Since in Drosophila, type 1 (Rulifson et al. 2002) as

well as type 2 diabetes (Musselman et al. 2011; Morris et al. 2012, Pendse et al.

2013; Trinh and Boulianne 2013) can be induced, and its renal system similar to

nephrons, it offers the best opportunity to study molecular basis of diabetic

nephropathy (Na and Cagan 2013; Na et al. 2015; Betz and Conway 2016). Very

recently, Delanoue et al. identified that insulin release is triggered by stunted

(Sun), a ligand of Methuselah (Mth) receptor, in insulin producing cells of

Drosophila brain. Therefore, Mth and Sun delineate a new cross-organ circuitry

that modulates physiological insulin level in response to nutrients (Delanoue

et al. 2016).

F. Renal Cancer
Fault in regulation of stem cell behavior results in tissue degeneration, premature

aging, and cancer formation. Human kidney has a low rate of cellular turnover but

has a great ability for tissue regeneration after an ischemic injury. Multipotent

stem cells were identified in MTs of adult Drosophila. These stem cells are

relatively quiescent and only divide once in one week. However, they can become

very active and even develop stem cell tumors upon activating the JAK-STAT

signal transduction pathway or expressing the activated form of the Ras oncogene

(Singh et al. 2007; Zeng et al. 2010). Therefore, Drosophila MTs provide an

excellent in vivo system for understanding the molecular mechanisms of stem cell

self-renewal and differentiation which may increase our understanding of the

mechanisms underlying cancer formation, aging, and degenerative diseases. It
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will be helpful for using stem cells for future regenerative medicine and gene

therapy for acute and chronic kidney diseases in humans.

G. Xenobiotic nephrotoxicity
Kidney is the major target for xenobiotics, which includes drugs, industrial

chemicals, environmental toxicants, and other compounds. Accurate methods

for screening of large number of potential nephrotoxic xenobiotics with diverse

chemical structure are currently not available. Drosophila can provide in vivo

tool for screening of nephrotoxicants affecting glomerulus and tubular part of

nephron as nephrocytes play similar function to podocytes (Weavers et al. 2009)

and MTs play role similar to tubular part of nephrons. MTs are enriched with

several conserved genes that participate in metabolism and detoxification, for

example, alcohol dehydrogenase, glutathione transferase, and cytochrome

P450. Glutathione transferases play a role in metabolism of xenobiotics, conju-

gating reduced glutathione to lipophilic substrates, making them more hydro-

philic and thus more easily excreted (Dow 2009). Therefore, Drosophila renal

system offers a good opportunity for dissection of molecular mechanisms of

nephrotoxicants.

1.7 Conclusion

As the basic developmental process and genes are conserved in Malpighian tubules

and human kidneys, the genetic tools available in Drosophila can be utilized to

understand the kidney development and associated disorder. Since Malpighian

tubules develop from ectodermal and mesodermal cell lineages, it provides oppor-

tunity to identify novel genes involved in the integration of cells from different

origins that makes mature and functional structure. Different segments of tubules

are specialized to perform different functions that provides opportunity to dissect

pathways involved in the regulation of absorption, reabsorption and secretion.

Additionally Malpighian tubules are immune tissues and express several compo-

nents of immune pathways hence they can be used to understand innate immune

mechanisms pertaining to humoral response. Therefore, Drosophila renal system

provides an opportunity to decipher molecular basis of many kidney diseases which

will be helpful for identifying potential target for the alleviation of these diseases

and preventing renal failure.
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Chapter 2

Zebrafish Pronephros Development

Richard W. Naylor, Sarah S. Qubisi, and Alan J. Davidson

Abstract The pronephros is the first kidney type to form in vertebrate embryos.

The first step of pronephrogenesis in the zebrafish is the formation of the interme-

diate mesoderm during gastrulation, which occurs in response to secreted morpho-

gens such as BMPs and Nodals. Patterning of the intermediate mesoderm into

proximal and distal cell fates is induced by retinoic acid signaling with downstream

transcription factors including wt1a, pax2a, pax8, hnf1b, sim1a, mecom, and irx3b.

In the anterior intermediate mesoderm, progenitors of the glomerular blood filter

migrate and fuse at the midline and recruit a blood supply. More posteriorly

localized tubule progenitors undergo epithelialization and fuse with the cloaca.

The Notch signaling pathway regulates the formation of multi-ciliated cells in the

tubules and these cells help propel the filtrate to the cloaca. The lumenal sheer stress

caused by flow down the tubule activates anterior collective migration of the

proximal tubules and induces stretching and proliferation of the more distal seg-

ments. Ultimately these processes create a simple two-nephron kidney that is

capable of reabsorbing and secreting solutes and expelling excess water—processes

that are critical to the homeostasis of the body fluids. The zebrafish pronephric

kidney provides a simple, yet powerful, model system to better understand the

conserved molecular and cellular progresses that drive nephron formation, struc-

ture, and function.

2.1 Introduction

The vertebrate kidney functions to maintain the composition of the blood so as to

permit healthy bodily function. In order to achieve this, the kidney has evolved one

of the most structurally and physiologically complex organ subunits in the body, the
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nephron. Each nephron consists of a blood filter (the renal corpuscle containing the

glomerular tuft) that selectively transports fluid from the blood vasculature into

epithelial tubules where passive and active reabsorption and secretion of solutes

such as ions, sugars, amino acids, and water occurs. Nitrogenous waste and excess

minerals and water are then expelled to the exterior via a duct system.

In amniotic vertebrates, three kidney forms arise during development: the

pronephros, the mesonephros, and the metanephros. Each kidney is created sequen-

tially and requires the previous kidney type for its induction. While their topo-

graphical complexity increases progressively, each kidney type maintains the

nephron as its functional subunit. The pronephros, at least in frogs and fish, is

comprised of two nephrons, while the mesonephros contains tens to hundreds of

nephrons. The metanephros (found only in mammals, reptiles, and birds) has a

much greater nephron number, although this number is highly divergent, even

between members of the same species. In humans, healthy metanephric kidneys

contain between 200,000 and >2.5 million nephrons, with an average of one

million nephrons (Bertram et al. 2011).

Anamniotic vertebrates, such as the teleost fish Danio rerio (zebrafish), do not

develop a metanephros. Instead, kidney development ceases upon formation of the

mesonephros. Despite this, development of the zebrafish kidney utilizes molecular

pathways and cell types that are conserved in the mammalian kidney. The amena-

bility of zebrafish as an experimental model means it has become a powerful tool to

unlock the secrets of kidney development and disease. In this chapter, we will

describe in detail how the pronephros forms during early development. The studies

that have characterized zebrafish pronephrogenesis have been important in aiding

our understanding of key processes in mammalian kidney development.

2.2 Pronephric Origins and Anatomical Organization

Early development in the zebrafish embryo involves rapid cleavage of blastomeres

before activation of genomic transcription at the mid-blastula transition. Soon after

this time point, the single-layered blastula embryo initiates extensive cell move-

ments (epiboly) to form the tri-laminar gastrula embryo. The three germ layers (the

ectoderm, the mesoderm, and the endoderm) form between 4 and 10 hours post-

fertilization (hpf) (Kimmel et al. 1995). The pronephros is derived from the

mesoderm germ layer, and progenitors for the pronephros are first detected at the

late gastrula stage (Drummond et al. 1998; Pfeffer et al. 1998). This bilateral stripe

of cells is anatomically positioned between paraxial mesoderm and lateral plate

mesoderm and thus is termed the intermediate mesoderm. The zebrafish interme-

diate mesoderm gives rise to erythroid cells, endothelium, and the pronephros

(Davidson and Zon 2004). The origin of glomerular precursors is not so easily

discernable, but a population of cells expressing Wilms’ tumor suppressor 1a
(wt1a), an early marker of glomerular fate, can be detected at the anterior end of

the intermediate mesoderm stripe from the 3-somite stage (11 hpf) onwards
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(Fig. 2.1) (Bollig et al. 2006). By 48 hpf, the pronephros consists of a fused midline

glomerulus linked via a neck segment to paired tubules that run the length of the

trunk to the cloaca (Fig. 2.1) (Drummond et al. 1998). Excluding the neck segment,

the pronephric tubules are segmented along the anterior–posterior axis into four

segments: the proximal convoluted tubule (PCT), the proximal straight tubule

(PST), the distal early tubule (DE), and the distal late segment (DL). The PCT,

PST, and DE segments are identifiable by the expression of multiple different solute

carriers that perform the transport functions of the nephron (see Fig. 2.1 for

examples) (Wingert and Davidson 2008, 2011; Wingert et al. 2007). The DL

segment expresses genes encoding solute carriers (such as slc12a3) and genes

that are also expressed in the mammalian nephric duct (such as gata3) suggesting
that this segment is a tubule/duct hybrid (Fig. 2.1) (Wingert et al. 2007). At its most

posterior end, the DL segment is fused with the cloaca, which acts as an opening to

the exterior where waste products are expelled (Pyati et al. 2006).

Fig. 2.1 Early pronephros development. Whole embryo views on the left are lateral views

outlining the spatial arrangement of the pronephros at the stages indicated. Schematic images on

the right show dorsal views of the complementary stages. Arrows in 6-ss stage embryo highlight

caudal migration of the distal tubule to the cloaca. Arrows in 24 hpf embryo are to show the

subsequent migration of the P/PEC lineage towards the midline. Arrows in 48 hpf embryo indicate

anterior collective cell migration that occurs in the pronephros from 29 hpf. Images are not to

scale. Abbreviations: 6-ss, 6-somite stage, P/PEC podocytes and parietal epithelial cells, PCT
proximal convoluted tubule, PST proximal straight tubule, DE distal early tubule, DL distal late

tubule/duct hybrid segment, MCC multi-ciliated cell
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2.3 Early Embryonic Development Establishes Distinct

Mesodermal Territories

The formation of the pronephric glomerulus and tubules is primarily dependent

upon early embryonic patterning events that allocate the intermediate mesoderm

and its different progenitor subtypes. The establishment of different territories of

mesoderm along the rostral-caudal (RC) axis, the left–right axis, and the dorsal-

ventral (DV) axis initiates at the blastula stage and continues during gastrulation. In

order to comprehend the spatial arrangement of these mesoderm territories in the

early embryo, we first need to define an accurate layout of these axes. In this

chapter, we assign spatial orientation of embryonic axes based on the fate map of

Xenopus laevis (Kumano and Smith 2002; Lane and Sheets 2002b). This fate map

fits lineage-labeling work in zebrafish (Warga and Nusslein-Volhard 1999; Woo

and Fraser 1995) and reconciles previous classical experiments that were

misinterpreted. For example, UV treatment of Xenopus or zebrafish embryos

ablates a cortical rotation in the zygote cytoplasm that is required to establish the

RC axis (Elinson and Rowning 1988; Jesuthasan and Stahle 1997; Zust and Dixon

1975). The phenotype caused by UV irradiation was termed “ventralization” even

though this treatment favors cranial and anterior trunk fates over posterior trunk and

tail fates, thus could be more accurately termed “caudalization.” As such, it can be

generally applied that the classic DV axis of the non-axial mesoderm (from which

the pronephros descends) should be redefined as the RC axis [sometimes referred to

as the anterior-posterior (AP) axis] (Fig. 2.2) (Lane and Sheets 2006). This orien-

tation of the mesoderm is dissimilar to the neurectoderm, whose RC fates (fore-

brain/midbrain/hindbrain rhombomeres/spinal cord) are generally aligned with the

animal vegetal axis (Kozlowski et al. 1997). This highlights the important point that

the embryonic axes are initially oriented differently for different germ layers, and it

is only at the end of gastrulation, after extensive cell movements, that the axes of all

three germ layers become entrained.

2.3.1 Establishing the RC Positioning of the Intermediate
Mesoderm

The earliest definitive marker of intermediate mesoderm is pax2a, which is

expressed from the late gastrula stage in zebrafish (Fig. 2.2) (Thisse and Thisse

2005). Initially, pax2a expression is restricted to a caudolateral domain, but even-

tually pax2a+ cells can be observed as a stripe extending around the caudal end of

the late gastrula embryo (Fig. 2.2). This expression pattern suggests that the RC axis

of the intermediate mesoderm is initially oriented orthogonal to the animal-vegetal

axis of the embryo. As such, AP fates in the intermediate mesoderm may be

influenced by classic DV patterning signals. Study of patterning across the RC

axis (the classic DV axis) was pioneered by Mangold and Spemann who showed
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grafts of the blastopore lip of a salamander embryo transplanted to the opposite side

of another embryo induced an entire secondary axis (Spemann and Mangold 1923).

Importantly, the difference in pigmentation of the donor and engrafted salamanders

demonstrated that dorsal structures induced on the ventral side came from the host.

This groundbreaking work highlighted the blastopore lip as an “organizer” region

(capable of inducing fates in neighboring tissues). Modern molecular analyses have

shown that the organizer largely emits antagonizing signals to prevent caudal

structures from forming (as reviewed in De Robertis 2009; Langdon and Mullins

2011; Niehrs 2004). Caudally, bone morphogenetic proteins (BMPs) and Wnts are

expressed, whereas the more rostrally positioned organizer emits BMP inhibitors

(Chordin, Noggin, Follistatin-like 1b) and Wnt inhibitors (Sfrp3, Frzb, Dickkopf1).

Fig. 2.2 Axis orientation in the zebrafish gastrula stage embryo. Top left panel is a schematic

representation of the mesendoderm layer (hypoblast) of a zebrafish embryo with the positions of

proximal and distal pronephric progenitors shown. The same positions are shown on a late gastrula

embryo labeled with zulu, a pan mesodermal marker that is highly expressed in the posterior lateral

mesoderm from which the pronephros descends. Bottom panels are a stage series of zebrafish

embryos stained for pax2a, the earliest marker of pronephric fate. The arrows indicate regions of
pronephric pax2a expression at the stages indicated. All images are lateral views apart from the

tailbud stage pax2a stained embryo, which is a sagittal view from the posterior
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In zebrafish, when rostral, lateral or caudal regions of the embryonic margin (the

equatorial ring of tissue where gastrulation movements initiate) are transplanted to

the animal pole of blastula stage embryos, tissue induction occurs in, and around,

the explant (Fauny et al. 2009). The rostral margin was found to induce axial

mesendoderm, the lateral margin induces anterior somites and proximal proneph-

ros, and the caudal margin induces posterior somites, distal pronephros, and tail.

This finding showed that the entire embryonic margin in zebrafish has organizer

activity. Startlingly, these transplants are recapitulated by injection of mRNAs

encoding BMP and Nodal, and the ratio of BMP to Nodal determines the RC

identity of the tissue. When 25 times more bmp2b mRNA was injected relative to

nodal-related 2 mRNA, caudal fates (mostly tail) were preferred. In 1:1 mRNA

injections, posterior head and anterior trunk fates were preferred (Fauny et al.

2009). In an elegant follow-up experiment, BMP and Nodal mRNAs were sepa-

rately injected into two opposing animal pole blastomeres at the 128-cell stage,

creating distinct clones of cells that secreted these factors (Xu et al. 2014). Unlike

when injecting both BMP and Nodal mRNAs into the same blastomere, injection

into separate blastomeres permitted a variation of concentrations to form. This led

to the creation of an entire secondary axis, confirming that BMP and Nodal are

sufficient to form the entire zebrafish embryonic axis. Thus, formation of an

intermediate mesoderm of appropriate size and position along the RC axis is likely

dependent upon the ratio of BMP to Nodal at the blastula and early gastrula stages

of development.

2.3.2 Establishing the DV Positioning of the Intermediate
Mesoderm

While BMP and Nodal are required for determining the size of rostral versus caudal

domains in the early embryo, a similar understanding of pathways regulating dorsal

versus ventral fates is lacking. The DV axis specifies the separation of paraxial

mesoderm, intermediate mesoderm, and lateral plate mesoderm. In zebrafish and

Xenopus studies, misexpression of early kidney markers, such as lhx1 or pax2,
promotes ectopic kidney formation but only in paraxial mesoderm and not in lateral

plate mesoderm (Bedell et al. 2012; Carroll and Vize 1999). Additionally, pertur-

bation of anterior somite formation in Xenopus embryos precludes

pronephrogenesis (Seufert et al. 1999). These findings suggest that the paraxial

mesoderm contains an inductive signal for intermediate mesoderm formation. In

chick embryonic development, a gradient of BMP4 across the DV axis has been

suggested to separate the different mesodermal subdomains across this axis (James

and Schultheiss 2003, 2005; Obara-Ishihara et al. 1999). However, the signal from

the paraxial mesoderm to induce intermediate mesoderm in zebrafish has not been

discovered. Instead, other mechanisms for DV patterning of the mesoderm have

been proposed. The size of the DV extent of mesendoderm versus ectoderm in the
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blastula embryo is dependent upon the AV gradient of Nodal, which has been

directly visualized and quantitated at blastula stages (Harvey and Smith 2009). This

study found that nodal signaling is highest at the margin and lowest at the animal

pole. In squint (sqt) and cyclops (cyc) mutants that are deficient in nodal-related 1
(ndr1) and nodal-related 2 (ndr2), respectively, no mesendoderm forms (Dougan

et al. 2003). This fits with the known function of nodals in mesendoderm induction

(Rodaway et al. 1999). Recently, a novel LIM-domain binding protein, Ldb2, was

shown to negatively modulate ndr1 activity (Gu et al. 2015). In ldb2morphants, the

size of the mesendoderm increased at the expense of ectoderm. Nodal is therefore

required for determining the relative amounts of ectoderm versus mesendoderm

that form across the AV axis. One potential model for DV patterning of the

mesoderm that arises from these studies is that the concentration of Nodal could

also directly induce different DV fates across this axis. This model is challenging to

test, as it will be difficult to separate the role of Nodal in mesendoderm induction

from a parallel role in DV patterning. The Progressive Critical Intervals model

proposes that DV and RC fates are assigned simultaneously but progressively along

the embryo during gastrula stages (Tucker et al. 2008). This model fits well for the

neurectoderm, where the forebrain is specified first, then the midbrain, then finally

the hindbrain and spinal cord, but further work is needed to understand if this model

applies to the mesoderm.

2.3.3 Specification of Blood Versus Kidney Fates
in the Intermediate Mesoderm

In addition to its contribution to the kidney anlage, the intermediate mesoderm

gives rise to erythroid and endothelium precursors. The splitting of the intermediate

mesoderm into kidney versus blood appears dissimilar in Xenopus and zebrafish.

For Xenopus, kidney and blood fates are assigned along the RC axis, creating a

caudolateral pax8+ pronephric anlage and caudoventral blood anlage that becomes

the ventral blood island (Kyuno et al. 2008; Lane and Sheets 2002a). In zebrafish,

the intermediate mesoderm is split along the DV axis (Davidson and Zon 2004; de

Jong et al. 2010). Early zebrafish red blood progenitors express pax2a, but later in
development a medial domain of the intermediate mesoderm stripe is specified as

blood and migrates towards the midline to form the inner cell mass. In spadetail
(spt) mutants, which lack the T-box transcription factor tbx16, erythroid precursors
are lost and the pronephros is expanded (Warga et al. 2013). This phenotype is

suggested to be a result of elevated fgf8a expression in the posterior trunk of spt
mutants, which Warga et al. (2013) propose may favor kidney fate over blood fate.

Zebrafish studies into the odd-skipped related (osr) class of zinc finger transcription
factors showed osr1 expression in the endoderm during gastrulation is also impor-

tant in establishing the ratio of kidney versus blood/vascular lineages (Mudumana

et al. 2008). Intriguingly, the amount of endoderm in the embryo is negatively
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regulated by osr1, and osr1-depleted embryos have ectopic angioblast formation at

the expense of anterior kidney fates. This suggests that the endoderm contains an

inductive signal that promotes blood/vascular fates over kidney fates in zebrafish.

2.4 Development of the Renal Corpuscle

The next stage in pronephros development involves the expression of genes within

the intermediate mesoderm that specify distinct nephron cell types. These genes are

largely conserved between zebrafish and mammals. In this section, we will inves-

tigate the developmental pathways involved in the formation of the renal corpuscle

(the blood filter).

2.4.1 Formation of the Renal Corpuscle Ultrastructure

The rostral-most cells of the intermediate mesoderm contribute two epithelial cell

populations that will establish the renal corpuscle: podocytes and parietal epithelial

cells (aka Bowman’s capsule) that we herein refer to collectively as P/PECs. The

wt1a gene is the earliest marker of the P/PEC lineage. Transcripts for wt1a are

initially detected in a broad domain before restricting to being highly expressed in

P/PEC progenitors lateral to somite 3 between the 18-somite to 24 hpf stages

(Bollig et al. 2006; Drummond et al. 1998; O’Brien et al. 2011; Serluca and

Fishman 2001). Other early markers of the P/PEC lineage include the transcription

factors wt1b, mafba, hey1, and lhx1a (O’Brien et al. 2011) (see Sect. 2.4.2 for a

detailed discussion of the roles these factors play in glomerulogenesis). At the

48 hpf stage, wt1a, wt1b, and mafba expression persist in the P/PEC lineage, but

between 24 and 48 hpf, hey1 and lhx1a levels reduce and markers of podocyte

differentiation begin to be expressed (such as podocalyxin, nephrin, podocin, and
integrinα3).

This commencement of molecular differentiation can be correlated to the phys-

ical formation of the renal corpuscle. Between the 24 and 40 hpf stages, the bilateral

P/PEC populations migrate to, and fuse at, the midline beneath the dorsal aorta and

notochord (Drummond et al. 1998; Majumdar and Drummond 2000). Between

40 and 48 hpf, capillaries extending out from the dorsal aorta enter the mass of

P/PECs and form the glomerular tuft. Small molecular weight fluorescent dextrans

(10 kDa) are able to filter through the glomerulus by the 48 hpf stage, indicating the

onset of blood filtration function (Drummond et al. 1998). However, the renal

corpuscle is leaky at this early stage and does not fully mature until 4 dpf when it

has an upper size limit of 70 kDa (Ichimura et al. 2012; Kramer-Zucker et al.

2005b).

The glomerular filtration barrier is established by the cumulative functionality of

three components: the fenestrated endothelium, the glomerular basement
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membrane (GBM), and the podocyte slit diaphragm. The fenestrations in the

afferent capillaries of the glomerulus are trans-cellular passages that permit con-

tents of the blood to pass through the surrounding GBM, but are too small to allow

large proteins and blood cells to egress from the blood. The GBM consists of a felt-

work of proteins such as laminin and collagen and is dually created by the

podocytes and the endothelial cells of the capillaries. While the GBM filters only

molecules of a certain size and charge, it is thought that the slit diaphragm created

by podocytes also determines which components of the blood can pass into the

tubules. The podocytes envelope the endothelium with a complex cytoarchitecture

of interdigitating foot processes. The slit diaphragm forms as a protein “zipper”

between the foot processes. The glomerulus is surrounded by a Bowman’s capsule,
which is created by PECs. The common ontogeny of the P/PEC lineage in zebrafish

indicates these cells must be separated later in development by an as yet unknown

mechanism. The final cellular component of the renal corpuscle is the mesangial

cell, which is a pericyte-like cell type whose function is to provide contractile

support to the glomerulus (Ichimura et al. 2012). When pericytes enter the glomer-

ular tuft in zebrafish is not known, but potential candidate markers to examine in the

future include acta2, timp3, and adamts1 (Schrimpf et al. 2012; Whitesell et al.

2014).

2.4.2 Molecular Regulation of Renal Corpuscle Formation

2.4.2.1 The Role of the WT1 Transcription Factors in Determining

Podocyte Fate and Function

Knockdown of wt1b has no effect on P/PEC specification and development,

whereas knockdown of wt1a reduces nephrin and podocin expression (Bollig

et al. 2006; O’Brien et al. 2011; Perner et al. 2007; Schnerwitzki et al. 2014).

wt1a has been shown to interact synergistically with forkhead box c1a ( foxc1a) and
notch mediator recombination signal binding protein for immunoglobulin kappa J
(rbpj) as double knockdowns of wt1a/foxc1a or wt1a/rbpj completely prevents

expression of early podocyte markers such as wt1b, whereas singly depleted

wt1a, foxc1a or rbpj embryos only reduce wt1b expression (O’Brien et al. 2011).

Glutathione S-transferase pull-down assays indicated that wt1a, foxc1a, and

NotchICD3 can physically interact (O’Brien et al. 2011). While further analysis is

required to decipher the importance of these interactions and to determine if wt1a is

able to interact with other transcription factors and Notch pathway molecules, it

appears that cross talk between wt1a and the Notch signaling pathway is important

for the formation of the P/PEC lineage, most likely through fate determination and

control of proliferation.
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2.4.2.2 Retinoic Acid Patterns the Intermediate Mesoderm to Promote

P/PEC Fates

A conserved 299 bp element of the wt1a promoter (approximately 4.2 kb upstream

from the start codon) was found to be necessary and sufficient to drive transgenic

eGFP expression in a spatial and temporal manner that recapitulated endogenous

wt1a expression (Bollig et al. 2009). Within this region of the wt1a promoter is a

Retinoic Acid Response Element. The Retinoic Acid (RA) signaling pathway is

dependent on the concentration of free RA in the cell, which will bind to RA

receptors (RAR/RXR). When bound to RA, RARs/RXRs translocate to the nucleus

and interact with DNA binding sites in the genome to modulate gene expression.

Embryos treated with an inhibitor of RA synthesis (diethylaminobenzaldehyde) fail

to express wt1a, wt1b, and mafba in the intermediate mesoderm (Wingert et al.

2007). Conversely, application of RA to wt1a::eGFP transgenic embryos greatly

increased the expression of eGFP (Bollig et al. 2009). These results support a model

whereby RA induces wt1a expression and, together with notch, wt1a specifies the

P/PEC lineage from the intermediate mesoderm.

2.4.2.3 pax2a Restricts the Size of the Glomerulus

In the pax2a mutant no isthmus (noi), the wt1b+ P/PEC lineage appears to expand

into the neck segment, which suggests a requirement for pax2a in appropriate

formation of the renal corpuscle and neck lineages (Majumdar et al. 2000). In

mice, Wt1 is a negative regulator of Pax2 (Ryan et al. 1995), and a similar epistatic

relationship between wt1a and pax2a may be present in zebrafish as the anterior

pax2a expression domain initially overlaps with wt1a in P/PECs, but then restricts

to the neck segment at 24 hpf (O’Brien et al. 2011). In addition, pax2a
overexpression reduces wt1a expression and promotes formation of an aglomerular

pronephros (Bedell et al. 2012). These data suggest that pax2a and wt1a are

negative regulators of each other. Such genetic interactions may be important for

the appropriate formation of the glomerulus/neck/proximal tubule boundaries.

2.4.2.4 Odd-Skipped Related 1 and Lhx1a as Downstream Regulators

of Podocyte Fate

Podocyte progenitors co-express wt1a and osr1 (Tomar et al. 2014). In embryos

depleted of osr1, wt1a expression is normal, but nephrin and podocin are not

expressed. However, in wt1a-depleted embryos, osr1 expression is reduced

(Tomar et al. 2014). In summary, these results suggest osr1 acts downstream of

wt1a to regulate nephrin and podocin expression. Interestingly, osr1 morphant

embryos fail to express lhx1a in P/PECs, and the effects of osr1 depletion on

nephrin and podocin expression can be rescued by forced expression of an activated

36 R.W. Naylor et al.



form of lhx1a (ldb1-lhx1a) (Tomar et al. 2014). Taken together, it appears that the

following hierarchical transcriptional pathway operates during P/PEC formation:

RA > wt1a > osr1 > lhx1a > podocin/nephrin.

2.4.2.5 Podocalyxin Is Necessary for Proper Formation of the Slit

Diaphragm

Podocalyxin is a highly sialyated glycoprotein that localizes specifically to the

apical pole of podocytes by 34 hpf (Ichimura et al. 2013). The exact mechanism for

how podocalyxin regulates foot process formation is not fully understood. In

Podocalyxin-deficient mice, regular foot processes do not form and the cell body

attaches directly to the GBM (Doyonnas et al. 2001). A similar phenotype is

observed in zebrafish injected with a splicing morpholino targeting the podocalyxin
mucin-domain encoding exon 2 (Ichimura et al. 2013). This mucin domain is

extensively glycosylated and sialyated. The presence of sialic acid in the mucin

domain creates a negative charge on the apical surface of the podocyte that is

hypothesized to generate and maintain spacing between foot processes by charge

repulsion and by acting as an anti-adhesive (Schnabel et al. 1989; Takeda et al.

2000).

2.4.2.6 A Role for von Hippel–Lindau in Glomerular vegfa Signaling

The von Hippel–Lindau (vhl) tumor suppressor gene encodes an E3-ubiquitin ligase

that under normal oxygen levels targets the hypoxia-inducing factor (hif) for

degradation (Haase 2006). The vhl/hif oxygen-sensing pathway enables organisms

to sense and adapt to a low-oxygen environment. Depletion of zebrafish genes that

regulate the vhl/hif pathway, such as proly 4-hyrdoxylase (Hyvärinen et al. 2010) or
vhl (Chen et al. 2015), results in disrupted glomerular development. Knockdown of

vhl creates an embryo that is unable to recognize oxygen levels in the body.

Consequently, hif protein is not degraded and pathological hypoxia-driven angio-

genesis results. Vascular endothelial growth factor-a (Vegf-a) is required for

endothelial cell differentiation and angiogenesis during vertebrate development

and in vhl morphants, vegfa expression increases (Chen et al. 2015). It is hypoth-

esized that this increased vegfa expression causes overgrowth of the vasculature,

which is likely to disrupt vascularization of the glomerulus of vhl morphants.

2.5 Genes Involved in Pronephros Tubule Formation

The tubules are essential for reabsorption of solutes, amino acids, glucose, and

water. Their formation involves a number of key developmental processes, includ-

ing molecular patterning, mesenchymal-to-epithelial transitions, tubulogenesis, cell

2 Zebrafish Pronephros Development 37



migration, and tissue morphogenesis. In this section, we will concentrate on the

genes expressed in the intermediate mesoderm that are involved in the earliest

stages of pronephric tubule formation.

2.5.1 Pax2a and Pax8: Critical Regulators of Nephric
Specification

In mice and zebrafish, the paired-box transcription factors Pax2 (pax2a in

zebrafish) and Pax8 are the earliest expressed genes that label the intermediate

mesoderm (Bouchard et al. 2000; Thisse and Thisse 2004). In mice lacking Pax2

and Pax8, neither the pronephros nor later nephric structures form (Bouchard et al.

2002). This same phenotype is observed in zebrafish depleted of pax2a and pax8
(Naylor et al. 2013). Pax2 or Pax8 singly deficient mice and zebrafish embryos do

not develop such a dramatic early kidney agenesis phenotype, consistent with these

related factors having redundant functions in the specification of the intermediate

mesoderm (Ikenaga et al. 2011; Majumdar et al. 2000; Torres et al. 1995). pax2a
and pax8 are expressed throughout the intermediate mesoderm up to the ~15-somite

stage (16 hpf). Subsequently, levels of pax8 expression reduce, but pax2a remains

strongly expressed in the neck region, multi-ciliated cells in the PST and DE tubule

segments and throughout the DL segment. Singly deficient pax2a zebrafish develop
edema and die at around 5 dpf, most likely as a consequence of perturbed glomer-

ulus, neck and tubule differentiation, and variable failure in the fusion of the DL

segment to the cloaca (Majumdar et al. 2000). Thus, while pax2a and pax8 share

functionality, differing expression patterns result in pax2a playing a more dominant

role during later events in nephrogenesis.

The biochemical activities of Pax2 in the cell and how these actions affect

nephrogenesis remain an ongoing area of investigation. In zebrafish, the hepatocyte
nuclear factor 1b (hnf1b) transcription factor has been reported to suppress pax2a
expression in the proximal tubule (Naylor et al. 2013). Zebrafish embryos deficient

in hnf1ba and hnf1bb paralogs maintain pax2a expression and ectopically express

glomerular markers such as nephrin and podocin in the proximal tubule. A similar

phenotype is observed in embryos depleted of atypical protein kinase C iota and

zeta (prkcι, prkcζ) where pax2a expression increases and wt1a and wt1b are

ectopically expressed in the tubule (Gerlach and Wingert 2014). Interestingly,

this phenotype can be rescued by pax2a depletion, suggesting that prkcι and

prkcζ support epithelial identity by inhibiting pax2a expression. Together, it

could be deduced from these studies that hnf1ba/b and prkcι/ζ regulate pax2a levels
in the tubule, and this activity may be important for the suppression of glomerular

fate in the proximal tubule.

pax2a has also been shown to participate in a negative feedback loop by

inducing the expression of plac8 onzin related protein 1 (ponzr1), a poorly studied

gene that acts to antagonize pax2a expression. Morpholino-mediated knockdown of
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ponzr1 causes persistent expression of pax2a in P/PECs, resulting in the

downregulation of wt1a and the formation of an aglomerular pronephros (Bedell

et al. 2012).

2.5.2 The Role of Odd-Skipped Genes in Tubule Formation

The Odd-skipped-related class of transcription factors are zinc finger proteins that

have been shown to be important in embryonic patterning and tissue morphogen-

esis. In Odd1-/- mutant mice, heart development is disrupted and nephrogenesis is

perturbed as the metanephric mesenchyme fails to form (Wang et al. 2005). In

chick, Odd1 has been shown to be important in tubule differentiation (James et al.

2006). As described in Sect. 2.3.3, knockdown of osr1 in zebrafish inhibits the

formation of the proximal tubule and concomitantly promotes angioblast fate

(Mudumana et al. 2008).

While osr1 is not thought to be expressed in the pronephric tubules, the closely

related osr2 gene is found in the anteriormost portion of the pronephros (Neto et al.

2012; Tena et al. 2007). Double knockdown of osr1 and osr2 inhibits formation of

the proximal tubule in zebrafish and causes severe edema (Tena et al. 2007).

Interestingly, RA signaling activates osr2 expression in the intermediate mesoderm

and osr1/2 are required for inducing wnt2ba expression in this region (Neto et al.

2012). While wnt2ba knockdown has no effect on kidney development, it does

inhibit pectoral fin formation, suggesting a relay mechanism is in place between the

anterior paraxial/intermediate mesoderm and lateral plate mesoderm to regulate fin

development. These findings nicely highlight how cross talk between different

tissues, in this case kidney and fin precursors, is fundamentally important for

organogenesis.

2.5.3 hnf1b as a Critical Regulator of Pronephric Tubule
Differentiation

The hnf1ba and hnf1bb transcription factors are expressed in the zebrafish inter-

mediate mesoderm that will form the pronephric tubules from the 5-somite stage of

development (12 hpf) onwards (Naylor et al. 2013; Sun and Hopkins 2001). In

embryos depleted of both hnf1ba and hnf1bb, nearly all markers of tubule differ-

entiation fail to be expressed (Naylor et al. 2013). These include the many segment-

specific solute carriers (such as slc4a4, slc12a1, and slc12a3), later expressed

transcription factors (such as irx3b) and cell adhesion molecules (such as cdh17).
In addition, hnf1ba/b-deficient embryos maintain expression of early acting tran-

scription factors such as pax2a, pax8, lhx1a, and jag1b. Despite these early markers

not being restricted, the pronephros still undergoes a degree of epithelialization and
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tubulogenesis, though the lumen does not inflate. As such, this study highlights the

importance of Hnf1b factors for tubule differentiation, but not tubulogenesis. This

integral role for Hnf1b in zebrafish pronephric tubule differentiation is conserved in

mice as conditional deletion of Hnf1b in metanephric nephrons results in a similar

phenotype (Heliot et al. 2013; Massa et al. 2013).

2.5.4 Roles for Notch/Jagged in Pronephric Tubule
Differentiation

The Notch signaling pathway is a paracrine-signaling network that is activated by

binding of the trans-membrane Notch receptor to its Jagged/Delta ligands

(Guruharsha et al. 2012). This binding permits γ-secretase to cleave the Notch

receptor, releasing the Notch intra-cellular domain (NICD). NICD then translocates

to the nucleus where it forms a core transcriptional complex with Suppressor of

Hairless (a DNA-binding protein) and Mastermind (a nuclear effector protein

required to stabilize the transcription complex). This complex then modulates the

expression of downstream effector genes. Commonly, Notch signaling is utilized in

a “lateral inhibition” pathway where a group of cells signal locally to each other in

order to control which cells will adopt one of two different fates. In the zebrafish

pronephros, multi-ciliated cells (MCCs) are important for promoting fluid flow

through the lumen of the tubule and are present in a “salt and pepper” pattern in the

intermediate tubule region (comprising the PST and DE tubule segments) (Fig. 2.1).

This dispersed positioning of MCCs between solute transporter cells is mediated by

a Notch lateral inhibition mechanism. From the 5-somite stage (12 hpf), jag2a is

expressed throughout the anterior portion of the pronephric tubules (which will give

rise to the PCT, PST, and DE segments) (Thisse and Thisse 2005). Similarly,

notch1a and notch3 are expressed in the pronephros from as early as the

10-somite stage (14 hpf) (Ma and Jiang 2007). From the 20-somite stage

(19 hpf), jag2a expression restricts to a “salt and pepper” pattern in the intermediate

region of the pronephros (within the PST and DE segments). In mindbomb-/-

mutants (mib-/-), jag2a expression does not restrict and is uniformly expressed in

the intermediate region of the tubule. These embryos do not express markers

associated with solute transport function, such as trpm7, Na+K+ATPase, or

slc13a1, and instead have ectopic expression of MCC markers, such as odf3b and

rfx2 (Liu et al. 2007; Ma and Jiang 2007). Injection of NICD mRNA induces the

opposite phenotype to mib-/- mutants, inhibiting odf3b expression and promoting

transporter fates over MCCs. Thus, a Notch signaling lateral inhibition pathway

determines MCC or solute transporter cell fate in the pronephric tubule. Knock-

down of ETS transcription factors etv4 or etv5a also reduces the number of MCCs,

but not when embryos are treated with the γ-secretase inhibitor DAPT (Marra and

Wingert 2016). This result suggests a novel role for etv4 and etv5a downstream of

Notch signaling to promote MCC fate in the pronephros.
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2.5.5 Roles for Cilia in Pronephrogenesis

Cilia are membrane-bounded, centriole-derived, microtubule-containing organelles

that project out from the cell surface. The ciliary cytoskeleton (axoneme) is

arranged into two major patterns: 9+2, in which microtubule doublets surround a

central pair of singlet microtubules or 9+0, where the central microtubules are

absent (Satir and Christensen 2007). The two microtubule patterns are indicative of

the functional role of a cilium. 9+2 cilia are motile and present in bundles on the

apical surface of epithelial cells, whereas 9+0 cilia are nonmotile, sometimes

referred to as primary or sensory cilia, which are able to alter intracellular bio-

chemistry based on extracellular cues. Over 600 cilia proteins have been identified

(Pazour 2004), and dysfunction of a number of these proteins can cause an array of

diseases collectively termed ciliopathies. These broad set of developmental and

adult diseases include polycystic kidney disease, nephronophthisis (NPHP),

Bardet–Biedl Syndrome, Joubert syndrome, and Meckel Gruber syndrome

(Hildebrandt et al. 2011). The zebrafish kidney is particularly vulnerable to aberrant

ciliogenesis as both multi-ciliated cells (MCCs) and nonmotile mono-ciliated cells

are required for pronephros development.

2.5.5.1 MCCs Drive Fluid Flow in the Zebrafish Pronephros

9+2 cilia are found in MCCs across the animal kingdom, where they act to promote

and direct fluid flow (Brooks and Wallingford 2014). For example, in humans,

MCCs are important for cerebrospinal fluid flow in the spinal cord and ventricles of

the brain (Sawamoto et al. 2006), for ovum transport in the fallopian tubes (Lyons

et al. 2006), and for clearance of mucus in the airways (Wanner et al. 1996). In

zebrafish, mutants with defective ciliogenesis develop pronephric cysts during early

development (Drummond 2005; Obara et al. 2006; Sullivan-Brown et al. 2008).

Examples of such mutants include oval (containing a single point mutation in ift88
(Tsujikawa and Malicki 2004)), double bubble [unknown mutation (Drummond

et al. 1998)], fleer [which has a nonsense point mutation that truncates the ift70

protein (Pathak et al. 2007)], and a number of cilia genes [including pkd2, ruvbl1,
lrcce6l, and arl13b] found through the Hopkins retroviral insertion mutagenesis

screen (Sun et al. 2004). Similarly, morpholino-mediated knockdown of

intraflagellar transport proteins ift88, ift57 (Kramer-Zucker et al. 2005a), and

ttc26 (Zhang et al. 2012) causes pronephric cysts. The deglutamylase ccp5, a
critical regulator of microtubule glutamylation (which is essential for ciliogenesis),

also causes pronephric cysts when it is depleted (Pathak et al. 2014). Ciliogenesis

and cilia function requires the highly conserved family of GTP-binding proteins

called Septins (Kim et al. 2010). The pronephric tubules have enriched expression

of sept7b, and morpholino knockdown results in fewer and shorter cilia as well as

cyst formation (Dash et al. 2014). Such “cystic” phenotypes are believed to be due

to fluid accumulation and distension of the pronephric tubules/neck region,
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consistent with the notion that MCCs drive fluid flow in the lumen of the pronephric

tubule (Kramer-Zucker et al. 2005a). MCCs are not normally found in adult

mammalian nephrons, perhaps because normal blood pressure is sufficient to propel

fluid through the glomerulus and tubules of the nephron [normal systolic blood

pressure in humans is ~110 mmHg, whereas in zebrafish it is ~0.68 mmHg (Hu et al.

2001)]. As such, mammalian renal ciliopathies are associated with nonmotile cilia

dysfunction.

2.5.5.2 Nonmotile Cilia Are Important for Distal Tubule

Morphogenesis

Apart from MCCs, all other cells in the pronephric tubules contain a solitary

nonmotile cilium that can sense both physical and biochemical extracellular sig-

nals. Discerning between the pronephric phenotypes associated with aberrant

motile versus nonmotile cilia function remains an ongoing challenge given the

shared assembly mechanisms for both cilia types (Ishikawa and Marshall 2011). As

such, factors that impede cilia assembly will prevent function of both cilia forms.

Despite this, numerous signaling pathways connect nonmotile cilia to proper

pronephros morphogenesis (Hossain et al. 2007; Makita et al. 2008; Tian et al.

2007). Downstream co-activators of the Hippo pathway, yap and taz, are expressed
in the distal tubules of the zebrafish pronephros, and their depletion causes pro-

nephric cyst phenotypes (He et al. 2015; Skouloudaki et al. 2009; Zhang et al.

2015). These morphants have reduced cilia number and length in the PST and DE

tubule segments where MCCs reside, but also in the DL segment that contains

mono-ciliated cells. Such ciliary defects are correlated with aberrant cell migration

and apical-basal polarity in the distal tubule. Similarly, morpholino knockdown of

nphp4 reduces cilia number and length in the DL segment and perturbs cell

migration and DL fusion with the cloaca (Burckle et al. 2011; Slanchev et al.

2011). These studies found that the perturbed cloacal rearrangements in nphp4
morphants, which are attributed to the nonmotile cilia defect, result in a failure in

non-canonical Wnt signaling, a pathway implicated in the orientation of cells

within a single plane (Gao 2012). Taken together, these results favor a model

whereby mono-ciliated sensory cilia in the zebrafish distal nephron are required

to mediate the cellular rearrangements needed to fuse the pronephric tubules to the

cloaca.

2.6 Pronephric Tubule Segmentation

In all vertebrates, the nephron is segmented along its axis in order to enable efficient

reabsorption/secretion of solutes. The proximal tubule is considered the “work-

horse” of the nephron as it performs the bulk reabsorption of these solutes. More

distal segments are involved in fine-tuning the filtrate, in particular by reabsorption
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of sodium, chloride, and bicarbonate ions. The mammalian nephron contains

additional nephron segments that are not found in zebrafish nephrons, such as the

loop of Henle and principal and intercalated cells of the distal nephron/collecting

duct. Nevertheless, zebrafish tubule segments are well conserved functionally in

comparison to mammals, and many transporter genes show similar expression

patterns in both phyla (Wingert et al. 2007). In this section, we will provide an

overview of our current understanding of how the zebrafish pronephric tubule is

patterned in response to RA signaling.

2.6.1 Retinoic Acid and Establishment of the Tubule
Segmentation Pattern

In Sect. 2.3.1, we showed that opposing gradients of BMP and Nodal establish the

RC axis of the gastrulating zebrafish embryo. Factors acting downstream of

BMP/Nodal are likely involved in committing cells to particular fates along this

axis. One candidate is RA, which has been shown to be important for the relative

sizes of the PCT/PST/DE/DL tubule segments (Wingert et al. 2007). In embryos

where RA synthesis is inhibited by treatment with diethylaminobenzaldehyde

(DEAB), pronephroi form with larger distal segments at the expense of proximal

segments (Wingert et al. 2007). Inhibiting RA synthesis can completely preclude

formation of all proximal segments (PCT, PST, and DE) if DEAB treatment is

commenced from early gastrula stages. Progressively later treatments have gradu-

ally reduced effects and treatment from the 8-somite stage has no effect on

pronephric fate. Thus, RA is important in regulating pronephros tubule fate during

gastrulation and early somitogenesis stages of development.

RA is synthesized from retinol by retinaldehyde dehydrogenase (also called

aldhehyde dehydrogenase). At gastrula stages of development, a major

retinaldehyde dehydrogenase expressed in the zebrafish embryo is aldh1a2.
aldh1a2 is initially expressed in all cells of the embryonic margin but restricts to

the rostral side of the embryo by the ~60% epiboly stage (6 hpf) (Grandel et al.

2002). From mid-to-late gastrulation, the RA catabolic enzyme cyp26a1 (a member

of the cytochrome p450 family of enzymes) begins to be expressed on the caudal

side of the embryo (Kudoh et al. 2001; Thisse et al. 2001). These expression

patterns support the interpretation that there is an RA “source” on the rostral side

of the embryo and an RA “sink”on the caudal side of the embryo. This suggestion is

aided by analyses that directly observed RA abundance in the zebrafish embryo

using a fluorescent resonance energy transfer-based system called GEPRA

(Shimozono et al. 2013). GEPRA zebrafish embryos show a clear accumulation

of RA on the rostral side of the late gastrula embryo, which appears to be

maintained in the anterior trunk region at early somitogenesis stages of develop-

ment. Taken together, the timing of RA proximalizing actions (during gastrulation),

the high expression of RA synthesis genes rostrally and RA catabolic genes

2 Zebrafish Pronephros Development 43



caudally, as well as the accumulation of RA rostrally when observed by GEPRA

analysis suggest RA acts to pattern kidney fates across the RC axis of the embryo

during gastrula stages. As RA can act as a morphogen, it can further be proposed

that PCT cells form in response to high levels of RA, PST cells in response to

medium levels of RA, DE cells in response to low RA levels, and the DL segment in

the absence of RA (Wingert et al. 2007).

2.6.2 A Role for sim1a in the Formation of the PST Segment

RA is the major determinant of pronephric segment identity; however, the down-

stream effectors of RA are a focus of ongoing research. One possible mechanism by

which RA affects gene expression is via the modulation of transcription factor

activities. The single-minded family bHLH transcription factor 1a (sim1a) gene is
dynamically expressed from early stages of zebrafish pronephros development. At

the 2-somite stage (11 hpf), it is expressed in the caudal region of the intermediate

mesoderm, but later in development [at the 22-somite stage (20 hpf)] it is expressed

in a more proximal subdomain before restricting to a distal population of cells that

contribute to a kidney-derived endocrine gland called the Corpuscles of Stannius

(Cheng and Wingert 2015). Intriguingly, sim1a knockdown prevents formation of

the PST segment and concomitantly expands the PCT segment. When

overexpressed, the opposite phenotype is observed, and PST segment size increases

at the expense of PCT fates. The expression pattern of sim1a is influenced by RA

levels, suggesting RA induces sim1a expression, and sim1a acts downstream of RA

to mediate the boundary between the PCT and PST segments.

2.6.3 mecom as an RA Inhibitor that Regulates Formation
of the DL Segment

Another transcription factor whose expression is regulated by RA is mecom (mds1/
evi1 complex). This gene is expressed in the caudal non-RA responsive region of

the intermediate mesoderm that gives rise to the DL segment (Li et al. 2014). In

mecom morphants, the size of the DL segment reduces and the PCT and PST

segments expand caudally (Li et al. 2014). Surprisingly, Mecom morphants have

increased numbers of MCCs. As discussed in Sect. 2.5.4, Notch signaling via lateral

inhibition is required to induce MCC fate in the intermediate region of the pro-

nephros tubule. Li et al. suggest that Mecom interacts with the Notch signaling

although it is also possible that the increased numbers of MCCs in mecom-deficient
embryos is caused indirectly, such as, by increased proliferation of the

MCC-bearing PST and DE segments in response to a shortened DL segment.
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2.6.4 irx3b as a Determinant of DE Segment Formation

The Iroquois (Irx) gene family encode homeodomain transcription factors that are

regulators of tissue patterning and cell fate specification. In zebrafish, irx3b is

expressed in the PST and DE segments from the 15-somite stage (16 hpf). In

irx3b zebrafish morphants, slc12a1 expression is lost in the DE segment and

markers of the proximal tubule are expanded distally (Wingert and Davidson

2011). In Xenopus, irx3 knockdown also disrupts the formation of the segment

equivalent to the DE (Alarcon et al. 2008; Reggiani et al. 2007). In mice, Irx1 and

Irx2 are downregulated in Hnf1b-deficient nephrons, and this is associated with the

proximal tubule and loop of Henle segments failing to form, consistent with Irx1/2
being potential regulators of segmentation.

In zebrafish, the related Iroquois family member, irx1, is expressed in a similar

domain to irx3b. However, knockdown of irx1 does not cause an overt tubule

segmentation phenotype. Expression of irx1 is negatively regulated by the homeo-

box transcription factors mnx1 and mnx2b that are expressed in mutually exclusive

regions of the intermediate mesoderm to irx1 (Ott et al. 2015). When mnx1 and

mnx2b are knocked down, irx1 becomes ectopically expressed in the DL segment

and these embryos exhibit defects in cilia arrangement and apical microvilli

morphology (Ott et al. 2015). Taken together, these observations indicate that the

Iroquois genes are conserved regulators of tubule segmentation identity and mor-

phogenesis in zebrafish, frogs, and mammals.

2.7 Mechanobiological Regulation of Pronephrogenesis

It is increasingly being recognized that mechanical forces are required for the

development of nephric structures. The process of mechanotransduction involves

the interpretation by a cell of mechanical inputs that lead to changes in its bio-

chemistry. During early development, the intermediate mesoderm undergoes exten-

sive remodeling, during which cells experience a number of mechanical stresses.

Between the 12-somite and 20-somite stage (15–19 hpf), the intermediate meso-

derm undergoes mesenchymal-to-epithelial transitions (MET) and forms a tubule

(Gerlach and Wingert 2014). In addition, there is a degree of caudal migration of

the DL segment towards the cloaca in an analogous manner to nephric duct

migration observed in Xenopus, chick, and mouse (Slanchev et al. 2011). Such

caudal migration means cells will be stretched, a mechanical process that can alter

rates of proliferation in the pronephros (Vasilyev et al. 2012). Also, at the onset of

lumenal flow, the apical surfaces of the pronephric tubules experience sheer stress.

How cells in the pronephros respond to these multiple mechanical inputs has

become a new area of interest in the field.
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2.7.1 Shear Stress Induction of Collective Cell Migration
in the Pronephric Tubule

Collective cell migration is the movement of multiple cells in a specific direction

with the major feature being that if these cells were individually isolated, they

would not migrate as efficiently (Mayor and Etienne-Manneville 2016). In the

zebrafish pronephros, collective cell migration plays a key role in tissue morpho-

genesis. From the 29 hpf stage of development, the cells of the pronephros collec-

tively move rostrally (Vasilyev et al. 2009). This migration compacts and

convolutes the proximal tubule. The initiation of collective cell migration in the

zebrafish pronephros correlates with the onset of fluid flow in the lumen of the

tubule. When fluid flow is halted by simple obstruction, collective migration halts

and the proximal tubule fails to convolute (Vasilyev et al. 2009). In follow-up

experiments, it was shown that the capacity of the pronephros to accommodate such

a dramatic compaction in the proximal segments is afforded by the corresponding

proliferation of the DE and DL segments. This can be clearly seen when older

embryos are compared to young larvae: at 24 hpf the size of the DL segment is

roughly three somite widths (Wingert et al. 2007) but by the 8 mm stage (~21 days

post fertilization), it is much longer, spanning between the posterior end of the

swim bladder to the region just proximal to the cloaca (Diep et al. 2015). Cell

division is observed in the DE and DL tubule segments between the 48 and 72 hpf

stages of development, and this can be inhibited by anterior obstruction of the

tubule (to halt collective cell migration) or by treating embryos with the

Phosphoinositide-3 Kinase (Pi3K) inhibitor LY294002. Treatment with

LY294002 produced pronephric tubules that still underwent collective cell migra-

tion towards the glomerulus but distally the cells became severely stretched

(Vasilyev et al. 2012). These data have led to a model in which shear stress induced

by fluid flow promotes rostral cell migration, and this compaction is accommodated

by mechanical stretch-induced cell proliferation in the more distal segments.

2.7.2 Vascular Shear Stress Is Required for Capillary
Formation in the Glomerulus

As discussed in Sect. 2.4.1, the process of glomerular capillary tuft formation

involves the invasion of dorsal aorta endothelial cells into the fused mass of

P/PEC progenitors at the midline (Carmeliet et al. 1996; Pham et al. 2001). This

process requires vascular sheer stress as zebrafish mutants that have reduced or no

blood flow fail to form a glomerular capillary tuft (Bedell et al. 2012; Drummond

and Davidson 2010; Majumdar and Drummond 1999; Rottbauer et al. 2001;

Sehnert et al. 2002). Studies have implicated matrix-metalloproteinase 2 (MMP2)

in this process. Zebrafish embryos treated with an MMP2 inhibitor do not form a

glomerulus but have otherwise normal blood circulation (Serluca et al. 2002). As
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mmp-2 is expressed by smooth muscle cells and endothelium in response to

stretching it suggests that blood flow-induced sheer stress activates mmp-2, which
then regulates vascularization of the renal corpuscle (Bassiouny et al. 1998; Singhal

et al. 1996; Yasuda et al. 1996).

2.8 Summary

The pronephros descends from the intermediate mesoderm, and its formation

involves the concerted actions of secreted morphogens, transcription factors, and

cellular rearrangements including migration, stretch, and epithelialization. Pattern-

ing of the intermediate mesoderm into different proximal and distal cell fates occurs

in response to RA signaling and downstream acting transcription factors such as

wt1a, pax2a, pax8, hnf1b, sim1a, mecom, and irx3b. Glomerular progenitors

migrate and fuse at the midline and recruit a blood supply while tubule progenitors

undergo epithelialization and fuse with the cloaca. The Notch signaling pathway

regulates the formation of multi-ciliated cells in the tubules that help propel the

urine down the tubule. The lumenal sheer stress caused by this flow activates

anterior collective migration of the proximal tubules and induces stretching and

proliferation of the more distal segments. Ultimately these processes create a

simple two-nephron kidney capable of reclaiming and balancing vital metabolites

and expelling excess water and waste products to the exterior. This simple, yet

dynamic, kidney provides a powerful model system to better understand the

conserved molecular and cellular progresses that drive nephron formation, struc-

ture, and function.
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Chapter 3

Zebrafish as a Model of Kidney Disease

Elvin E. Morales and Rebecca A. Wingert

Abstract Animal models have been an invaluable means to advance biomedical

research as they provide experimental avenues for cellular and molecular investi-

gations of disease pathology. The zebrafish (Danio rerio) is a good alternative to

mammalian models that can be used to apply powerful genetic experimental

methods normally used in invertebrates to answer questions about vertebrate

development and disease. In the case of the kidney, the zebrafish has proven itself

to be an applicable and versatile experimental system, mainly due to the simplicity

of its pronephros, which contains two nephrons that possess conserved structural

and physiological aspects with mammalian nephrons. Numerous genes that were

not previously related to kidney conditions have now been linked to renal diseases

by applying genetic screening with the zebrafish. In fact, a large collection of

mutations that affect nephron formation and function were generated through

phenotype-based forward screens. Complementary reverse genetic approaches

have also been insightful, with methods spanning the use of antisense morpholino

oligonucleotides to genome editing approaches such as the CRISPR/Cas9 system,

to selectively knock down or knock out genes of interest to see if they produce

kidney phenotypes. Acute kidney injury (AKI) has also been easily modeled in the

zebrafish by injecting nephrotoxins, directly inducing damage through surgical

intervention, or by generating transgenic lines that express compounds in a

tissue-specific manner that when exposed to certain drugs promote an apoptotic

response within cells. In this chapter, we provide an overview of these various

approaches as well as discuss many of the contributions that have been achieved

through the use of zebrafish to model kidney disease.
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3.1 Introduction

Animal models are the cornerstones of biomedical research. Over the last two

decades, the zebrafish (Danio rerio) has received an unprecedented amount of

attention within the scientific community (Pickart and Klee 2014). Although mam-

malian models have been a central means of studying human afflictions due to

anatomical and evolutional similarities, there are also limiting factors with their

applications. For example, rodent models are not always the optimal organisms to

model certain conditions, due to factors such as inherent biological differences, the

economical and space costs associated with the care and husbandry of the animals,

or the molecular biology tools available for researching a particular question. A

large degree of functional and genetic conservation between humans and

nonmammalian organisms means that many diseases can be accurately modeled

at the molecular level in a more cost-effective manner by using less complex

organisms, such as flies or worms. With regard to this chapter, the genetic conser-

vation between zebrafish and humans (Howe et al. 2013) has made them a premier

model for efficacious basic and translational research and provided many prospects

for novel ongoing studies (Lieschke and Currie 2007; Santoriello and Zon 2012).

For the purposes of kidney disease modeling, the zebrafish provides a particu-

larly useful system to apply genetic approaches that have been traditionally used in

the aforementioned invertebrate models to answer questions about cellular and

developmental processes within vertebrates (Drummond 2005; Ebarasi et al.

2011). A suite of traits makes zebrafish amenable for organ development and

disease studies in the embryo. For example, zebrafish development occurs ex

utero, and the embryos are optically clear, enabling researchers to readily observe

processes in real time within the context of the whole animal (Kimmel et al. 1995;

Laale 1997). Most importantly, all common vertebrate organs are visible by

120–144 hours post-fertilization (hpf), with many apparent even earlier, at

24 hpf, such as the heart, eyes, and kidney (Rubenstein 2003). Thus, the develop-

ment as well as the onset of metabolic functions for these common organs is not

only fast but can be observed through the transparent embryos.

The zebrafish embryonic kidney, or pronephros, is composed of two blood-

filtering glomeruli fused at the midline that are connected to two epithelial tubules

(each divided into proximal and distal domains) and followed by paired bilateral

pronephric ducts that join at the cloaca, which is where wastes exit the body

(Drummond et al. 1998; Gerlach and Wingert 2013). The pronephros becomes

functional beginning around 48 hpf (Drummond et al. 1998), and the structural

composition of the zebrafish pronephros, as well as the segmentation pattern of the

tubules, is highly conserved to that of the mammalian kidney (Wingert et al. 2007;

Wingert and Davidson 2008, 2011). This high degree of structural conservation

makes the zebrafish a useful counterpart to studies of mammalian kidney develop-

ment (Fig. 3.1) (also discussed in Chap. 2).

The adult kidney is also useful to model advanced developmental stages as well

as renal afflictions that affect mature tissues. At around 12–14 days post-
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fertilization (dpf), the adult form, known as the mesonephros, begins to develop,

with the progressive addition of new nephrons to the existing bilateral pair (Diep

et al. 2015). When mesonephros generation is complete, the zebrafish possesses a

more complex branched arrangement of nephron units within the kidney, but the

nephrons show the same segmental composition (McCampbell et al. 2014, 2015).

Mammals contain a fixed number of nephrons after birth and cannot regenerate or

produce more after they are destroyed (Stocum 2012). Interestingly enough, in

organisms such as the zebrafish or the goldfish, new nephrons keep being added to

the existing blood-filtering array throughout the lifetime of the animal in response

to a naturally increasing biomass (Reimschuessel et al. 1990; Reimschuessel and

Williams 1995; Zhou et al. 2010; Diep et al. 2011). This phenomenon known as

neonephrogenesis also occurs after kidney injury (Reimschuessel 2001). Because of

the fundamental similarities between the mammalian and zebrafish kidney struc-

tures, the mesonephros can also be used to study the onset, progression, and

recovery from kidney injury. Although complex in its anatomy, the mesonephros

is relatively conducive to analysis when compared to arrangements of several

thousand nephrons present in the rodent adult kidney (Kroeger and Wingert 2014).

Fig. 3.1 Comparison between human nephron and zebrafish pronephros. There is a high degree of

similarity between the nephron segmentation patterns of both organisms. Abbreviations in the

human nephron: P podocytes, PCT proximal convoluted tubule, PST proximal straight tubule, TL
thin limb, TAL thick ascending limb, MD macula densa, DCT distal convoluted tubule, CD
collecting duct. Abbreviations in the zebrafish pronephros: P podocytes, N neck, PCT proximal

convoluted tubule, PST proximal straight tubule, DE distal early, CS corpuscle of Stannius, DL
distal late, PD pronephric duct, C cloaca
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In this chapter, we will discuss the versatility and advantages of the zebrafish

pronephros and mesonephros kidney as models for renal disease, along with the

various tools that have been implemented to study these systems in recent years.

3.2 Forward Genetic Approaches

One of the ways that zebrafish researchers can assess developmental dynamics is

through the use of forward genetics, which involves identifying genes responsible

for a specific phenotype. Because of the recently discussed advantages of zebrafish

development, this organism can be subjected to large-scale forward genetic screens

that produce a large number of mutants for analysis (Fig. 3.2).

Fig. 3.2 Diagram of forward genetic screen approaches in the zebrafish model. F0 Generation:

Mutagenized males are crossed with WT females to generate F1 families. F1 Generation: Hetero-

zygotes are selected based on their phenotype and then outcrossed to expand the heterozygote

population and generate F2 families. F2 Generation: Heterozygotes of the F2 generation are

incrossed to bring the desired mutant phenotype to homozygosity. F3 Generation: Homozygous

mutant is analyzed to identify the genetic cause of the observed mutant phenotype
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3.2.1 Mutagenesis Screens

In a mutagenesis screen, adult males are exposed to an agent such as the chemical

mutagen ethylnitrosourea (ENU), which induces random point mutations in their

spermatogonial stem cells (Solnica-Krezel et al. 1994; Driever et al. 1996). The

mutagenized males are then crossed with wild-type (WT) females to transmit the

mutations onto their progeny. The F1 generation is then outcrossed with WT

females in order to expand the heterozygote population, after which the resulting

heterozygotes of the F2 generation are incrossed in order to produce homozygous

mutants for analysis. Random mutagenesis screens can also be performed through

exogenous DNA insertion. Although less efficient than chemical mutagenesis, the

insertional mutagenesis method can greatly accelerate the identification of mutant

genes (Amsterdam et al. 1999). This method involves inserting an exogenous DNA

sequence, such as a retroviral vector, into the zebrafish genome to produce random

mutations (Amsterdam and Hopkins 2006). The insertions can then serve as tags

that can be used to identify the mutated gene in question. Both chemical and

insertional mutagenesis screens can produce a multitude of mutants, where perti-

nent ones are then selected based on a phenotype of interest. Within the nephrology

field, zebrafish mutants have been particularly useful for the study of cystic

diseases.

Polycystic kidney disease (PKD) is a genetic condition characterized by the

formation of multiple liquid-filled cysts within the kidney (Halvorson et al. 2010).

This condition has been connected to mutations in the genes POLYCYSTIN-1
(PKD1) and POLYCYSTIN-2 (PKD2), as well as to overproliferation of the renal

epithelium (Nadasy et al. 1995). PKD can be subdivided into two types: autosomal

dominant (ADPKD) and autosomal recessive (ARPKD). ADPKD is one of the most

common monogenic human disorders, affecting anywhere from 1/400 to 1/1000

live births, so the importance of understanding how this condition arises cannot be

overstated. Using zebrafish mutants obtained through forward genetic mutagenesis

screens, researchers have been able to develop various models of these conditions

that have contributed to the understanding of disease onset and enabled further cell

biological studies.

In a study by Drummond et al., researchers analyzed data obtained from a

previously performed ENU mutagenesis screen for the purposes of identifying

mutations affecting pronephric development (Drummond et al. 1998). Selection

of mutants was based upon a common phenotype of fluid-filled cysts in place of the

normal pronephric tubule. The group was able to identify 18 independent recessive

mutations that affected all of the identifiable parts of the pronephros: the glomer-

ulus, the tubules, and the duct. One of these identified mutants named double bubble
showed glomerular expansion due to fluid buildup at around 40 hpf. By 56 hpf, the

glomerulus was severely distorted and loose. Researchers stated that the aberrant

glomerular morphology suggests that cyst formation was most likely due to early

defects in glomerular structure, specifically with defects that affect filtration pres-

sure. This study was able to link cyst formation with defective glomerulogenesis,
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providing some insight into the primary defects that can be responsible for cyst

formation, which could lead to further insights about PKD pathogenesis.

A subsequent study used insertional mutagenesis to produce zebrafish embryos

containing a similar polycystic renal phenotype (Sun et al. 2004). From this

insertional mutagenesis screen, researchers were able to identify 12 genes whose

disrupted expression causes cysts within the developing zebrafish kidney, one of

which was pkd2, the zebrafish orthologue of human PKD2. Researchers found that

although the pkd2 mutant produced by this screen did not exhibit kidney cysts

before death, this was most likely due to maternal contribution of pkd2 transcript

that carries the embryo through early development. Subsequent morpholino-

mediated knockdown of pkd2 (method discussed in the next section), a process

that targets both endogenous and maternally contributed transcripts, resulted in

glomerular cyst formation, which speaks to the relevance these mutants have to

human PKD.

Interestingly, three of the identified genes are homologues of genes encoding

components of intraflagellar transport (IFT) particles, which are important in cilia

formation. Cilia are microtubule-based organelles present on the cells in most

tissues that serve a variety of metabolic and signaling functions. They have been

shown to function as environmental sensors of mechanical stimuli (Vincensini et al.

2011) as well as signaling centers for various developmental pathways such as

Hedgehog and Wnt (Lancaster and Gleeson 2009). Ciliopathies are conditions

stemming from mutations in genes encoding and/or that process ciliary proteins,

which result in ciliary dysfunction in the form of altered cilia structure or movement

(Tobin and Beales 2008). Renal disease is a common aspect of ciliopathies,

including, but not limited to, cyst formation, fusion of the lobules, and clubbing.

For example, previous studies demonstrate that mutations in a human core

intraflagellar transport gene, IFT80, can cause Jeune syndrome, a condition that

among its characteristics features renal cysts (Beales et al. 2007). This work by Sun

et al. (2004) similarly exemplifies how a forward genetic screen was useful to create

zebrafish PKD models, and how mutants obtained through these screens can lead

researchers to find previously unknown links between kidney cystogenesis and

other cellular processes, providing a clearer picture of the genetic cause of PKD.

3.2.2 Future Directions

Various zebrafish mutants that resemble a number of human kidney-related condi-

tions, as well as developmental defects, are still being discovered from the data

produced by large-scale mutagenesis screens, and used to further elucidate the

mechanisms of disease progression. Some such examples, the locke, switch hitter
(swt), and kurly mutants (Brand et al. 1996; Haffter et al. 1996), which are

characterized by a distinct “curly tail down” phenotype as well as cystic dilations

of the pronephric tubules, were used to study the earlier cellular defects of cyst

formation in the kidney. Sullivan-Brown et al. (2008) observed that locke, swt,
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kurly mutants develop tubular kidney cysts due to ciliary defects ranging from

immotile cilia to cilia that beat irregularly. Analyzing the cilia of pkd2 morphants

revealed that they beat in a coordinated fashion similar to that of WT embryos,

which meant that the glomerular cysts resulting from pkd2 knockdown did not arise
due to defects in cilia motility, but rather another, as of yet unknown mechanism. In

doing this, researchers were able to observe a new mechanism for cyst formation

that differed from what was seen in pkd2 morphants.

Combining the before-mentioned methods with the organism’s ex utero devel-

opment, high fecundity, and the large number of embryos produced after mating,

the zebrafish can be a powerful tool for in vivo drug discovery, looking for potential

therapeutic agents that can ameliorate kidney conditions like PKD. Using a tech-

nique called “chemical genetics,” researchers expose embryos to a small molecule

and then analyze the resulting phenotype within the context of a genetic pathway or

disease of interest to assess the effects on gene expression or the disease phenotype.

For example, Cao et al. (2009) performed a chemical screen for compounds that

ameliorated body curvature and laterality defects, aberrant phenotypes that are

closely associated with kidney cyst formation, in previously identified zebrafish

pkd2 and ift172 mutants. After applying the compounds to the mutant embryos,

researchers were able to identify trichostatin A (TSA), a pan HDAC (histone

deacetylase) inhibitor, as a compound that could modulate both body curvature

and laterality defects. Additionally, they were able to demonstrate how this com-

pound, as well as valproic acid (VPA), a Class I-specific HDAC inhibitor that is

structurally unrelated to TSA that can also modulate body curvature and laterality

defects, was able to suppress kidney cyst formation in pkd2morphants. Through the

use of a chemical genetic screen, Cao et al. (2009) were able to identify HDAC

inhibitors as drug candidates for potential PKD treatments. Because of this and

many other examples, forward genetic screens are a very promising approach that

takes full advantage of the experimental versatility of this animal model.

3.3 Reverse Genetic Approaches

Although forward genetics is great at identifying multiple loci responsible for

disease onset, random mutagenesis makes it hard to produce disease models for

conditions that result from abnormal expression of specific genes because identifi-

cation of mutants is based purely on the aberrant phenotype. Additionally, trying to

identify the specific gene responsible for the observed mutant phenotype through

methods like positional cloning is very work intensive and requires a large amount

of effort. In cases like this, researchers turn to the use of reverse genetics, defined as

the analysis of phenotypical consequences resulting from disruptions in genes of

interest. Simply disrupt or mutate the gene, and then observe how the organism is

affected.
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3.3.1 Morpholino oligos

A standard reverse genetic technique performed on zebrafish is morpholino oligo-

mediated gene knockdown. Morpholino oligos (MOs) are modified, antisense

oligomer molecules that bind to a desired RNA transcript to prevent access of

cell components to a target site on said transcript (Summerton 1999). MOs possess

a nonionic backbone at physiological pH composed of 6-membered morpholine

rings connected through phosphorodiamidate linkages. Because of the inherent

nature of this chemical structure, MOs are highly soluble in aqueous solutions,

highly stable in vivo, and resistant to a variety of enzymes and biological fluids

(Janson and During 2006; Amantana and Iversen 2005; Hudziak et al. 2009). MOs

work transiently in the embryo, where they act to block the ATG start site

preventing translation, or they can block splice sites, which prevents processing

of pre-mRNA into mature mRNA. Using this type of compound does not cause

degradation of the RNA but prevents the biological activity of the RNA until it is

degraded naturally. The process of using MOs involves microinjecting one-cell

stage zebrafish embryos to deliver the oligonucleotide ultimately to all of the cells

of the organism (Fig. 3.3a). This is possible because of the intrinsic high solubility

of MOs, which allows them to diffuse readily throughout the one-cell stage embryo

such that the resulting cells of the organism can subsequently inherit MO mole-

cules. The embryos are then allowed to develop until a desired growth stage, at

which point the specimen can be studied through any number of protocols to

interrogate the phenotype.

The binding affinity of the MO to a desired target sequence regulates its efficacy;

however, MO concentration can be a limiting factor as it could become too diluted

when development has progressed to a sufficient degree, making the MO-mediated

knockdown a transient gene knockdown. Nevertheless, MO effects can be typically

seen within the first three days of development but have also been reported after

5 dpf (Bill et al. 2009). To achieve genetic knockdowns over longer intervals, some

researchers have supplemented the MO levels with more MO into individual or a

small group of cells through techniques like electroporation which involves apply-

ing an electric field to cells in order to increase their permeabilization and introduce

drugs or other molecules into the cell (Eisen and Smith 2008). Although not a

complete gene knockout, this tool can still serve to substantially alter the normal

expression of specific genes and can therefore provide a valuable approach to

generate specific zebrafish models of disease.

One category of renal affliction that has benefited from the use of MOs has been

ciliopathies. Researchers used MOs in zebrafish to generate models for this and

other ciliopathies such as Jeune syndrome, Bardet–Biedl syndrome, Meckel syn-

drome, oro-facial-digital syndrome, and nephronophthisis, screen them for kidney

phenotypes, and then identify compounds that might ameliorate said phenotypes.

Representative gene candidates for all of these conditions were knocked down and

each subsequent morphant developed kidney cysts, random body situs, and a

downturned body axis, all features characteristic of ciliary mutants. These
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Fig. 3.3 Diagrams of reverse genetic techniques used in the zebrafish model. (a) Morpholino

oligonucleotide is microinjected into the one-cell stage zebrafish embryo where it targets and binds

to a specific mRNA strand. This prevents translation of the mRNA strand, drastically decreasing

the amount of functional protein available. (b) CRISPR-Cas9 system. A guide RNA (gRNA) that

specifically targets a gene of interest, as well as Cas9 endonuclease mRNA, is microinjected into

the one-cell stage embryo. The gRNA binds to its target site, where it “guides” the binding of Cas9

which makes a double-strand cut in the DNA sequence. An insertion/deletion (indel) mutation is

then produced through nonhomologous end joining
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ciliopathy models were then used to assay the effects of rapamycin and roscovitine,

two compounds that have been shown to retard or reverse the formation of kidney

cysts (Tobin and Beales 2008). The individual compounds were able to rescue the

renal edema caused by the cysts.

One drawback to using this method however is that, like most antisense tech-

nologies, MOs suffer from some off-target effects (Eisen and Smith 2008). A study

by Kok et al. (2015) compares various mutant zebrafish lines generated through

site-specific genome editing (discussed in next section) to published morpholino

phenotypes. Researchers saw that out of the 20 genes they created mutant lines for,

mutants for 10 of them did not recapitulate the morpholino phenotype, suggesting

that these previously published morphant phenotypes were the result of morpholino

off-target effects. In order to assess the off-target effects of an MO, appropriate

controls are needed, and one of the best ways to do this is to compare the morphant

phenotype to a mutant phenotype, should a mutation in the gene of interest be

available. Validating the effects of one morpholino by analyzing the effects of

another independent morpholino targeting the same gene to see if they are the same

can also serve to assess off-target effects. Additionally, rescue studies can be

performed to assess whether the morphant phenotype can be ameliorated through

co-injection of the morpholino and a form of the targeted RNA (Eisen and Smith

2008). If the RNA for the affected gene is unable to rescue the phenotype, this

suggests that the phenotype is most likely due to off-target effects (Eisen and Smith

2008). Ultimately, when the appropriate controls are applied, these works demon-

strate the effectiveness of MOs as tools for renal disease modeling, as well as how

the resulting models might be used for the development of therapeutics.

3.3.2 Genome Editing

MO knockdown may be an effective way to generate disease models in zebrafish;

however, the nature of the “knockdown” allows for some transcripts to still be

translated into functional protein. To create “knockout” models, in which expres-

sion of a desired gene is completely abrogated, zebrafish researchers have turned to

genome editing approaches. One of the more promising and more recently devel-

oped techniques being used today is the CRISPR/Cas9 system. CRISPRs, an

abbreviation for the term “Clustered Regularly Interspaced Short Palindromic

Repeats,” are short segments of prokaryotic DNA that serve as part of the bacterial

immune system to protect it from foreign DNA elements (Barrangou et al. 2007).

By recognizing and binding to the foreign DNA sequences, they recruit CRISPR-

associated protein 9 (Cas9), an RNA-guided endonuclease enzyme, to degrade

DNA sequence the CRISPR is bound to. Scientists took advantage of this naturally

occurring bacterial immune system to edit the genome of other animal models, such

as the zebrafish (Cong et al. 2013). This type of genome editing begins by designing

a guide RNA (gRNA) that will target a gene of interest and then “guide” the Cas9

protein to that location. Next, a cocktail of gRNA and Cas9 mRNA are
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microinjected into the one-cell stage zebrafish embryo, where the gRNA will bind

to the desired target sequence and the Cas9 mRNA will be translated to produce the

endonuclease enzyme. The Cas9 will then recognize the gRNA, bind to it, and

produce a double-stranded break in the DNA. This break will then be repaired

through nonhomologous end joining, which will result in random indel (insertion/

deletion) mutations that can abrogate gene expression (Fig. 3.3b).

Using this system, researchers can successfully knock out genes that have been

linked to various renal conditions (Anderson et al. 2015). Coding variants of human

aplipoprotein L1 (APOL1) have been attributed to an increased risk of focal

glomerular segmental sclerosis (FSGS) in African Americans; however, very little

evidence exists as to the role of APOL1 in the kidney. Anderson et al. (2015) used

the CRISPR/Cas9 system to create an apol1 knockout zebrafish mutant as a means

of supplementing MO-mediated knockdown studies that try to analyze the role of

this gene in renal function. Analysis of the mutant and morphant phenotypes

revealed the presence of a pericardial edema at 3 dpf, indicative of glomerular

filtration defects. Additionally, analysis of the organization and patterning of

mutant and morphant glomeruli revealed an altered glomerular ultrastructure in

both morphant and mutant embryos that was conducive to a poor glomerular

filtration barrier. Using the CRISPR-Cas9 system, in conjunction with

MO-mediated knockdown researchers were able to establish a solid, well-

evidenced relationship between disease onset and variants of APOL1.
Like most molecular biology techniques, genome editing systems also have their

drawbacks. A study by Rossi et al. (2015) revealed that mutants generated by TAL

effector nucleases (TALENs), an alternative genome editing technique to the

CRISPR-Cas9 system, could potentially be activating compensatory networks to

shield against harmful mutations. Researchers generated mutants for egfl7, a gene
that lacks obvious phenotypes when knocked out in mice and demonstrates severe

vascular tube formation defects when knocked down in zebrafish, frog, and human

cells, and then compared those mutants to egfl7 morphants. They observed that the

severe vascular tube formation defects present in the morphants were either very

mild or not present at all in the mutants. After confirming that the severe vascular

phenotype in the morphants was not due to off-target effects, they proceeded to

analyze both the transcriptome and proteome of morphant and mutant embryos and

saw that emilin3a, emilin3b, and emilin2a transcripts and Emilin3a protein were

upregulated in egfl7 mutants but not in morphant embryos. The emilin genes have

an EMI domain, a key unit of Egfl7 function, and co-injection of emilin gene

mRNA with egfl7 MO revealed that these transcripts could actually rescue egfl7
morphants. These results suggest that the upregulation of these genes within the

egfl7 mutants could serve to compensate for the lack of egfl7. The possibility of

these compensatory networks makes interpreting mutants generated via genome

editing somewhat difficult which is why future studies should utilize both

MO-mediated knockdown and mutants generated through genome editing tech-

niques so as to compensate the drawbacks of each.
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3.3.3 Future Directions

In addition to the MO and CRISPR/Cas9 systems, there are a number of other

methods that are being used in zebrafish that have yet to be applied to the zebrafish

renal field. One such example would be the Cre/loxP system, which has been widely

used in mice to model diseases. Wang et al. (2008) demonstrated how efficient this

system is to investigate genetic pathways in a tissue-specific manner by driving Cre

recombinase under the control of the zebrafish lmo2 promoter, a tissue-specific

promoter expressed in primitive hematopoietic stem cells as well as vascular

endothelial cells. Not only were they able to show that Cre could effectively be

expressed only in specific tissues, but they were also able to show that Cre

expression faithfully recapitulated the endogenous lmo2 expression pattern. Addi-

tionally this system can be adapted to allow for temporal control of a transgene by

expressing a modified version of Cre fused to a mutated hormone-binding domain

of the estrogen receptor (CreER), which can only be activated in the presence of

tamoxifen, a synthetic estrogen receptor ligand (Hans et al. 2009). This study serves

to emphasize the usefulness of this method and denotes a possible way to study

other, more late-onset renal diseases such as adult-onset PKD and renal cancer in

the much simpler zebrafish renal system. A modified version of the CRISPR system

can also be used for this purpose (inducible CRISPR or iCRISPR), by taking

advantage of the Tetracycline-On system. This system uses a mutated version of

the tetracycline repressor fused with virion protein 16 (VP16) called reverse

tetracycline-controlled transactivator (rtTA) to activate expression of a transgene

cassette when exposed to doxycycline, a member of the tetracycline class of

antibiotics. Three expression cassettes are developed for this system: rtTA under

the control of a constitutive promoter, the gRNA under the control of a ubiquitous

promoter, and the Cas9 gene under the control of a tetracycline-dependent pro-

moter. These tetracycline-dependent promoters consist of a tetracycline response

element (TRE) upstream of a minimal promoter. When added, doxycycline binds

with rtTA and changes the rtTA protein conformation, which now means that rtTA

can bind to the TRE, effectively promoting expression of Cas9. The Cas9 then

interacts with the gRNA molecules to produce targeted indel mutation (González

et al. 2014; Dow et al. 2015). This system can also be modified for tissue-specific

knockout by putting expression of rtTA under the control of a constitutively

expressed, tissue-specific promoter like that of cadherin17, which is expressed

exclusively in the zebrafish kidney from 24 hpf to adulthood.

An example of an alternate knockdown system would be the introduction of

synthetic microRNA (miRNA) cassettes into the zebrafish genome to knockdown a

desired gene (Dong et al. 2009; Giacomotto et al. 2015). RNA interference (RNAi)

using synthetic small hairpin RNAs (shRNAs) has been shown to be an efficient

method of posttranscriptional gene silencing in many model organisms (Dong et al.

2009). In combination with the miR-30 miRNA backbone, higher amounts of

shRNAs can be produced. Dong et al. (2009) took the zebrafish homologues of

miR-30 and miR-155 miRNA precursors (pri-miR-30e and pri-miR-155,
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respectively), cloned them into a pCS2 vector, and then replaced the endogenous

miRNA stem-loop sequence with a 24 nucleotide long linker sequence containing

two Bbs I restriction sites. This would allow insertion of a synthetic shRNA stem

loop specific for a desired gene, effectively making a miRNA/shRNA hybrid

construct (mir-shRNA). After determining that targeting the 30 untranslated region

(UTR) resulted in a more potent knockdown of reporter genes, researchers created

miR-shRNA constructs for the genes chordin and α-catenin that, when injected into
embryos, induced efficient knockdown of the two developmentally important

genes. Transgenic zebrafish lines were also successfully created containing these

miR-shRNA constructs under the control of the lineage-specific gata1 promoter,

meaning that not only is this miRNA-mediated knockdown effect heritable but

tissue specific as well. Giacomotto et al. (2015) also induced effective heritable

gene knockdown of smn1 using this approach, effectively reproducing spinal

muscular atrophy (SMA) in zebrafish, an autosomal recessive human disease that

is characterized by motor neuron loss, progressive muscle weakness, and in severe

cases death.

Notably, there has been some controversy regarding the use of RNAi-mediated

knockdown. Zhao et al. (2008) demonstrated how injecting zebrafish embryos with

small interrupting RNAs (siRNAs) specific for six3a and eri1 inhibited endogenous
miR-430 processing, which resulted in many off-target effects such as tail trunca-

tions and distinct morphological features at the mesencephalic–mentencephalic

boundary due to saturation of the miRNA pathway. However, recent studies have

shown that generating transgenic lines that stably express integrated miRNA

constructs for a desired gene of interest can circumvent these off-target effects,

which speaks to the effectiveness of this knockdown method (Dong et al. 2009;

Giacomotto et al. 2015).

Targeted Induced Local Lesions In Genomes, or TILLING, is probably one of

the most recognized reverse genetic techniques currently in use across multiple

fields. It involves screening DNA of randomly mutagenized fish for point mutations

in a gene of interest. Once a mutation has been discovered, either the corresponding

male is bred or its cryopreserved sperm are implanted in a female through in vitro

fertilization until the mutation is brought to homozygosity (Draper et al. 2004). To

date, there has been little to no data obtained using this technique pertaining to the

study of renal disease; however, TILLING is still a good alternative to more

common techniques, such as MOs or CRISPR, as a means to identify kidney

mutants. These zebrafish research technologies are being developed and improved

with each passing day, making said organism an increasingly attractive animal

model for kidney disease.
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3.4 Inducible Damage Models

Acute kidney injury (AKI) is a type of disorder that encompasses a wide range of

factors, with a 50–70% mortality rate within intensive care patients, a rate that has

not changed over the last few decades (Thadhani et al. 1996; Chertow et al. 2005).

Treatments for AKI are extremely limited for patients with more severe cases,

where renal replacement and dialysis therapies are the only treatments shown to be

effective in humans (Thadhani et al. 1996). Mammalian models, such as rats or

mice, of AKI are often difficult to interpret because of a plethora of challenges that

include inaccessibility of the kidney and poor visualization of the renal tubules.

Some alternative models like cell culture have come close but still cannot faithfully

recapitulate the in vivo environment or produce adequate three-dimensional cul-

tures in order to model injury.

Thus, researchers have turned to the zebrafish as a model system to study AKI.

As previously stated, not only does the zebrafish kidney have conserved nephron

structure and segmentation to that of mammalian nephrons, but their embryos and

larvae are translucent, which makes observing changes along the entire length of

the kidney under a microscope quite simple. Additionally, zebrafish have a rela-

tively complex mesonephros that provides a convenient and useful adult setting for

renal studies. Combined with the fact that they produce a large number of offspring

when they breed, and that they have an incredible regenerative capacity after injury

(McCampbell et al. 2015), zebrafish are uniquely qualified to help better elucidate

the mechanisms of AKI progression and recovery.

3.4.1 Nephrotoxins

One of the ways that researchers model AKI in zebrafish is by injecting them with

gentamicin and/or cisplatin, antibiotics that are also known nephotoxins (Fig. 3.4a).

In a study led by Hentschel et al. (2004), the researchers characterized and quan-

tified the effects of gentamicin injection in zebrafish larvae, as evidenced by

histological and functional changes similar to aminoglycoside toxicity in mammals.

Gentamicin injury was characterized by pronephric tubule flattening of the brush

border, distension of the tubules and glomeruli, lysosomal phospholipidosis, accu-

mulation of leukocytes, as well as debris in the tubular lumen. Similar effects were

observed in cisplatin-injected zebrafish kidneys. These changes resulted in

decreased renal function and an inability to maintain fluid homeostasis, resulting

in the development of a pericardial edema.

Because of this ability to recapitulate AKI, nephrotoxins have also been used to

characterize regeneration within the adult zebrafish kidney (Diep et al. 2011;

McCampbell et al. 2015). In particular, McCampbell et al. (2015) analyzed and

mapped the temporal progression of the cellular and molecular dynamics of
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regeneration after gentamicin injury, establishing a regeneration time course dam-

age induction to complete regeneration of proximal epithelial nephron tubules.

Fig. 3.4 Assortment of techniques used to generate acute kidney injury (AKI) in the adult

zebrafish kidney. Diagram of peritoneal nephrotoxin injection, mechanically induced ischemic

injury, and the MTZ-NTR-inducible transgenic model. “X” on kidney diagrams represents AKI
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3.4.2 Mechanically Induced Kidney Insults

Some drawbacks to using nephrotoxins on both larval and adult zebrafish are likely

to include leakage of toxins out of the animal because solubilized liquid compounds

are injected into an organism that lives in an aquatic environment. This may

partially account for variability in the degree of AKI in fish exposed to the same

dosage of antibiotic (Kamei et al. 2015). Consequently, there is no true way to

quantify how much of the drug is actually affecting the fish kidney. As an alterna-

tive, inducing AKI through mechanical means can circumvent this difficulty. In a

study done by Hellman et al. (2010), researchers mechanically obstructed the

zebrafish kidney fluid flow for the purpose of understanding regulation of cilia

function in response to injury by looking at foxj1a expression, an important

transcription factor required for motile ciliogenesis. Researchers took anesthetized

12-month-old fish and made an incision at the level of the distal collecting system.

Next, they used tweezers to pinch off the distal collecting system for 30 s which

produced damage in the form of dilated nephron tubules. After which they

proceeded to allow the fish to recover, along with providing antibiotics to prevent

infection, for a period of 12 h overnight (Fig. 3.4b). Using this mechanical means of

inducing kidney injury, they were able to determine that inducible foxj1a is

essential for cilia beat rate maintenance over a 24-h time period, suggesting that

enhanced cilia function may be an important, previously uncharacterized part of

organ homeostasis.

Another type of mechanical insult used in the field today is laser-mediated cell

ablation (Johnson et al. 2011). Palmyre et al. (2014) utilized focused violet

(405 nm) laser photoablation on a 20–100 μm stretch of pronephric epithelium in

transgenic zebrafish embryos expressing GFP under the control of kidney-specific

promoters (Fig. 3.4c). The rationale behind the use of the 405 nm laser on

GFP-expressing zebrafish is twofold: (1) the GFP would allow for a more focused

and intense beam on a specific area, in this case the fluorescent tissue, and (2) GFP

absorbs light around 405 nm, meaning that the fluorescent protein would serve as an

energy sink to potentiate cell injury. Using this targeted and highly specific method

for inducing injury in the zebrafish embryo, researchers were able to analyze the

mechanisms of renal repair, noting how collective kidney epithelial cell migration

is an early response to injury and how cell proliferation occurs after migration.

3.4.3 Spatial/Temporally Controlled Methods of Kidney
Injury

One of the most significant advances in the last couple of years has been the

development of a noninvasive, tissue-specific method of inducing kidney injury

that is both quantifiable and able to recapitulate more specific and subtle forms of

kidney injury, such as podocyte ablation, which leads to glomerulosclerosis. The
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injury models in question take advantage of bacterial nitroreductase (NTR) and its

ability to convert the prodrug metronidazole (MTZ) into a cytotoxic metabolite

(Zhou and Hildebrandt 2012; Huang et al. 2013). Researchers generated transgenic

zebrafish expressing NTR fused to a fluorescent reporter under the control of the

podocin promoter, so as to only induce injury in the podocytes. After which they

added a specific amount of MTZ to the fish tanks, which was taken in by the fish

through their gills (Fig. 3.4d). Using this system, the researchers were able to create

animal models of glomerulosclerosis to characterize podocyte injury progression,

as well as the mechanisms of recovery (Zhou and Hildebrandt 2012; Huang et al.

2013).

3.4.4 Future Directions

Zebrafish carry with them the immense possibility for answering many questions

pertaining to AKI pathophysiology, as well as injury recovery and regeneration.

Understanding both global and specific kidney damage using the methods described

previously can help physicians provide better care for patients with AKI. Addition-

ally, zebrafish have incredible regenerative capacity after AKI, completely recov-

ering from damage 14–21 days after injury (McCampbell et al. 2015). This is of

significant importance because even though mammals can regenerate their kidney

tubule epithelium, they cannot regenerate nephrons after they are destroyed

(Stocum 2012), by either disease or AKI. By understanding the cellular mecha-

nisms of zebrafish kidney regeneration potential, cell therapies can be developed

that can ameliorate kidney damage.

Another way zebrafish kidney damage models can be used to develop kidney

therapies is when they are used in tandem with chemical genetic screens to find

compounds that can ameliorate kidney damage, enhance kidney injury recovery, or

post-injury fibrosis after AKI. de Groh et al. (2010) performed a chemical screen to

identify compounds that would expand the renal progenitor cell field, explaining

that compounds that expand renal progenitor cell number might also enhance

recovery after injury. In this screen, they identified the HDAC inhibitor methyl-4-

(phenylthio) butanoate (m4PTB) as a compound that expanded the renal progenitor

cell field in a proliferation-dependent manner. Based on the results of this screen,

Cianciolo et al. (2013) induced AKI in both zebrafish larvae and adult mice through

gentamicin injection and ischemic reperfusion (IR) AKI, respectively, and then

treated the organisms with m4PTB to see if this would affect their recovery. m4PTB

treatment after AKI proved to accelerate recovery and survivorship in both

zebrafish and mice, making this compound a potentially viable approach to treating

AKI. These methods of inducible injury, combined with an incredible regenerative

potential and a large molecular biology tool box, have made the zebrafish an

incredible tool for disease study and therapy development.
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3.5 Conclusion

From forward genetic screens to genome editing and inducible injuries approaches,

this chapter has discussed various ways in which the zebrafish can be used to

recapitulate kidney disease and has discussed how these can be used to further

understand disease onset to provide better treatment, and hopefully create new

therapies for patients with renal disease. The question of “how” zebrafish models of

kidney disease and injury can further development of therapeutics, which is the

ultimate goal of understanding any human disease, is one that is constantly being

discussed however.

That being said, no disease model is perfect. There will be instances in which

gene function will diverge between zebrafish and humans and others in which

kidney physiology is too dissimilar in order to create an adequate disease pheno-

type, an example of which would be the lack of intermediate tubule segments in the

zebrafish nephron. Nevertheless, the organism’s experimental versatility, limited in

many ways only by a researcher’s imagination, is vast. The best way to take

advantage of this animal model is to use it in conjunction with mammalian ones

in order to get a clearer picture of the cellular processes taking place during kidney

injury and disease. From a pet store novelty to an important model organism, the

zebrafish has become an invaluable tool for scientific discovery.
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Chapter 4

Use of Xenopus Frogs to Study Renal

Development/Repair

Shoshoni T. Droz and Kelly A. McLaughlin

Abstract The Xenopus genus includes several members of aquatic frogs native to

Africa but is perhaps best known for the species Xenopus laevis and Xenopus
tropicalis. These species were popularized as model organisms from as early as

the 1800s and have been instrumental in expanding several biological fields includ-

ing cell biology, environmental toxicology, regenerative biology, and developmen-

tal biology. In fact, much of what we know about the formation and maturation of

the vertebrate renal system has been acquired by examining the intricate genetic

and morphological patterns that epitomize nephrogenesis in Xenopus. From these

numerous reports, we have learned that the process of kidney development is as

unique among organs as it is conserved among vertebrates. While development of

most organs involves increases in size at a single location, development of the

kidney occurs through a series of three increasingly complex nephric structures that

are temporally distinct from one another and which occupy discrete spatial locales

within the body. These three renal systems all serve to provide homeostatic,

osmoregulatory, and excretory functions in animals. Importantly, the kidneys in

amphibians, such as Xenopus, are less complex and more easily accessed than those

in mammals, and thus tadpoles and frogs provide useful models for understanding

our own kidney development. Several descriptive and mechanistic studies

conducted with the Xenopusmodel system have allowed us to elucidate the cellular

and molecular mediators of renal patterning and have also laid the foundation for

our current understanding of kidney repair mechanisms in vertebrates. While some

species-specific responses to renal injury have been observed, we still recognize the

advantage of the Xenopus system due to its distinctive similarity to mammalian

wound healing, reparative, and regenerative responses. In addition, the first evi-

dence of renal regeneration in an amphibian system was recently demonstrated in

Xenopus laevis. As genetic and molecular tools continue to advance, our appreci-

ation for and utilization of this amphibian model organism can only intensify and
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will certainly provide ample opportunities to further our understanding of renal

development and repair.

4.1 Introduction

The kidney is a vital organ that performs essential homeostatic functions in animals,

thus allowing for survival of a wide variety of species in diverse aquatic and

terrestrial environments. This concept of homeostasis was introduced by the

nineteenth-century French physiologist Claude Bernard, who first coined the term

“milieu intérieur.” Bernard’s commentary on the internal environment had a huge

impact on the American physiologist Homer W. Smith, who extensively studied the

kidney in the 1930s. Smith is known for his eloquence with regard to the impor-

tance of the renal system, and is famously quoted as saying, “Perhaps more than
any other organ, the kidney has allowed the survival and evolution of organisms in
new environments ranging from seawater to dry land. The universal demand for
tissue fluid homeostasis and osmoregulation in diverse habitats has led to the
development of a variety of kidney forms.” Smith summarizes his sentiments by

writing, “It was the view of this physiologist that we achieve a free and independent
life, mentally and physically, because of the constancy of the composition of our
blood. Recognizing that we have the kind of blood we have because we have the
kind of kidneys that we have, we must acknowledge that our kidneys constitute the
major foundation of our physiological freedom” (Smith 1953).

Indeed, the kidney is unique among other organs in the body in its sequential

development through three distinct phases: the pronephros, the mesonephros, and

the metanephros. All vertebrate kidneys progress through two or more of these

stages, which differ temporally and spatially during organogenesis. This successive

development of the renal system allows an organism to survive and function in

vastly different environs during its maturation. For example, the mammalian fetus

develops in utero, but, after parturition, it must survive external to the mother. In

other amniotes (birds and reptiles), embryonic kidneys function differently in the

egg as compared to the mature kidneys found in hatchlings and adults. Similarly,

dramatic changes also occur in kidney development during maturation of both fully

aquatic anamniotes (fish and some amphibians) and semiaquatic amphibians. These

changes are especially essential for amphibians that must transition from aquatic to

terrestrial habitats after metamorphosis as the issue of water conservation becomes

even more critical. This is achieved by the successive nature of renal development,

which replaces each kidney with a more elaborate and multiunit organ. In general, a

more convoluted kidney is capable of accommodating a larger volume of blood

(due to the increased size of a growing organism) and retaining a greater amount of

water during the excretory process (Kardong 2014).

Due to its physiological importance, several organisms, including both verte-

brates and invertebrates, have developed reparative processes to counteract the

78 S.T. Droz and K.A. McLaughlin



detrimental effects of injuring or losing renal tissue. Regrettably, while these repair

phenomena have been observed and studied for several decades, the mechanisms

regulating them are still poorly understood. In general, every incidence of tissue

injury must be addressed by some degree of wound healing, with the initial

inflammatory response largely determining whether an event will proceed toward

regeneration or result in repair dominated by cicatrization (Harty et al. 2003). Both

regenerative and non-regenerative wounds are closed by re-epithelialization; how-

ever, non-regenerative tissues tend to experience excessive matrix deposition

(Raghow 1994; Wynn 2008; Liu 2011). The resulting scar, primarily comprised

of collagen (Stichel 1999; King et al. 2003; Huang et al. 2011), serves to reestablish

the anatomical continuity of the damaged tissue but is unable to restore lost

function. In contrast, wound healing during regenerative events involves

re-epithelialization in the absence of fibroproliferation (Tanaka and Galliot 2009).

Consequently, successful regeneration is characterized by the scar-free restoration

of functional tissues or organs and, in some circumstances, of entire body plans

(Tsonis 2000; Sánchez Alvarado and Tsonis 2006), after damage, disease, casting,

autotomy, or fission. It should be noted that the term “regeneration” is also used to

describe the homeostatic turnover of short-lived cell types such as those found in

blood (Zon 2008), skin (Martin 1997), bone (Huang and Ogawa 2010; Panetta et al.

2010), and the intestinal epithelium (Ishizuya-Oka 2007; Barker et al. 2008).

However, cell replacement during these turnover events is a separate context

from repair and thus is not discussed within this chapter.

The mammalian kidney has a limited capacity for restoring structural compo-

nents after severe damage (Boti et al. 1982; Nonclercq et al. 1992; Imgrund et al.

1999), and, as seen in other non-regenerative organs, its repair is epitomized by

fibrosis caused by chronic inflammation (Hewitt et al. 2008; Wynn 2008; Liu 2011).

This process occurs via the dysregulation of innate and adaptive immune responses

(Wynn and Ramalingam 2012). In contrast to the mammalian system,

fibroproliferation has not been described in regeneration of piscine kidneys (Elger

et al. 2003; Watanabe et al. 2009; Zhou et al. 2010; Diep et al. 2011) or Xenopus
laevis pronephroi (Caine and McLaughlin 2013), and was only briefly observed

after newt mesonephrectomy (Scadding and Liversage 1974). These phylogeneti-

cally basal members of the infraphylum Gnathostomata (jawed vertebrates; Phy-

lum: Chordata, Subphylum: Vertebrata) have retained a more ancestral immunity

(Mescher et al. 2007) and thus are more likely to have an attenuated inflammatory

response to renal damage as compared to their mammalian counterparts. Rather

than become fibrotic, damaged renal structures in tadpoles (Caine and McLaughlin

2013) and fish (Reimschuessel and Williams 1995; Augusto et al. 1996; Salice et al.

2001; Liu et al. 2002; Elger et al. 2003) tend to display a greater propensity for

regeneration.

Notably, all vertebrate kidneys share important characteristics including highly

conserved developmental programs, anatomical similarities (throughout the many

stages of organogenesis as well as during maturity), and physiological function.

These shared characteristics are likely to extend, at least in part, to cellular and

molecular responses initiated after tissue damage. In fact, much of our current

understanding of kidney repair and regeneration has been gleaned from
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investigating nonmammalian renal systems, and some of the most seminal research

in this field has been conducted on juvenile and adult amphibians (Howland 1916;

Swingle 1919; Babaeva 1964; Chopra and Simnett 1969, 1970; Scadding and

Liversage 1974).

In general, there is considerable interspecies variation among reparative and

regenerative capacities, with invertebrates typically exhibiting superior proficiency

to vertebrates (Monks 1903, 1904; Sánchez Alvarado 2000). For this reason, the

regenerative biology community has devoted considerable effort to elucidating

mechanisms of repair with the use of several model organisms (Carlson 1978;

Tsonis 2000; Brockes and Kumar 2002; Tsonis 2002; Slack 2003; Sánchez

Alvarado and Tsonis 2006; Birnbaum and Sánchez Alvarado 2008). While model

animals have historically been selected based on local availability and personal

preference (Nieuwkoop 1996), the recent development of innovative molecular

tools and advances in genetic approaches allow researchers new opportunities to

address complex questions in a wide number of model systems, including amphib-

ians (Stoick-Cooper et al. 2007; Birnbaum and Sánchez Alvarado 2008; Jewhurst

et al. 2014; Bonasio 2015). Among vertebrates, members of the Amphibia class are

outstanding in their ability to regenerate several larval and adult tissues. For this

reason, both orders of amphibians—Urodela (amphibians that retain their tails after

metamorphosis such as newts and salamanders) and Anura (amphibians that resorb

their tails during metamorphosis such as frogs and toads)—have produced a number

of popular model organisms used in regenerative studies (Tsonis 2000).

Xenopus laevis, commonly known as the African clawed/claw-toed frog

(Fig. 4.1), has long been a favorite among laboratory research animals due to its

experimental tractability and rapid speed of embryonic and larval development, as

well as the relative ease with which researchers can culture embryos, raise juve-

niles, and care for adults (Nieuwkoop 1996). Additionally, unlike in mammalian

system, Xenopus embryos and larvae develop independently of the mother and as

such are available for manipulations even at the earliest stages of development.

These characteristics, which have been especially appealing to developmental

biologists, have also allowed Xenopus to emerge as a leading model in regenerative

biology (Beck et al. 2009).

To date, Xenopus has been instrumental in elucidating reparative mechanisms of

several structures including fore- and hindlimb buds (Singer 1951; Dent 1962;

Muneoka et al. 1986; Endo et al. 1997, 2000; Yokoyama et al. 2000; Hayashi

et al. 2015), tail (Beck et al. 2003; Gargioli and Slack 2004; Sugiura et al. 2004;

Tazaki et al. 2005; Mochii et al. 2007; Mondia et al. 2011; Tseng et al. 2011; Love

et al. 2013), intestines (reviewed in Ishizuya-Oka 2007), brain (Endo et al. 2007;

Bernardini et al. 2010), olfactory epithelium (Frontera et al. 2015), spinal cord

(Mu~noz et al. 2015), lens (Yoshii et al. 2007; Malloch et al. 2009; Fukui and Henry

2011; Hamilton et al. 2016), and retina (Sakaguchi et al. 1997; Moshiri et al. 2004;

Yoshii et al. 2007; Lee et al. 2013). Notably, Xenopus has also been a valuable

study system for characterizing the conserved events in kidney development (Vize

et al. 1997; Brennan et al. 1998; Brändli 1999; Carroll et al. 1999a, b; Hensey et al.

2002; Jones 2005; Wessely and Tran 2011) and for investigating the mechanisms of

kidney repair (Chopra and Simnett 1969, 1970; Caine and McLaughlin 2013).
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4.2 Development of the Xenopus Renal System

Organogenesis in the frog Xenopus laevis involves a dramatic ballet of morpholog-

ical changes that occur shortly after fertilization and proceed through metamorpho-

sis to maturation. During early embryogenesis, organogenesis follows the

establishment of the three primary germ layers (gastrulation) to confer shape and

function to developing organs. For most tissues, this process involves cellular

differentiation and morphological rearrangements at the terminal anatomical site.

Kidney development in X. laevis is unique in that it occurs through a series of two

distinct forms, the pronephros and the mesonephros, which vary in location along

the anterior–posterior axis at different stages of embryogenesis (Saxén 1987). Both

kidneys are derived from the intermediate mesoderm (Vize et al. 1995; Dressler

2006; Attia et al. 2012) and develop in response to similar inductive signals

between mesenchymal and epithelial tissues (Vize et al. 1997; Carroll et al.

1999a; Kuure et al. 2000). They develop as bilaterally symmetrical organ pairs

and share the basic functional unit of all vertebrate kidneys, the nephron. To

accommodate the increasing size and requirements of the developing organism,

each successive kidney form increases in nephron number and morphological

complexity (Fig. 4.2).

4.2.1 Overview of Sequential Development During
Vertebrate Nephrogenesis

The pronephros develops first and is the most anterior of all vertebrate kidneys

(Vize et al. 1995). It is the functional kidney found in embryos and larvae of fish

(Armstrong 1932; Drummond and Davidson 2010), urodelean amphibians

(Howland 1916; O’Connor 1940), and anuran amphibians (Jaffee 1954; Møbjerg

et al. 2000) including Xenopus (Vize et al. 1995). In juvenile animals, the

pronephroi exist as a pair of single nephrons located on either side of the body

(Drummond et al. 1998; Carroll et al. 1999b). The pronephros also functions as part

Fig. 4.1 Adult Xenopus
laevis frog. Photo credit:

Hallie Gluk and Elizabeth

Card
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of the adult excretory system in extant species of the primitive Agnathan (jawless)

class of fish such as lampreys and hagfish (Ellis and Youson 1989). In more recently

evolved taxa (reptiles, birds, mammals), the pronephros is functionally vestigial

and exists for a very transient period during embryogenesis (Bremer 1916; Saxén

1987). Despite its impermanence, development of the pronephros is critical for the

formation of the mesonephros and, ultimately, the metanephros (O’Connor 1940;
Vize et al. 1995, 1997; Jones 2005).

As fish and amphibian juveniles develop, eventually the pronephros degenerates

and all urinary and homeostatic functions are taken over by the mesonephros

(Bremer 1916; Carroll et al. 1999a). Mesonephric kidneys are typically comprised

of multiple nephrons (Kingsley 1917; Vize et al. 1997) and develop caudally to the

pronephros (Lipschutz 1998). In adult anamniotes, the mesonephros functions as

the primary excretory organ and is then referred to as the opisthonephros (Barch

et al. 1966; Fedorova et al. 2008). In contrast, the mesonephros in amniotes

functions briefly (a few days to many weeks depending on the organism) during

intrauterine development (Tiedemann and Wettstein 1980; Moritz and Wintour

1999). The mesonephros then regresses (Pole et al. 2002) as the terminal meta-

nephric kidney develops. The metanephros forms posteriorly to the mesonephros

Fig. 4.2 Sequential kidney development in vertebrates. Development of the pronephros, meso-

nephros, and metanephros occurs at distinct spatiotemporal intervals, with the pronephros being

established first at the most anterior location within the body (as depicted). As development

progresses, each kidney degenerates and is replaced by a larger, multi-nephron organ. The

mesonephros functions as the adult kidney in fish and amphibians, while the metanephros serves

this function in reptiles, birds, and mammals. All three kidney forms contain several renal tubules

that connect either directly to a glomerulus or indirectly to a glomus, via the nephrostomes and

coelom. Filtrate flows through the tubules to the ducts and is finally excreted by the cloaca (in fish,

amphibians, birds, and some reptiles) or the bladder (in mammals and some reptiles)

82 S.T. Droz and K.A. McLaughlin



(Fig. 4.2), is comprised of up to a million nephrons per kidney (Saxén 1987), and is

retained throughout adulthood (Lipschutz 1998).

4.2.2 Gene Patterning During Pronephric Kidney
Development in Xenopus

The amphibian pronephros was first identified in the mid-1800s and has previously

been described in great detail (Fox 1963). The anatomical and morphological

characteristics of the Xenopus pronephros, in particular, have been meticulously

outlined by Nieuwkoop and Faber (1994) and by Vize et al. (1997). Compared to

the multi-nephron networks of the mesonephric and metanephric kidneys, the

architecture of the pronephros is relatively simple and development is completed

by approximately 2 days after fertilization, which corresponds to NF stage 37/38 in

Xenopus laevis (Nieuwkoop and Faber 1994). The single nephron of the pronephros
is comprised of three main components: the pronephric corpuscle (consisting of the

glomus and coelom), the pronephric tubules, and the pronephric duct (Fox 1963;

Vize et al. 1997; Brändli 1999) (Fig. 4.2). All three components are also present in

the pronephros that forms during early mammalian renal development and are

histologically, morphologically, and functionally analogous to the nephrons that

comprise mature mammalian metanephric kidneys. As such, the simple Xenopus
pronephros provides a useful model for understanding development, tissue main-

tenance, and reparative mechanisms in more complex kidneys such as those found

in humans.

In fact, several signaling cascades that contribute to pronephric kidney devel-

opment have previously been identified in Xenopus laevis and appear to be well

conserved during mammalian metanephric development as well (reviewed in

Lienkamp 2016). One of the earliest known genetic markers of kidney development

is lhx1 (also known as lim1), a member of the LIM family of homeobox genes

(Taira et al. 1994). In Xenopus laevis, expression of this transcription factor is

critical for specification of cells to a renal fate (Carroll and Vize 1999; Cirio et al.

2011) and for the promotion of tubule growth and elongation as development

progresses (Chan et al. 2000). This phenomenon is also observed in the murine

system in which lim1 is essential for multiple steps in morphogenesis of epithelial

tubules in metanephric kidney development (Kobayashi et al. 2005). Similarly, the

paired homeobox 2 (pax2) gene also encodes a transcription factor that is essential

for development of both pronephric tubules (Drummond et al. 1998) and meta-

nephric tubules (Dressler 1996; Davies and Fisher 2002). Pax2 is detectable in the

pronephric region in 1-day-old Xenopus laevis embryos (NF stage 23; Nieuwkoop

and Faber 1994) after the completion of specification/determination (Heller and

Brändli 1997; Carroll and Vize 1999). This finding suggests a role for pax2 in

pronephric differentiation and/or morphogenesis.
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Additionally, conserved genes and signaling pathways have also been found to

coordinate the process of tubulogenesis during kidney formation in both amphib-

ians and mammals. Among these is the Wnt4 gene, which encodes a secreted

glycoprotein (Stark et al. 1994). Wnt4 is transiently expressed throughout the

pronephric tubule and duct anlagen and then becomes restricted to the dorsolateral

region that will ultimately form the functional pronephric tubules (Vize et al. 2003).

Notably, morpholino-mediated knockdown of wnt4 resulted in the complete loss of

pronephric tubules (Saulnier et al. 2002). Similar outcomes were seen in knockout

studies in murine metanephroi (Stark et al. 1994; Kispert et al. 1998). These studies

indicate that Wnt4 is not required for early inductive activities but does play a

critical role in inducing the mesenchymal-to-epithelial transitions that epitomize

tubulogenesis.

As renal development continues to progress, markers of differentiated cells are

expressed in distinct regions of the pronephros. Most prominent among these are a

variety of ion channels that coordinate specific homeostatic and osmoregulatory

functions including sodium/glucose cotransporters (Zhou and Vize 2004), sodium/

potassium ATPases (Eid and Brändli 2001; Rahman et al. 2015), calcium-binding

senescence marker protein 30 (Sato et al. 2000), sodium bicarbonate transporters

(Zhou and Vize 2004), chloride channel proteins (Vize et al. 2003), sodium/

potassium/chloride cotransporters (Zhou and Vize 2004), and several members of

the solute carrier gene family (Raciti et al. 2008).

4.2.3 Structure and Function of the Xenopus Pronephric
Kidney

Circulating blood is supplied to the kidney by branches of the dorsal aorta, which

connect to each pronephros via a glomus, the vascularized portion of the pronephric

corpuscle. Pronephric gloma are composed of fenestrated endothelial cells and

podocytes (Drummond and Majumdar 2003), which filter nitrogenous waste prod-

ucts from the blood. In fish, a large, single (fused) glomus, located at the embryo

midline, is closely integrated with the nephric tubules and so is referred to as a

glomerulus (Drummond et al. 1998). In Xenopus and other amphibians, the glomus

on either side of the animal connects to a coelomic cavity called the nephrocoele via

the pronephric capsule (the nonvascular component of the pronephric corpuscle;

Brändli 1999). This coelom, which is lined with squamous mesothelial cells

(Wrobel and Süß 2000), is also associated with the mesonephric glomeruli in fish

but is absent in mammalian metanephric kidneys (as depicted in Fig. 4.2).

The glomal filtrate is swept forward by cilia lining the cuboidal epithelial cells of

the nephrostomes (Jaffee 1963). Each thin nephrostome funnels filtrate into the

wider lumen of a branch of the proximal tubules. These tubules are comprised of

columnar epithelial cells that are extensively convoluted at their basolateral mem-

branes to facilitate transepithelial transport, which is also seen in the proximal
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tubules in mammals (Aronson 1989). The apical surfaces of these tubule cells end

in dense microvilli (Møbjerg et al. 2000), and this brush border is responsible for

the majority of osmoregulatory functions performed by the pronephric kidney.

These function include solute reabsorption and pH regulation (Zhou and Vize

2004; Christensen et al. 2008). Resorbed nutrients, salts, and water are returned

to the blood via the venous system surrounding the tubules (Vize et al. 1997). The

actual number of nephrostomes, and corresponding number of proximal tubule

branches, varies among organisms (Vize et al. 2003). In Xenopus laevis tadpoles,
there are three nephrostomes connected to three proximal tubule branches (Brennan

et al. 1998). These dorso-anterior branches connect directly to a common branch of

the proximal tubules called the broad tubule.

Once water and nutrient reabsorption has occurred in the proximal tubules, a

more concentrated urine flows through the proximal broad tubules into the adjoin-

ing distal tubules, which are located more posteriorly. The cuboidal epithelial cells

of the distal tubules lack an apical brush border but have extensive basal membrane

folding (Møbjerg et al. 2000). Nitrogenous waste flows through the narrow lumen

of the distal tubules and into the pronephric duct. In Xenopus laevis, this waste

predominantly contains ammonia with smaller amounts of urea (Balinsky and

Baldwin 1961). The duct, otherwise known as the connecting tubule, is comprised

of a least two distinct types of low cylindrical cells that lack both apical microvilli

and basal membrane folding (Møbjerg et al. 2000). This tube is responsible for

carrying urine to the rectal diverticulum and ultimately to the cloaca (Drawbridge

et al. 2003), from where it is excreted.

While only two cell types are known to comprise the pronephric duct (Raciti

et al. 2008), the pronephric tubules are more extensively segmented. A decade ago,

the proximal and distal tubules in Xenopus were divided into so-called “early”

regions (connected to the nephrostomes) and “late” regions (connected to the

pronephric duct) as described by Zhou and Vize (2004; Fig. 4.3a). However,

through large-scale gene expression mapping, Raciti et al. (2008) have provided

the Xenopus community with a new model for nephron organization that closely

resembles the segmentation seen in mammalian kidneys (Maunsbach and

Christensen 1992). This model introduces the “intermediate tubule” segment

(Fig. 4.3b), which expresses several kidney genes not found in the proximal

and/or distal tubules that adjoin it on either side (Raciti et al. 2008).

Differential gene expression patterns in the nephric regions correspond to a

division of labor among the functional domains of the nephron. Specifically,

expression of several members of the solute carrier gene family indicates that

specialized ion transport channels localize to one or more of the four pronephric

regions (proximal tubule, intermediate tubule, distal tubule, and pronephric duct/

collecting tubule; Raciti et al. 2008). While this hugely impressive undertaking has

provided us with an updated nephron model and many new renal gene expression

profiles, it has also expanded the way we must think about kidney repair. Since

damaged renal tubules in several injury models are often replaced by surviving

tubule cells (Cuppage and Tate 1967; Cuppage et al. 1972; Boti et al. 1982;

Nonclercq et al. 1992; Gobé et al. 1995; Gobé and Buttyan 2002; Bonventre
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2003; Nony and Schnellmann 2003), identifying the source of these cells in any

renal repair or regenerative pathway is paramount to determining the mechanisms

involved.

Fig. 4.3 Pronephric tubule segmentation models. The Zhou and Vize (2004) model of tubule

segmentation (a) designates early (E) and late (L) segments of the proximal (P, green) and distal

(D, blue) tubules in the pronephric kidney. These segments indicate functional domains of the

pronephric tubules. A newer model introduced by Raciti et al. (2008) (b) demonstrates that

pronephric tubules are more highly segmented than previously thought, with differential func-

tional domains established along the proximal tubule segments (PT1, PT2, PT3) and distal tubule

segments (DT1, DT2). This model also introduces a third tubule component, the intermediate

tubule, which is also further segmented (IT1, IT2) by differences in gene expression patterns. This

newer model is similar to the segmentation observed in mammalian kidneys (see Maunsbach and

Christensen 1992). The coelom (C), glomus (G), nephrostomes (N), and pronephric duct (PD) are

also present in the pronephros
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4.3 Xenopus laevis as a Model for Kidney Repair

The position of the pronephros, located dorso-laterally just beneath the transparent

Xenopus tadpole skin, makes this system particularly appealing as a model for

kidney repair research. Its visibility and accessibility have previously provided the

unique advantages of observing patterns of gene expression in situ (Brändli 1999),

examining morphological changes in embryos (Nieuwkoop and Faber 1994; Vize

et al. 1997), and directly observing kidney development in vivo at subcellular

resolution (Lienkamp et al. 2012). Recently, these advantages have also proven to

be useful during mechanical injury studies involving partial pronephrectomies

(Caine and McLaughlin 2013). Moreover, since the genetic programs and cellular

mechanisms that coordinate tissue regeneration are frequently found to be similar to

those that direct early organogenesis (Goldin and Fabian 1978; Sánchez Alvarado

2004; Birnbaum and Sánchez Alvarado 2008), the pattern of renal development

established in the Xenopus model system may be especially beneficial for elucidat-

ing the mechanisms of renal repair in this system (and, by extension, perhaps all

vertebrate kidneys). Although some other visceral organs do appear to have very

different programs for development and regeneration (Dor and Stanger 2007), it is

still useful to infer from mechanisms of organ ontogeny to guide new inquiries into

tissue restoration. This type of comparative investigation is highly productive when

conducted with a model organism in which the development of the organ of interest

has been as well characterized as it has with the Xenopus renal system.

Unfortunately, the pseudo-allotetraploid genome of Xenopus laevis has previ-
ously caused a considerable delay in the development of genetic tools, unlike those

currently available for studying another well-established, nonmammalian model

system, the zebrafish (Danio rerio) (Poss et al. 2003). However, recent advances in
the creation of chemical genetic screening systems (Wheeler and Brändli 2009;

Tomlinson et al. 2012; Wheeler and Liu 2012), as well as targeted gene disruption

via editing technologies including clustered regularly interspaced short palindromic

repeats (CRISPR)/CRISPR-associated protein 9 (CRISPR/Cas9; Wang et al. 2015),

and transcription activator-like effector nucleases/zinc-finger nucleases (TALENs/

ZFNs; Lei et al. 2012; Suzuki et al. 2013; Nadake et al. 2015; Liu et al. 2016),

provide new tools for research with Xenopus. Additionally, the optimization of

optogenetic tools to induce organ damage in Xenopus laevis (Jewhurst et al. 2014)
has further expanded the suitability of this system in repair studies. Importantly, the

Xenopus and mammalian genomes are quite similar (Hellsten et al. 2010), which

may account for the comparable regenerative capacities observed in these two

systems (Gargioli and Slack 2004; Slack et al. 2004). Taken together, these

advantages make the Xenopus system a uniquely suitable model organism with

which to study renal repair.
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4.3.1 Renal Injury Models: Xenopus, Other Amphibians,
Fish, Mammals

Several vertebrate models of kidney disease have been used to investigate the

reparability of nephric structures, most often after damage to the tubule or glomer-

ular basement membrane. Mammalian metanephric kidneys undergo epithelial

replacement, with adjacent surviving cells migrating and proliferating to repopulate

the denuded basement membrane of injured nephrons (Cuppage and Tate 1967;

Cuppage et al. 1972; Boti et al. 1982; Nonclercq et al. 1992; Gobé et al. 1995; Gobé

and Buttyan 2002; Bonventre 2003; Nony and Schnellmann 2003). Compensatory

hypertrophism also occurs in both the injured kidney (Wesson 1989) and the

contralateral kidney (Sheridan and Bonventre 2000; Menè et al. 2003) after renal

damage.

In contrast, neonephrogenesis after renal injury has only been observed in

species of fish (reviewed in Davidson 2011). While acute injury to fish mesonephric

tubules sometimes results in reestablishment of tubule integrity via local cell

proliferation (Reimschuessel and Williams 1995; Salice et al. 2001), both teleost

fish (bony skeletons) and elasmobranch fish (cartilaginous skeletons, e.g., sharks

and rays) also possess the ability to initiate de novo nephrogenesis after chemotoxic

mesonephric injury. This phenomenon has been observed in the zebrafish Danio
rerio (Salice et al. 2001; Liu et al. 2002; Diep et al. 2011; McCampbell et al. 2015),

goldfish Carassius auratus (Reimschuessel and Williams 1995), Japanese rice fish

(also known as the medaka; Watanabe et al. 2009), catfish, rainbow trout, tilapia,

toadfish, and tomcod (Reimschuessel 2001). These fish studies have contributed

immensely to our understanding of the repair response of mesonephroi to chemi-

cally induced nephrotoxicity. However, the fish system is less conducive to

mechanical injury and as such is less well represented in the current literature

(Elger et al. 2003). Partial nephrectomy of the fish pronephros is complicated by the

presence of the centrally fused glomerulus, which lies ventral to the dorsal aorta,

and which is shared by both kidneys (Drummond 2000; Fig. 4.4). Conversely,

amphibian gloma are completely independent of each other and tubules are easily

accessible via the skin (Fig. 4.4).

Although the pronephros is a transient embryonic structure, it is essential for the

survival of aquatic juvenile organisms, who must maintain osmotic balance despite

their surrounding environment. This was established a century ago when Howland

demonstrated that bilateral nephrectomy in the spotted salamander, Amblystoma
punctatum, results in rapid death due to edema (1916). Unilateral nephrectomy,

however, does not result in certain death and thus has been performed repeatedly in

amphibian model systems in an effort to understand the repair response after severe

renal damage in vertebrates (Swingle 1919; Babaeva 1964; Chopra and Simnett

1969, 1970; Scadding and Liversage 1974; Caine and McLaughlin 2013). Impor-

tantly, partial nephrectomy of pronephric tubules is a useful mechanical injury

model for understanding kidney damage caused by obstructive injury or severe

infection (Becker et al. 1999; Mantur et al. 2000). This model is also useful for
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investigating the destruction of nephric tissue experienced by patients with acute

kidney injury or chronic kidney disease. Thus, the repair responses observed after

nephrectomy may provide essential insight into the response of human kidneys to

common causes of renal dysfunction.

In a series of articles published over 40 years ago, Chopra and Simnett described

their studies of proliferation in the Xenopus laevis kidney and revealed the ability of
both the juvenile pronephros and the adult mesonephros to undergo contralateral

hypertrophy in response to unilateral partial nephrectomy (Chopra and Simnett

1969, 1970, 1971; Simnett and Chopra 1969). However, these studies were limited

in their ability to establish the molecular mechanisms mediating this contralateral

phenomenon. In addition, the restorative capacity of the ipsilateral (injured) kidney

was never examined.

Four decades after this exploration of the compensatory hypertrophic response,

Droz (previously published as Caine) and McLaughlin examined the cellular and

molecular events that coordinate repair of the ipsilateral kidney after unilateral

nephrectomy in Xenopus laevis tadpoles (Caine and McLaughlin 2013). To avoid

the inaccessibility and complexity issues inherent with the frog mesonephric

kidney, partial nephrectomy was performed on one pronephros in each

pre-metamorphic, free-swimming, NF stage 37/38 (Nieuwkoop and Faber 1994)

Xenopus laevis tadpole after the completion of pronephric development (Fig. 4.5;

Caine and McLaughlin 2013). The nephrectomy undoubtedly disrupts the proneph-

ric sinus (capillary system) surrounding the tubules, but is performed with negligi-

ble damage to other nephric components (pronephric duct and glomus) and to

Fig. 4.4 The comparative anatomies of pronephric kidneys found in amphibians such as Xenopus
laevis (a) and fish such as Danio rerio (b). Each glomus in the amphibian pronephric kidney

system exists independently of the other, and neither glomus is directly integrated with the

pronephric tubules. In contrast, each pair of fish pronephroi associates with a singular glomerular

unit

4 Use of Xenopus Frogs to Study Renal Development/Repair 89



adjacent structures that flank the pronephros dorsally (somites) and ventrally

(hypaxial muscles). Combined these results demonstrate that unilateral nephrec-

tomy can be used to create mechanical damage to a specific component of the

pronephric kidney in Xenopus laevis tadpoles, while maintaining the integrity of

neighboring tissues (Caine and McLaughlin 2013).

4.3.2 Renal Repair in Xenopus Requires a Permissive
Microenvironment

Droz (previously published as Caine) and McLaughlin (2013) postulate that a

permissive microenvironment must be established in the renal milieu after injury

and must be sustained throughout the repair process in order to achieve successful

restoration of lost structures in Xenopus laevis. Recently, the authors described the

apoptotic (Fig. 4.6) and extracellular matrix (ECM) remodeling patterns (Fig. 4.7)

that follow renal damage and provided the first evidence of tissue regeneration in an

amphibian kidney (Fig. 4.8; Caine and McLaughlin 2013).

The discovery that regenerated Xenopus laevis pronephric proximal tubules

were restored with structural and functional fidelity after massive tissue damage

(Fig. 4.8) provides renewed hope that all vertebrate kidneys may possess a similar

potential for restoration under the correct balance of permissive conditions in the

renal microenvironment. This is supported by the propensity of mammalian prox-

imal tubule cells to proliferate and re-epithelialize denuded tubular basement

Fig. 4.5 Partial unilateral nephrectomy is performed on pronephric proximal tubules in free-

swimming, premetamorphic Xenopus laevis tadpoles. Animals were briefly anesthetized with

0.04% tricaine and nephrectomized as depicted in panels (a–f). However, to better visualize the

semitransparent pronephric tubules typically removed during this technique, the tadpole

photographed in this figure was euthanized, fixed in formaldehyde, and assayed for Na,K-ATPase

α5 protein expression via immunohistochemistry (a, black arrow). A small incision is made

adjacent to the gill slit, in the skin covering the proximal tubules (b), and a large portion of the

proximal tubules is excised (c–f). For more details, see Caine and McLaughlin (2013)
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membranes under permissive conditions (Cuppage and Tate 1967; Cuppage et al.

1972; Boti et al. 1982; Nonclercq et al. 1992; Gobé et al. 1995; Gobé and Buttyan

2002; Bonventre 2003; Nony and Schnellmann 2003). However, since it is still

unknown which molecular mediators are governing these repair events, it is critical

that further analysis of the extracellular matrix components and remodeling events

be performed in future kidney repair studies.

At this time, it appears that early ECM remodeling, as indicated by a significant

upregulation in mmp9 (previously Xmmp9) expression, promotes tubule regenera-

tion (Caine and McLaughlin 2013). Since the expression of mmp9 also increases at

later stages in the renal repair process, it is likely that ECM remodelers may play

dualistic roles in the vertebrate renal repair response (Fig. 4.7). Interestingly, the

ECM has also been shown to be critical during renal development, where it pro-

vides both a scaffold for spatial organization and a source of growth factors

necessary for inductive signaling (Lelongt and Ronco 2003). Taken together,

these data further emphasize the delicate balance that must be achieved within a

permissive tissue microenvironment in order to successfully accomplish both renal

development and repair/regeneration of pronephric kidney structures.

Fig. 4.6 Nephrectomized tadpoles have increased levels of apoptosis during the first 24 h post-

surgery. A significant increase in the number of nephrectomized tadpoles expressing active

Caspase 3 protein (as compared to both damage controls and unoperated sibling controls) was

observed throughout the first day post-surgery (a). This number decreased significantly by the

second day and remained at low levels throughout the remainder of the first week post-surgery.

25–70 animals from each treatment group were assayed at each time-point examined. Error bars

indicate standard error among 2–3 replicates/group. Asterisks denote single-factor ANOVA tests

among different groups at the same time-point: *p < 0.05; **p < 0.001. Photographs are lateral

views (anterior to the left) of an unoperated sibling control (b), damage control (c), and

nephrectomized tadpole (d), at 12 h post-surgery. White circle indicates renal area with active

Caspase 3-expressing cells. Figure reproduced with permission from Caine and McLaughlin

(2013)
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4.3.3 Renal Repair in Xenopus and the Inflammatory
Response to Damage

Importantly, a remarkable regenerative capacity has been described in several

organs in amphibians (Brockes and Kumar 2002; Nye et al. 2003; Sánchez

Alvarado and Tsonis 2006). These findings support a prevailing hypothesis in

regenerative biology, which posits that the evolution of adaptive immunity corre-

lates, and perhaps contributes, to the restriction of regenerative ability (Mescher

and Neff 2004). Further evidence of this is seen in invertebrates, which completely

lack adaptive immunity and have outstanding regenerative capacities (Monks 1904;

Bryant 1971; French and Domican 1982; Carnevali et al. 1995; Kobayashi et al.

1999; Mito et al. 2002; Bode 2003; Scimone et al. 2011; Wenemoser et al. 2012).

Adaptive immunity originated with jawed vertebrates (Flajnik and Du Pasquier

2004) but is less evolved in anamniotes as compared to mammals (Robert and

Cohen 1998; Menger et al. 2010). Additionally, adaptive immunocompetence

varies among amphibians in many ways: between anurans and urodeles (Mescher

and Neff 2004), between larval and adult stages of anurans (Robert and Cohen

1998), and between different stages during anuran larvae development (Fukazawa

et al. 2009). For these reasons, amphibian model systems provide a unique

Fig. 4.7 Xenopus laevis tadpoles expressmmp9 in a biphasic pattern after unilateral nephrectomy.

In situ hybridization analysis demonstrated that mmp9 (Xmmp-9) expression was dramatically

upregulated in both nephrectomized and damage control groups within 3 h of injury. Significantly

more nephrectomized tadpoles displayed this phenotype between 12 and 24 h post-surgery. This

number decreased by 2 days post-nephrectomy (dpn) and remained low until 5 dpn, at which time

a second phase of mmp9 upregulation began on the ipsilateral side of only nephrectomized

tadpoles. This phase persisted through 7 dpn (a). 25–70 animals from each treatment group

were assayed at time-points examined. Error bars indicate standard error among 3–5 replicates/

group. Asterisks denote single-factor ANOVA tests among different groups at the same time-point:
*p ¼ 0.05; **p < 0.005. Photographs are lateral views (anterior to the left) of unoperated sibling

controls (b and e), damage controls (c and f), and nephrectomized tadpoles (d and g), at 12 h (b–d)

or 7 days (e–g) post-surgery. Black circles indicate renal area in each tadpole. Figure reproduced

with permission from Caine and McLaughlin (2013)
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opportunity to demonstrate the relationship between adaptive immunity and repar-

ative capacity.

Urodeles, which are immunodeficient compared to anurans (Mescher and Neff

2004), retain the ability to regenerate from juvenile stages through to adulthood

(Graver 1978; Ferretti et al. 1991; Thouveny et al. 1991; Simon et al. 1995;

Mescher 1996; Ghosh et al. 1996; Torok et al. 1998; Gardiner et al. 1999; Flink

2002; Imokawa and Brockes 2003; Bettencourt-Dias et al. 2003; Lévesque et al.

Fig. 4.8 Regenerated proximal tubules are functional 3 weeks after pronephrectomy. All

unoperated control kidneys reabsorbed fluorescently tagged bovine serum albumin (BSA) into

proximal tubules (a–b), as confirmed by the expression of the proximal tubule-specific protein,

3G8 (c). Some nephrectomized tadpoles regenerated coiled tubules, which reabsorbed fluores-

cently tagged BSA (d–e) and expressed 3G8 (f) as well. Comparable coiled morphology, BSA

reuptake capability, and 3G8 expression were also seen in all unoperated contralateral proximal

tubules (g–i). Photographs are lateral views of proximal tubules in representative tadpoles, anterior

to the left in (a–f), and to the right in (g–i). BF bright field. Broken outlines: proximal tubules.

Solid outlines: distal tubules. Figure reproduced with permission from Caine and McLaughlin

(2013)
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2005). Anurans like Xenopus, however, simultaneously develop adaptive immunity

and lose regenerative capacity as they approach metamorphosis. This regenerative

decline has been most clearly demonstrated in the froglet/frog limb (Thorton and

Shields 1945; Muneoka et al. 1986; Suzuki et al. 2006). Premetamorphic anuran

tadpoles, on the other hand, have remarkable regenerative abilities (Singer 1951;

Dent 1962; Endo et al. 1997, 2000, 2007; Sakaguchi et al. 1997; Yokoyama et al.

2000; Beck et al. 2003; Gargioli and Slack 2004; Tazaki et al. 2005; Ishizuya-Oka

2007; Mochii et al. 2007) and concomitantly rely primarily on their innate immu-

nity throughout these larval stages (Robert and Cohen 1998; Mescher and Neff

2004).

Among anurans, Xenopus laevis (larvae and adults) remain the preferred

nonmammalian model for studying the ontogeny and phylogeny of the immune

system (Du Pasquier et al. 1989; Goyos and Robert 2009; Robert and Ohta 2009;

Robert and Cohen 2011; Nedelkovska et al. 2013). Fortunately, Xenopus also

provides a useful system in which to investigate the relationship between immunity

and regeneration. Adult frogs are typically limited in their regenerative capacity

(Bertolotti et al. 2013), with some evidence suggesting that ontogenetic loss of

regeneration correlates to development of the adaptive immune system (reviewed in

Godwin and Rosenthal 2014). Xenopus tadpoles have a greater capacity for regen-

eration, which has been extensively investigated in the tail and larval limb buds

(Christen et al. 2003; Gargioli and Slack 2004; Mochii et al. 2007; Tseng and Levin

2008). These structures are regeneration incompetent during specific stages of

development (Muneoka et al. 1986; Slack et al. 2004; Mescher et al. 2013), and

high-throughput studies between regenerative and non-regenerative hindlimb buds

have indicated differential expression of several immunomodulatory genes (King

et al. 2003; Grow et al. 2006). Similarly, tails amputated during refractory and

regenerative (both pre- and post-refractory) periods displayed distinct immune

responses, including a loss of regenerative capacity as development of the T-cell

population progressed (Fukazawa et al. 2009).

These studies clearly demonstrate an intimate relationship between adaptive

immunity and regeneration in tadpole limbs, but it is not yet known if a similar

pattern is found in visceral organs such as the kidney. However, we can use this

knowledge of the role of immunity in tadpole repair to inform future investigation

on pronephric regeneration. Specifically, since the adaptive immunity is not active

in Xenopus tadpoles until 12 days post-fertilization (Smith et al. 2002; Tomlinson

et al. 2008), which corresponds to NF stage 49 (Nieuwkoop and Faber 1994), renal

damage can be induced earlier as was done by Droz (previously published as Caine)

and McLaughlin (2013) with tadpoles at NF stage 37/38 (Nieuwkoop and Faber

1994). Presumably, the microenvironment that is created after this type of damage

will involve an inflammatory response dominated by innate immune cells. These

cells are likely members of the phagocytic myeloid lineage, which include neutro-

phils and macrophages (Smith et al. 2002; Robert and Ohta 2009). Macrophage

recruitment, in particular, may be responsible for mediating early cellular events

that are required for successful pronephric proximal tubule regeneration. Prelimi-

nary data from the McLaughlin laboratory at Tufts University suggest that these
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cells may be expressing the critical matrix metalloproteinase mmp9 previously

observed during a very early window of pronephric repair (Fig. 4.7) and that the

proteolytic activity of this ECM remodeler is crucial for tubule regeneration in

Xenopus laevis (personal communication).

While chemical signaling and structural scaffolds established during inflamma-

tion and wound healing may strongly influence the repatterning of tissues during

renal regeneration, successful restoration is also dependent on a source of cells to

replace lost structures. In fact, with a few exceptions (such as morphallaxis and

metaplasia), regeneration typically requires a source of undifferentiated cells in

order to rebuild damaged tissues. This source may be attained by one (or a combi-

nation) of three mechanisms: local de- or transdifferentiation of cells that survive

the injury, dedifferentiation of undamaged neighboring cells that will contribute to

the regenerate, and/or proliferation of a reserve progenitor cell population, which

often retains some levels of oligo- or multipotency (Tanaka and Reddien 2011).

In mammalian kidneys, surviving renal cells are the primary cellular source for

repopulating damaged tubular basement membranes (Cuppage and Tate 1967;

Cuppage et al. 1972; Nonclercq et al. 1992; Gobé et al. 1995; Gobé and Buttyan

2002; Bonventre 2003; Nony and Schnellmann 2003). In several different injury

models, the absence of surviving tubule cells has been shown to severely attenuate

renal repair and diminish renal function (Cuppage et al. 1972; Venkatachalam et al.

1978; Kovacs et al. 1982; Wallin et al. 1992; Witzgall et al. 1994; Kays and

Schnellmann 1995; Nadasdy et al. 1995; Humphreys et al. 2008). Recently, it has

also been shown that a complete loss of proximal tubules after nephrectomy is

correlated with ablation of the regenerative capacity in the Xenopus pronephric

kidney (Caine and McLaughlin 2013). At this time, it is unknown whether surviv-

ing pronephric tubule cells dedifferentiate and revert to a more mesenchymal state

prior to reconstruction of the tubule, as is seen in mice (Humphreys et al. 2006).

4.4 Conclusion

Elucidating the mechanisms of kidney development and repair certainly requires an

appreciation for the formation, growth, maintenance, and function of the renal

system. However, to discover these mechanisms, researchers must also methodi-

cally explore both the nephric components themselves as well as the surrounding

milieu that supports this system. As described herein, Xenopus as a model organism

is particularly suitable for this type of investigation due to its accessibility, rela-

tively simple renal system, and unique position within the evolutionary history of

the vertebrate lineage (i.e., comparable to regenerative urodele amphibians and

non-regenerative mammals).

The anatomical and morphological changes that epitomize renal development

have fascinated scientists for decades and have been eloquently described in

Xenopus (Nieuwkoop and Faber 1994; Vize et al. 1997). These reports were later

expounded by advances in molecular and genetic tools that allowed researchers to
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investigate the inducers and effectors, which coordinate the distinctive develop-

mental patterns involving the three different organ forms: the pronephros, meso-

nephros, and metanephros. Knowledge gained through these studies has contributed

greatly to the fields of renal physiology and nephrology and has laid the foundation

for the study of renal repair and regeneration.

Older repair research done in amphibians involved unilateral induction of

mechanical damage via pronephrectomy. These studies mainly focused on the

morphological response of the unmanipulated kidney and demonstrated that this

contralateral kidney becomes swollen and hypertrophic to compensate for the loss

of its counterpart (Howland 1916; Swingle 1919; Fox 1963; Babaeva 1964; Chopra

and Simnett 1969, 1970; Scadding and Liversage 1974). More recently, the

reparability of the injured pronephros was determined, both morphologically/his-

tologically and with the use of molecular tools to characterize the gene expression

profiles of cells comprising both the wound site and the regenerate (Caine and

McLaughlin 2013). Moreover, Droz (previously published as Caine) and

McLaughlin demonstrate for the first time that Xenopus laevis tadpoles are capable
of regenerating functional pronephric proximal tubules and that this process may be

completed within three weeks of partial unilateral nephrectomy in a subpopulation

of tadpoles.

Matrix metalloproteinase 9, a key component of the amphibian wound healing

and regenerative response (Yang et al. 1999; Carinato et al. 2000), appears to play a

critical role during the early stages of renal repair observed in Xenopus laevis
(Caine and McLaughlin 2013). Interestingly, this tightly regulated secreted member

of the MMP family of proteases has also been implicated in several kidney disease

models (McMillan et al. 1996; González-Avila et al. 1998; Lelongt et al. 2001a;

Yang et al. 2002; Chromek et al. 2003; Bengatta et al. 2009; Liu et al. 2009; Yao

et al. 2009; Wang et al. 2010; Kunugi et al. 2011). The difficulty with studying

MMP9 is that this enzyme has several substrates, including both ECM and

non-ECM components, and thus the active protein has several potential (and actual)

roles in the wound environment (Legallicier et al. 2001; Lelongt et al. 2001b;

Bengatta et al. 2009). MMP9 has been shown to be involved with both the synthesis

and the degradation of the ECM and can function in both anti-fibrotic and

pro-inflammatory contexts. Most of these roles have been described in mammalian

metanephric kidneys, which can repopulate denuded basement membranes during

acute renal injury (Boti et al. 1982) but experience fibrosis (renal scarring) under

chronic conditions (McMillan et al. 1996; Liu et al. 2009; Wang et al. 2010).

However, the multifaceted (and often unpredictable) nature of MMP9 in renal

repair is likely not limited to re-epithelialization or fibrotic events in mammalian

kidneys, but rather may also play a critical role during Xenopus laevis pronephric
proximal tubule regeneration (Caine and McLaughlin 2013). Although the function

of MMP9 during Xenopus laevis renal repair is still unclear, this study indicates that
early protease activity after injury promotes regeneration in this system. It is

possible that MMP9 may be mitigating the cellular processes that cause

fibroproliferation, thereby creating a microenvironment at the wound site that is

more permissive for subsequent regeneration, as has been described in both
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regenerative pathways (Ingber and Levin 2007) and cancer progression (Noël et al.

2008). The characteristics of such a microenvironment remain unknown, and thus

downstream effects of this mmp9 expression and MMP9 activity need to be further

investigated.

Elucidating the roles of MMP9 and other mediators of renal repair/regeneration

in Xenopus may reveal potential therapeutic targets for enhancing the regenerative

capacity of mammalian metanephric kidneys. Humans, like most mammals, have a

very limited regenerative capacity, relying instead on localized wound healing with

minimal restoration of lost structures. Tissue regeneration would be an incredibly

beneficial therapeutic tool to address the pathology associated with several human

diseases, specifically those with current treatments limited to invasive organ/tissue

transplant. As such, determining the role for this protease in the Xenopus laevis
pronephric model is paramount to understanding how MMP9 may mediate verte-

brate renal repair in general. Just as the Xenopus system has afforded researchers

insight into the developmental programs that coordinate renal patterning, it is also

likely that this model organism will be valuable for revealing important events in

renal regeneration that may be induced in the human kidney. Determining the

cellular mechanisms that regulate these reparative and regenerative events would

be beneficial for the development of renal disease therapies and would also con-

tribute to distinguishing between species-specific adaptations in kidney repair

mechanisms.

Moving forward in the genomic era, researchers are taking advantage of the

ability to examine gene function using new and innovative approaches. For exam-

ple, customizable genome editing technologies such as TALENs and ZFNs (Lei

et al. 2012; Suzuki et al. 2013; Nadake et al. 2015; Liu et al. 2016) and, more

recently, CRISPR/Cas9 (Wang et al. 2015) have been successfully used in Xenopus
to create precise, targeted changes to the genome of living cells (reviewed in

Tandon et al. 2016). Future studies that take advantage of this versatile, externally

developing vertebrate using genome-edited Xenopus in combination with

established injury models such as the partial unilateral pronephrectomy will greatly

enhance our ability to understand gene function during development, repair, and

regeneration of the kidney.
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Chapter 5

Tissue-Specific Functions of p53 During

Kidney Development

Zubaida Saifudeen

Abstract p53 is best identified as a tumor suppressor for its transcriptional control

of genes involved in cell cycle progression and apoptosis. Beyond its irrefutable

involvement in restraining unchecked cell proliferation, research over the past

several years has indicated a requirement for p53 function in sustaining normal

development. Here I summarize the role of p53 in embryonic development, with a

focus on knowledge gained from p53 loss and overexpression during kidney

development. In contrast to its classical role in suppressing proliferative pathways,

p53 positively regulates nephron progenitor cell (NPC) renewal. Emerging evi-

dence suggests p53 may control cell fate decisions by preserving energy metabo-

lism homeostasis of progenitors in the nephrogenic niche. Maintaining a critical

level of p53 function appears to be a prerequisite for optimal nephron endowment.

Defining the molecular networks targeted by p53 in the NPC may well provide new

targets not only for regenerative medicine but also for cancer treatment.

5.1 Introduction

TP53 is the most commonly mutated gene in cancer with nearly half of all human

cancers showing protein loss or mutation (Olivier et al. 2010). Somatic frameshift and

nonsense mutations account for loss of wild-type protein. More prevalent, however,

are the somatic missense point mutations resulting in a single amino acid substitution

that encode a stable mutant protein with a gain-of-function phenotype (Olivier et al.

2010; Muller Patricia and Vousden 2014). Of the cancers that do not have mutations

in the p53 gene locus, a vast majority exhibit mutations or altered levels ofMdm2, the

negative regulator of p53 (Onel and Cordon-Cardo 2004; Zhang and Lu 2009). p53 is

best known for maintaining genome stability and as an inhibitor of cell proliferation

pathways; however, research in recent years has expounded the role of p53 as much
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more than a tumor suppressor (Molchadsky et al. 2010; Bondar and Medzhitov 2010;

Cicalese et al. 2009; Balaburski et al. 2010; Bensaad et al. 2006; Donehower 1996;

Park et al. 2009). Here, I discuss the roles of p53 and Mdm2 in kidney development

and their impact on cell fate in nephrogenesis.

5.2 p53 Gene Expression and Protein Stabilization

p53 expression is ubiquitous early in mouse embryogenesis until nearly

mid-gestation (Molchadsky et al. 2010; Schmid et al. 1991; Komarova et al.

1997), after which time expression is restricted to specific tissues during organo-

genesis. Full-length human p53 is a 393 aa (390 aa mice) protein, expressed from a

gene with 11 exons (Brady and Attardi 2010). Twelve isoforms have been identified

that occur from alternative splicing, alternate promoter usage, and alternate trans-

lation start sites (Khoury and Bourdon 2011).

p53 is a short-lived protein with a half-life of 5–20 min in most cell types

(Giaccia and Kastan 1998; Liu et al. 1994). p53 levels as well as its activity are

primarily regulated by stimuli-induced post-translational modifications (PTMs)

(Giaccia and Kastan 1998; Loughery 2013; Dai and Gu 2010; Kruse and Gu

2008, 2009; Vousden and Prives 2009; Meek and Anderson 2009). The number

and combinations of the PTMs—the PTM signature—drive context-specific path-

way activation. Protein stability and function are controlled by phosphorylation

(ATM, CHK1/2, CK, AMPK, p38MAPK), acetylation (histone acetyltransferases

or HATs—CBP, PCAF, etc.), poly-ubiquitination (MDM2/4, PIRH2, etc.),

sumoylation (PIAS), neddylation (MDM2, FBXO11), and methylation (PRMT5,

G9a, etc.) (Dai and Gu 2010; Meek and Anderson 2009; Knights et al. 2006; Ivanov

et al. 2007; An et al. 2004; Jansson et al. 2008; Schmidt and Müller 2002) [Fig. 5.1,

Fig. 5.1 p53 protein functional domains—TAD Transcription Activation Domain, PRD Proline-

Rich Domain, DBD DNA Binding Domain, OD Oligomerization Domain, CRD C-terminal

regulatory domain. Regions of the protein that undergo various PTMs are shown along with

examples of the modifying enzymes in parentheses. The hotspots for point mutations found in

cancers mostly occur in the DBD [From (Dai and Gu 2010; Meek and Anderson 2009; Vousden

and Lane 2007)]
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from (Dai and Gu 2010; Meek and Anderson 2009; Vousden and Lane 2007)].

Given the critical role of the PTMs in controlling stability and function, phospha-

tases (PP1, PP2A, etc.), deacetylases (HDAC1, KMD1, SIRT1), and

deubiquitinases (HAUSP, PDCD5, etc.) are essential factors in determining dura-

tion of activity (Meek and Anderson 2009; Jenkins et al. 2012; Brooks and Gu

2006; Park et al. 2015). Tight control of p53 activity is essential for maintaining

cellular and tissue homeostasis. Unmodified p53 is a target for MDM2 which binds

to p53, blocks its transcriptional activity, and promotes p53 degradation through the

ubiquitin proteasome system. Phosphorylation sites overlap Mdm2 binding site in

the N-terminus of p53; thus, modified p53 is stable because it is refractory to

binding and ubiquitination by Mdm2 (Meek and Anderson 2009).

Modified p53 binds to DNA and transcriptionally regulates expression of genes

in diverse pathways that impact cell fate—cell cycle arrest, apoptosis, senescence,

autophagy, cell migration, metabolism, differentiation, and self-renewal (Bensaad

et al. 2006; Brady and Attardi 2010; Gadea et al. 2007; Gottlieb and Vousden 2010;

Hwang et al. 2011; Schoppy et al. 2010; Tasdemir et al. 2008; Xu 2005; Tang et al.

2006; Milyavsky et al. 2010; Menendez et al. 2009; El-Deiry et al. 1993; Kastan

et al. 1992). The inherent structural plasticity of the DNA-binding domain (DBD)

enables binding to a consensus binding site that is highly degenerate and often gene

context specific (Brady and Attardi 2010; Menendez et al. 2009; Joerger and Fersht

2008). The 20 bp binding site consists of two head-to-head or head-to-tail

decameric palindromes separated by 0–13 bp (Kruse and Gu 2009; Ho et al.

2006; el-Deiry et al. 1992). Each decamer is an inverted repeat of the pentamer

50-RRRCW/WGYYY-30, each of which binds a p53 monomer; thus, p53 is bound

as a tetramer, multimerizing via the oligomerization domain (Fig. 5.1). The PTMs

contribute to site selectivity based on the DNA sequence and also possibly by

facilitating interactions with auxiliary proteins activated in response to specific

stimuli (Kruse and Gu 2009). The N-terminus contains the transcription activation

domain (TAD) (Fig. 5.1); by undergoing disordered-to-ordered transitions, the

TAD enables interaction of p53 with numerous target proteins with high specificity

to assist transcriptional regulation (Kruse and Gu 2009; Joerger and Fersht 2008).

The PTMs dictate interactions of proteins with p53, enabling stimuli-specific

cellular output (Fig. 5.2).

Mdm2 tightly regulates p53 levels such that baseline protein levels are low with

a short half-life unless stabilized upon stress-induced PTMs as discussed above

(Moll and Petrenko 2003; Iwakuma and Lozano 2003). Loss of Mdm2 is embryonic

lethal due to unchecked transcriptional and apoptotic activities of p53 (Montes de

Oca Luna et al. 1995). Although p53-independent functions of Mdm2 are starting to

emerge (Bouska and Eischen 2009; Wienken et al. 2016), the rescue of embryonic

lethality of Mdm2-null mice by p53 deletion indicates that a major function for

Mdm2 is keeping p53 activity in check.
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5.3 p53 Function

5.3.1 Transcription-Dependent Effects

In its canonical role as a tumor suppressor, p53 plays a key role in cell-fate

decisions by transcriptional regulation of genes that control cell cycle arrest,

DNA repair, apoptosis, senescence, and autophagy, working to limit the propaga-

tion of cells with damaged genomes (Gottlieb and Vousden 2010; Hwang et al.

2011; Schoppy et al. 2010; Tasdemir et al. 2008). Besides restricting proliferation

arising from genotoxic stress, p53 also regulates genes involved in cellular homeo-

stasis. p53 is a crucial regulator of metabolic homeostasis assisting cells in adapting

to adverse conditions by promoting catabolic pathways such as fatty acid oxidation

(FAO) in times of nutrient stress by activating expression of multiple genes in the

FAO pathway (Zhang et al. 2010; Puzio-Kuter 2011). In line with its role as a

tumor-suppressor p53 represses glycolysis, the favored pathway of glucose metab-

olism by proliferating cells, while promoting oxidative phosphorylation (Bensaad

et al. 2006; Matoba et al. 2006). However, p53 may also enhance some steps in

glycolysis via transcriptional activation of glycolysis pathway genes in a cell

context-dependent manner (Maddocks and Vousden 2011).

One key aspect of p53-mediated transcription involves recruitment of

chromatin-modifying enzymes to either stimulate or repress transcription. Besides

recruiting chromatin modifiers to regulate individual genes, p53 can regulate global

gene expression by regulating expression of chromatin modifiers, such as Ezh2

Fig. 5.2 Regulation of p53 stability and function by post-translational modifications in response

to various stimuli. Combinations of modifications (red circles)—the PTM signature—will dictate

the appropriate transcriptional response that will translate to a phenotypic outcome. Transcription-

independent response requires translocation of mono-ubiquitinated (blue circles) p53 to the

mitochondria. Localization at the mitochondrial membrane and interaction with anti-apoptotic

Bcl proteins stimulate apoptosis. Translocation into the mitochondrial matrix requires interactions

with proteins (denoted in green and yellow) where it interacts with mitochondrial proteins to

preserve mitochondrial integrity. See text for details
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(Tang et al. 2004). In addition to protein-coding genes, p53 also regulates tran-

scription of microRNAs (miRNAs) and long noncoding RNAs (lncRNAs), both

important regulators of gene expression (Vousden and Prives 2009; Grossi et al.

2016).

5.3.2 Transcription-Independent Effects of p53 Function

Apoptosis induction by p53 is a well-established (patho)physiological pathway in

response to extreme genotoxic and oxidative stress as a means of tumor suppression

and for tissue homeostasis during embryonic development (Erster and Moll 2005;

Mihara et al. 2003). In addition to transcriptionally activating pro-apoptotic genes

in response to extreme stress, non-nuclear mono-ubiquitinated p53 translocates to

the mitochondrial surface, where it binds to the anti-apoptotic BclX and Bcl2

proteins and initiates mitochondrial membrane permeabilization, cytochrome c

release, and cell death (Moll et al. 2005; Vaseva and Moll 2009).

A non-apoptotic role for p53 is also indicated inside the mitochondria in the

matrix, the site of mitochondrial DNA localization (Park et al. 2009; Gupta et al.

2013; Xavier et al. 2014). Translocation to the mitochondria requires interactions

with proteins such as RECQL4 (Gupta et al. 2013). Mitochondrial p53 physically

interacts with the mitochondrial transcription factor A (TFAM), an essential protein

for mitochondrial DNA transcription, replication, and repair (Park et al. 2009).

Interaction of mitochondrial p53 with mitochondria-specific DNA polymerase

gamma (Polγ) increases the enzyme’s processivity, signifying a role for p53 in

maintaining mitochondrial DNA stability (Fig. 5.2); accordingly, decreased mito-

chondrial DNA content and/or mitochondrial DNA mutations are detected in

fibroblasts from Li-Fraumeni patients harboring p53 gene mutations (Gupta et al.

2013). These observations of p53 as a critical regulator of mitochondrial size and

shape, mitochondrial genomic integrity, mitophagy, aerobic metabolism, and cel-

lular redox state vastly widen the reach of p53 in regulating cellular homeostasis

(Lebedeva et al. 2009; Park et al. 2016; Wang et al. 2014).

5.3.3 p53 in Embryonic Development

Given the pleiotropy of p53 functions, it was surprising that p53 loss in embryonic

life did not result in a more severe outcome. This led to the erroneous conclusion

that p53 is not required for development and is only required at times of genotoxic

or other stress (Donehower et al. 1992; Hickman and Helin 2000). p53 levels are

elevated ubiquitously during early embryonic life and then in an organ-specific

manner and decrease postnatally to follow its more recognized expression pattern

of stabilization under cellular stress (Molchadsky et al. 2010; Schmid et al. 1991;

Gottlieb et al. 1997). Subsequent studies informed that genetic background
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differences are a dominant effector of phenotype penetrance. Thus, germline

deletion on a 129S background produces an apparently normal offspring, while

deletion on a CBA background results in embryonic lethality (Dey et al. 2000).

Likewise, p53 deletion on a 129/Sv background produced exencephaly at a higher

rate than on a 129/Sv-C57BL6 mixed background (Sah et al. 1995). Absence of

wild-type p53 activity in Xenopus is embryonic lethal due to inhibition of meso-

derm differentiation (Wallingford et al. 1997; Cordenonsi et al. 2003). Interest-

ingly, injection of mutant p53 mRNA into Xenopus blastomeres destined to give

rise to the kidney resulted in inhibition of pronephric tubule differentiation (Wal-

lingford et al. 1997). The presence of p53 family members p63/p73 during mam-

malian embryogenesis but not in Xenopus and possibly other genetic redundancies

may protect murine development from p53 loss (Cordenonsi et al. 2003; Danilova

et al. 2008). Presence of mutant p53 in humans with Li-Fraumeni syndrome pre-

disposes individuals to cancer (Wang et al. 2013; Li et al. 1988); however, complete

absence of p53 function has not been reported in humans perhaps due to embryonic

nonviability.

p53 is required for mesoderm induction in Xenopus (Cordenonsi et al. 2003).

FGF-RTK-Ras-MAPK-CK1ε/δ-induced p53 phosphorylation and subsequent

interaction with TGF-β-activated Smads was demonstrated to drive mesoderm

determination in Xenopus (Cordenonsi et al. 2007). P-p53/P-Smads cooperatively

induced expression of mesodermal genes. These studies demonstrate the role of p53

as an integrator of growth factor signaling in development, independent of its

functions in genotoxic stress response.

In mouse embryonic stem cells (mESC), p53 represses expression of

pluripotency factors and activates expression of genes linked to differentiation

(Li et al. 2012). In contrast, another study in mESC showed that p53 induces

expression of Wnt ligands and receptors and Lef1 expression and promotes prolif-

eration of self-renewing progenitor populations (Schoppy et al. 2010; Xu 2005; Lee

et al. 2010). p53 also regulates the self-renewal potential of tissue-specific stem

cells including those from mesenchymal, mammary, hematopoietic, and neuronal

lineages (Cicalese et al. 2009; Liu et al. 2009; Meletis et al. 2006). p53 loss in these

cells enhances their self-renewal and consequently the stem cell pool. In the

hematopoietic system, p53 mediates cell competition in the stem and progenitor

compartments, a process by which fittest cells are selected for renewal and the

“weakest” cells are removed from the renewing pool (Bondar and Medzhitov

2010).

5.4 p53 in Kidney Development

The mammalian kidney develops via inductive signaling between two intermediate

mesoderm derivatives, the ureteric bud (UB) and the metanephric mesenchyme

(MM) (Little and McMahon 2012; Costantini and Kopan 2010). The MM con-

denses around the UB tip forming the cap mesenchyme (CM) which houses the
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nephron progenitor cells (NPCs) (Fig. 5.3). The NPCs located distal to the UB tip

express Cited1 and Six2—these are the self-renewing multipotent progenitor cells

that will undergo nephrogenesis (Boyle et al. 2008; Kobayashi et al. 2008). Six2

expression is essential for maintaining NPC in stem-like state, and deletion of Six2

results in premature differentiation of the NPC pool (Self et al. 2006). Wnt9b from

the UB maintains the Cited1+/Six2+ NPC in progenitor state, while inducing the

Cited1�/Six2+ NPC to undergo differentiation (Carroll et al. 2005; Karner et al.

2011). The differentiating NPCs are lateral to the UB tip and will form the

pretubular aggregate (PA, Fig. 5.3) before undergoing mesenchyme-to-epithelial

transition that results in the formation of the renal vesicle (RV). The PA expresses

Wnt4, Fgf8, Pax8, and decreasing levels of Six2; these cells have exited the

progenitor pool (El-Dahr et al. 2008; Georgas et al. 2009). The RV expresses

epithelial markers ZO1 and E-Cadherin. The RV will progress through nascent

nephron structures (CS, comma-shaped body) which gradually mature to functional

nephrons (Georgas et al. 2009).

p53 expression is developmentally regulated in the kidney, showing approxi-

mately a fourfold decline in p53 mRNA expression from embryonic age (E)15.5 to

adulthood (Saifudeen et al. 2009); protein expression shows a similar profile with a

more pronounced decrease in protein levels in adult kidneys (Aboudehen et al.

2012). Notably, RNA-Seq only identified the full-length p53 transcript expression

in the Six2+ nephron progenitor cells (Li et al. 2015); however, the prevalence of

Fig. 5.3 Organization of the nephron progenitor cells (NPCs) in the cap mesenchyme (CM) in the

embryonic kidney. The Cited1+/Six2+ NPC (dark green) are the self-renewing NPCs, resistant to

Wnt/β-catenin-induced differentiation. Loss of Cited1 expression (light green) renders the Six2+/
Cited1-NPC inducible to differentiation by signaling from the UB (green arrows); the induced

cells form the pretubular aggregate (PA) which expresses Wnt4, Fgf8, Pax8, and decreasing levels

of Six2. The PA epithelializes to form the renal vesicle (RV) which expresses epithelial markers

ZO1 and E-Cadherin. The RV will progress through nascent nephron structures (CS comma-

shaped body) which gradually mature to functional nephrons
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alternate isoforms from alternate translation initiation site usage remains a

possibility.

Modified p53 phosphorylated at S6, S9, S15, and S392 showed a significant

decline from embryo to adult, as did acetylated p53 at K373 and K382 (Aboudehen

et al. 2012). DNA-binding activity also decreased in E13.5 to adult kidney nuclear

extracts. p53 transcript is detected in all cell types of the embryonic kidney

(Saifudeen et al. 2009). Significantly, differentially modified p53 showed specific

spatial distribution, with p53-P-S392 localized in differentiated proximal tubule

cells but not in proliferating cells and acetylated p53–K373/K382/K386 showing

predominant localization in the nephrogenic zone that houses the ureteric tips, the

nephron progenitor cells, and cortical stroma (Aboudehen et al. 2012; Saifudeen

et al. 2012).

A spectrum of developmental kidney and urinary tract defects are observed with

germline p53 deletion in mice on a C57BL6 background, most frequently double

ureters and renal hypoplasia (Fig. 5.4 and Table 5.1) (Saifudeen et al. 2009;

Saifudeen et al. 2002). Whole-mount immunofluorescence with Pax2 antibody

shows a smaller metanephric mesenchyme from a p53�/� embryo at E11.5

(Fig. 5.4; Z. Saifudeen and S. El-Dahr, unpublished data). Further characterization

Fig. 5.4 Renal phenotype after germline p53 deletion. Upper Panels - Whole-mount Pax2

immunostain (red) shows hypoplastic metanephric mesenchyme in mutant kidney at E11.5

(unpublished data, Z. Saifudeen and S. El-Dahr). Lower Panels - Duplex ureters (blue arrowhead)
are observed in 33% p53-null embryos (Saifudeen et al. 2009)
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of the renal defect in this and additional conditional gene deletion models on B6SJL

and FVB mixed backgrounds showed hypoplasia in all deletion models, whereas

duplex occurrence is only observed when p53 function is deleted or impaired in the

nephric duct/UB lineage (Table 5.1) (Saifudeen et al. 2009; Li et al. 2015). Since

nephrogenesis is dependent on signaling from the ureteric tips, the impact of

conditional p53 deletion or overexpression from both mesenchymal and ureteric

lineages will be discussed. The contribution of p53/Mdm2 function in the stroma is

not yet characterized.

5.4.1 p53 Loss in the Nephric Duct Lineage

Abolishing p53 function either by epithelial-specific p53 gene deletion (Ksp- or

Hoxb7-Cre) or by expression of dominant-negative p53 in the UB lineage (Hoxb7-

DNp53) recapitulated the duplex ureter phenotype, albeit with lower penetrance

than observed after germline p53 deletion (Saifudeen et al. 2009). The duplex ureter

phenotype often demonstrates incomplete penetrance. Decreased penetrance may

be from inefficient Cre-mediated recombination resulting in incomplete p53 dele-

tion. Alternatively, the duplex phenotype might require p53 deletion from both the

UB and the mesenchyme surrounding the UB as is the case with germline deletion.

However, since Hoxb7-DNp53 recapitulates the duplex phenotype at the pene-

trance observed after germline deletion, the former possibility is more likely.

Furthermore, modulation of nephric duct sensitivity to GDNF-induced budding

by pharmacological p53 inhibition or activation supports a role for a nephric duct

cell-autonomous role for p53 function. Hypersensitivity to low-dose GDNF treat-

ment was observed in isolated nephric duct cultures, provided the ducts had either

genetic or pharmacological loss of p53 function. Conversely, p53 stabilization by

treating ND with Nutlin, a small molecule inhibitor of Mdm2–p53 interaction and

thereby p53 degradation, prevents budding even at high GDNF concentrations

(Saifudeen et al. 2009).

Mechanistically, p53 inactivation by siRNA in UB cells potentiated

phosphatidylinositol-3 kinase activation by GDNF, measured as increase in

phospho-Akt, providing biochemical evidence that p53 antagonizes the

GDNF! c-Ret! PI3K pathway (Saifudeen et al. 2009). However, since increased

proliferation of cells was not observed in p53-null nephric ducts, other

Table 5.1 Renal abnormalities in germline and conditional p53-null mice

Germline p53 deletion Conditional p53 deletion

�/� +/+ UBp53�/� MMp53�/�

Hypoplasia 7/7 (100%) 0/10 8/11 (73%) 17/19 (90%)

Duplex 3/9 (33%) 0/21 4/86 (5%) 0/19

From Saifudeen et al. (2009, 2012), Li et al. (2015), and unpublished data
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Akt-mediated pathways such as cell migration may likely be altered. The underly-

ing mechanisms for NDp53�/� hypersensitivity to GDNF remain to be elucidated.

Whether the increased sensitivity of NDp53�/� also extends to other growth factors

(FGFs) is not known. Unlike other models of UB ectopia that exhibit increased

receptor tyrosine kinase (RTK) signaling from decreased levels of the RTK signal-

ing antagonist Sprouty-1 (Spry1) or anterior expansion of the GDNF domain,

neither showed a change in the p53-null models (Saifudeen et al. 2009). Chimera

experiments with GFP-labeled p53-null cells in the UB lineage revealed neither a

preponderance nor exclusion of mutant cells at the leading edge of the bud or UB

tips (Z. Saifudeen and F. Costantini, unpublished data). An attractive possibility

that remains to be tested is that p53-P-Smad cooperate to inhibit ectopic budding in

the nephric duct by activating a cytostatic pathway; interestingly, heterozygous

deletion of Bmp4 results in CAKUT, including duplex ureters (Miyazaki et al.

2000). Alternatively, modulation of regulators of heparin sulfate such as heparanase

and extracellular heparin sulfate 6-O-endosulfatases, which are known p53 targets,

may deregulate heparin sulfate proteoglycans (HSPG) that control effective growth

factor (GDNF, FGFs, BMPs) concentrations in a microenvironment, thereby con-

tributing to ectopic signaling and bud formation (Chau et al. 2009; Baraz et al.

2006; Shah et al. 2011). Also, the involvement of other factors such as modifier

genes cannot be discounted in regulating UB induction.

5.4.2 p53 Loss in the Metanephric Mesenchyme

Conditional deletion of p53 from the metanephric mesenchyme (MM) using a

Six2Cre driver results in kidney hypoplasia with a sparse, disorganized cap mes-

enchyme (CM) [Fig. 5.5, A–B0 (Li et al. 2015)]. A marked paucity of differentiating

nephrons is observed in P0 kidney sections. Glomerular dysfunction is indicated in

PAS-stained kidneys displaying proteinaceous or hyaline material in Bowman’s
space. Immunofluorescent staining with CM markers Amphiphysin, Six2, and

Cited1 demonstrates a diminished and less compact CM at E14.5–15.5 (Fig. 5.5,

C–E0). The reduced Cited1 domain is lost by P0; however, Six2+ cells persist in a

visibly smaller CM (Li et al. 2015). Although a simple decrease in proliferation

might explain the fewer Six2+ cells, this would not explain the progressive loss and

premature absence of Cited1+ cells observed in this p53-deficiency model. The

progressive loss of Cited1+ cells suggests a decreased capacity for self-renewal

because, as per our current knowledge, Cited1 marks the self-renewing population.

Quantitatively, Six2p53�/� kidneys have 30% less Six2+ cells. Neural cell adhesion

molecule (NCAM1), present at intercellular domains of CM and nascent nephrons,

is greatly decreased in the mutant CM (Li et al. 2015). NCAM1 is required for cell–

cell and cell–matrix interactions during development and differentiation. Reduced

Pax2 staining was also observed in both germline and conditional Six2p53�/�

kidneys. In vivo and in vitro reporter analysis demonstrated Pax2 is a p53 target

120 Z. Saifudeen



Fig. 5.5 Phenotype after conditional deletion of p53 from the Six2+ mesenchyme (Li et al. 2015).

(A, A0)—H&E staining shows hypoplasia, branching defects, dysmorphic CM, and paucity of

nascent nephrons in E13.5 mutant kidneys. (B, B0)—Six2p53�/� cells are dispersed and loosely

organized around the ureteric tip, in contrast to Six2p53+/+ cells arranged compactly around the

ureteric tip. Six2+ cells are GFP+ (green); cytokeratin for UB (red). (C, C0)—Decreased expres-

sion of cap marker amphiphysin in mutant kidneys. Note disorganization of the mutant
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gene (Saifudeen et al. 2012), implicating p53 in regulating the expression of a key

kidney development protein.

No increase in either apoptosis or senescence was observed in Six2p53�/� cells,

monitored by PARP or active caspase-3 and senescence marker SA-βgal, respec-
tively (Li et al. 2015). Moreover, γH2Ax staining—a gauge of DNA damage—was

also not increased, indicating that p53 is not exclusively involved in the mainte-

nance of genomic stability in the developing kidney. Unexpectedly, after p53 loss

the proliferation index of the CM is significantly lower compared to wild-type CM

at E15.5. More Six2p53�/� cells are in G0/G1 phases of the cell cycle, and a

significantly smaller fraction are in S and G2/M phases (Li et al. 2015). Further-

more, in contrast to the wild-type CM, BrdU incorporation was detected predom-

inantly in the laterally located Six2+ cells that are the Wnt/β-catenin-inducible CM
rather than in the self-renewing cells ventral to the ureteric tip (Fig. 5.5, D–D0). This
explains why Six2+ cells are not entirely lost by P0. Gene expression analysis of

Six2p53�/� CM surprisingly showed decreased, rather than increased, levels of

transcripts of cell cycle inhibitors p21 (Cdkn1a) and p57 (Cdkn1c), indicative of

an alternate explanation for decreased proliferation.

Similar to the p53 chromatin occupancy observed at diverse genes in the

developing kidney beyond the canonical p53 targets (Li et al. 2013), transcription

analysis also showed dysregulation of genes beyond classical pathways associated

with p53 regulation, including development and morphology, cell adhesion and

migration, cell survival, metabolism, and ion transport (Li et al. 2015). In accord

with the loosely organized CM in Six2p53�/� kidneys, expression of multiple genes

in cell adhesion and migration pathways is decreased. These include genes

encoding collagens, which contribute to the extracellular matrix, as well as genes

involved in cytoskeletal remodeling (Table 5.2). Although the functions of many of

the products of these genes in the NPC are unknown, disruption of biophysical and

biomechanical cues from the extracellular matrix to cells within the niche can

influence renewal and differentiation programs (Cox and Erler 2011).

Genes involved in glucose metabolism, the pentose phosphate pathway, and

components of the electron transport chain (ETC) (Table 5.3) or genes required to

maintain a proton gradient for ATP production during oxidative respiration are

dysregulated in Six2p53�/� cells. These are among the most downregulated genes

and include phosphoenol pyruvate carboxykinase 1 (Pck1, ~ �14-fold), cyto-

chrome P450 2D26 (Cyp2d26, �13.0-fold), fructose bisphosphatase 1 (Fbp1,

Fig. 5.5 (continued) GFP-stained CM. Markers—UB (cytokeratin—cyto, white) and CM

(amphiphysin—amphi, green); nuclear stain—DAPI, blue. (D, D0)—Proliferative index measured

by BrdU administration and immunostaining. BrdU incorporation was significantly lower in Six2+

cells in E13.5 Six2p53�/� kidneys ( p &lt; 0.001). BrdU was detected mostly in lateral section of

the Six2+ cap of the mutant kidney (solid yellow arrowheads), whereas the medial Six2+ cells

dorsal to the ureteric tip had few BrdU+ cells (empty arrowheads). In contrast, wild-type kidney

showed BrdU incorporation in all areas of the Six2+ cap (yellow arrowheads). (E, E0)—Cited1

domain is completely lost by P0. Images from (Li et al. 2015), with permission
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~12.0-fold), and aldolase b (Aldob, �12.0-fold) (Li et al. 2015). Moreover, func-

tional analysis showed decreased ROS and ATP levels in Six2p53�/� cells, indic-

ative of mitochondrial dysfunction. Thus, it appears that the p53-deficient NPCs

undergo deregulation of metabolic homeostasis that compromises the metabolic

fitness of the Cited1+/Six2+ NPC, thereby impeding their self-renewal. It needs to

be emphasized, however, that decreased ATP (and ROS) are not the only products

of deregulated energy metabolism that impact cell fate. Alteration in energy

pathways results in changes in metabolites as well, which are key regulators of

epigenetic modifications that control gene expression.

The Six2+(p53-null) cells are capable of differentiating into nascent nephrons,

although a nephron deficit is observed in mutant kidneys in embryonic and P0

kidney sections. Induction of the Wnt/β-catenin pathway to induce mesenchyme–

epithelial transition (MET) in an in vitro assay on isolated Six2+ CM cells revealed

a differentiation defect in p53-null cells (Li et al. 2015). The mutant cells were

unable to form complex structures observed in wild-type cells and show decreased

conversion to epithelia as determined by E-cadherin staining. Fgf8 expression

Table 5.2 Adhesion and migration genes’ expression in Six2p53�/� CM [TPM, transcripts per

million; from (Li et al. 2015)]

Gene

symbol

Fold

change

WT

TPM

KO

TPM Function

Ntn �4.5 19.0 4.2 Netrin is thought to be involved in axon guidance, cell

adhesion, and cell migration during development (Sun

et al. 2011)

Cdc42ep1 �2.5 5.5 2.2 Cdc42 effector proteins (Cdc42ep or CEPs) bind Cdc42

to induce cytoskeletal remodeling and cell shape changes

(Hirsch et al. 2001)
Cdc42ep2 �2.0 2.2 1.1

Cdc42ep5 �2.1 8.6 4.1

Rock1 1.3 12.1 16.1 Protein serine/threonine kinases. Key regulators of actin

remodeling, cell polarity, focal adhesion formation, cell

adhesion, and motility (Shimizu et al. 2005)
Rock2 1.3 13.6 17.1

Twist1 �2.6 3.6 1.4 Transcription factors that regulate genes involved in

EMT, mesenchymal cell lineage determination, and dif-

ferentiation (Ansieau et al. 2008)
Twist2 �2.7 3.5 1.3

Dpp4 �4.1 6.6 1.6 Ubiquitous, membrane-bound enzyme that can modify

growth regulators such as chemokines, cytokines, and

colony-stimulating factors in hematopoietic stem/pro-

genitor cells (Ou et al. 2013)

Arhgap24 �1.9 10.5 5.6 A Rho GTPase-activating protein involved in actin

remodeling, cell migration and cell polarity (Lavelin and

Geiger 2005)

Gng11 �1.9 9.8 5.1 Is a G-protein, gamma subunit; participates in signal

transduction and regulation of enzymes and ion channels

(Ray et al. 1995)

Col1a1 �4.5 96.2 21.4 Component of the extracellular matrix (ECM) (Cox and

Erler 2011)Col1a2 �3.5 104.5 29.7

Col6a3 �4.3 10.4 2.4

Col5a2 �2.1 13.3 6.3

Col3a1 �3.9 169.0 43.4
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Table 5.3 Energy metabolism genes’ expression in Six2p53�/� CM (from (Li et al. 2015))

Gene

symbol

Fold

change Process Function

Pck1 �14.3 Gluconeogenesis Catalyzes the conversion of oxaloacetate

(OAA) to phosphoenolpyruvate (PEP), the

rate-limiting step in the metabolic path-

way that produces glucose from lactate

(Yu et al. 1993)

H6pd �1.4 Pentose phosphate pathway Catalyzes the first two reactions of the

PPP, thus generating NADPH (Hewitt

et al. 2005). H6PD KO mice have anom-

alies in glucose homeostasis and ER stress

(Zielinska et al. 2011)

Gpd1 �2.1 Glycolysis, glycerol phosphate

shunt, transfer of H+ to

mitochondria

Forms the glycerol phosphate shuttle with

mitochondrial GPD2 which facilitates the

transfer of reducing equivalents (H+) from

the cytosol to mitochondria to maintain

the proton gradient across the mitochon-

drial membrane (Ansell et al. 1997)

Pfkl �1.2 Glycolysis Key regulatory enzyme in glycolysis—

catalyzes the irreversible conversion of

fructose-6-phosphate to fructose-1,6-

bisphosphate (Sola-Penna et al. 2010).

Encodes liver isoform

Aldob �12.1 Catalyzes the conversion of fructose-1,6-

bisphosphate to glyceraldehyde

3-phosphate and dihydroxyacetone phos-

phate and participates in gluconeogenesis

(Ya~nez et al. 2005)

Idh1 �1.4 Cytoplasmic NADPH

production

Catalyzes the oxidative decarboxylation

of isocitrate into α-ketoglutarate used in

the TCA cycle, with NADP+ as the elec-

tron acceptor (Kloosterhof et al. 2011)

Pdk1 �1.3 Pyruvate activation and

consumption

Reversibly inactivates the mitochondrial

PDH complex by phosphorylation; may

thereby alter the metabolite flux by alter-

ing the activity of pyruvate dehydrogenase

(PDH), which converts pyruvate to acetyl-

CoA (Kaplon et al. 2013)

Dld 1.3 Component of the pyruvate dehydroge-

nase complex and the alpha-ketoglutarate

dehydrogenase complex (Brown et al.

1994)

Ndufs5 �1.5 Complex I (ETC) Belong to first enzyme complex of the

ETCNdufs6 �1.3

Uqcr11 �1.2 Complex III (ETC) Ubiquinol-cytochrome c reductase (Islam

et al. 1997)

(continued)
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(typically observed in the PA/RV; see Fig. 5.3) is greatly diminished in the Six2p53�/�

kidneys. However, Pax8 and Wnt4 expression did not show a marked change.

Treatment of Six2p53�/� kidneys ex vivo with Fgf8 beads did not demonstrate

any localized rescue of MET in comparison to the control BSA beads, indicative of

additional epithelialization defects in the p53-null CM. Thus, it appears that the

nephron deficit in Six2p53�/� kidneys is a result of at least two developmental

defects: (1) self-renewal defect of Cited1+/Six2+ NPC resulting in reduced avail-

ability of progenitors for nephrogenesis and (2) improper differentiation, either

from an inefficient response to Wnt/β-catenin signaling or defective MET or both in

Six2+(p53-null) cells (Fig. 5.6) (Li et al. 2015).

Expression of NPC maintenance and survival regulators Six2, Fgf20, Bmp7,

Sall1, WT1, and Mdm2 was unchanged in Six2p53�/� CM (Li et al. 2015). Also,

Cited1+/Six2+ progenitor loss upon p53 deletion is not a result of precocious

differentiation as was shown with the loss of Six2, Fgf9/20, or Sall1 (Self et al.

2006; Barak et al. 2012; Basta et al. 2014). The nephron deficit results from

impaired progenitor cell renewal, secondary UB branching defects, and loss of

organized niche architecture, which disrupts the CM microenvironment and the

signaling pathways between the CM and UB lineages and between the CM and

stroma lineages that are crucial for NPC renewal and differentiation (Das et al.

2013; Fetting et al. 2014). Six2p53�/� mice have increased interstitial stroma,

visualized by immunostaining with antibody against the stromal cell marker

Meis1/2 (Saifudeen et al. 2012). Stromal cells are interspersed among the loosely

dispersed CM cells and often in close apposition to the UB, disrupting the clear

CM-stroma demarcation that is present in wild-type kidneys (Li et al. 2015).

Surprisingly, a consistent observation in all the models studied has been the

decrease in cell proliferation with p53 loss (Saifudeen et al. 2009, 2012; Li et al.

2015), suggesting that p53 mediates divergent pathways in kidney development

than in cancer. This idea is further ratified upon comparison of p53 occupancy on

chromatin from embryonic kidneys or cancer-derived cell lines (Li et al. 2013). Not

Table 5.3 (continued)

Gene

symbol

Fold

change Process Function

Cox5b �1.5 Complex IV (ETC) Belong to the terminal enzyme complex

IV of the ETC that transfers electrons

from reduced cytochrome c to oxygen,

thus generating a proton electrochemical

gradient across the inner mitochondrial

membrane that is critical for ATP gener-

ation (Li et al. 2006)

Cox6b2 �1.9

Cox7c �1.2

Atp5e �1.3 Complex V (ETC, ATP

synthase)

Essential subunit in the biosynthesis and

assembly of the F1 part of the mitochon-

drial ATP synthase Complex V that cata-

lyzes ATP synthesis from ADP, utilizing

an electrochemical gradient of protons

across the inner membrane during oxida-

tive phosphorylation (Mayr et al. 2010)
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only is the pattern of chromatin occupancy different between embryonic kidney and

cancer cells (promoter versus non-promoter/intergenic regions, respectively) but

also the number and variety of genes that are enriched (Li et al. 2013). p53 gene

occupancy in embryonic kidneys was noted beyond cell cycle and apoptosis

genes—expected in cells with genotoxic stress-induced p53—in development and

morphology, chromatin-modifying enzymes and genes in metabolic pathways

(Li et al. 2013).

Fig. 5.6 Model for p53 function in NPC self-renewal and nephrogenesis. Loss of self-renewing

cells in Six2p53�/� CM. Cited1+ cells are lost (dark green circles) in mutant CM. A Cited1-/Six2+

domain (light green circles) is present, but with defects in organization and integrity loss. Stromal

cells (navy blue circles) are interspersed in between the Six2+ cap cells. Thus, a distinct CM–

stroma and CM–UB interface that is present in wild-type kidneys is lost in the Six2-p53-null

kidneys. Disorganization of the niche would result in impaired signaling and cross talk between the

different lineages (denoted by dashed arrows in the Six2p53�/� CM). Improper differentiation

(dotted arrow) results in decreased nascent nephrons (PA pretubular aggregate, RV renal vesicle)

either from an inefficient response to Wnt/β-catenin signaling, or defective MET or both in Six2

+(p53-null) cells. Endothelial cells are not shown [adapted from (Li et al. 2015)]
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5.4.3 p53 Overexpression by Mdm2 Deletion

As stated above, Murine Double Minute-2 (Mdm2) controls cellular p53 protein

levels and thereby its activity by ubiquitinating the protein that marks it for

proteasomal degradation (Brooks and Gu 2006; Montes de Oca Luna et al. 1995).

Germline Mdm2 deletion results in early embryonic death from unabated p53 levels

and activity that can be rescued by p53 deletion (Montes de Oca Luna et al. 1995).

Inordinate levels of p53 protein activate growth arrest and apoptosis pathways at the

peri-implantation stage (Montes de Oca Luna et al. 1995). In the embryonic kidney,

Mdm2 mRNA and protein expectedly follow the temporal and spatial expression

pattern of p53 (Hilliard et al. 2011). Mice with conditional deletion of Mdm2 from

the UB epithelium (UBMdm2�/�) show increased p53 protein levels by

immunostaining, display severe renal hypodysplasia, and die soon after birth

(Hilliard et al. 2011). The kidneys show defective UB branching and a marked

decrease in UB tips. However, surprisingly, c-Ret and Wnt11 continue to be

expressed. UBMdm2�/� cells showed reduced proliferation rate and enhanced apo-

ptosis. The nephrogenic zone is underdeveloped with decreased Wnt9b, Lhx-1, and

Pax-2 expression levels. Rescue of the mutant phenotype by UB-specific p53

deletion indicates that the renal phenotype is largely p53 dependent (Hilliard

et al. 2011).

Mdm2 deletion in the Six2+ nephron progenitor cells (NPCMdm2�/�) also results
in perinatal lethality (Hilliard et al. 2014). The mutant kidneys are hypodysplastic.

The CM is markedly thinner with fewer Six2+ cells and reduced or lost progenitor

markers Amphiphysin, Cited1, Sall1, and Pax2. Increased p53 levels drive

increased apoptosis and reduced proliferation observed in NPCMdm2�/�, along
with reduced renal parenchyma and increased stroma. Expression of Eya1, Pax2,

and Bmp7 is reduced, whereas Wnt4, Lhx1, and Pax8 expression is unchanged. As

with the germline and UBMdm2�/� mutants, p53 deletion rescued the progenitor

depletion and hypodysplasia and restored normal renal development and postnatal

survival of mice (Hilliard et al. 2014). These results demonstrate a critical and cell-

autonomous role for Mdm2 in the UB and MM lineages. Mdm2-mediated inhibi-

tion of p53 activity is a prerequisite for renal organogenesis and plays an essential

role in the renewal and survival of NPCs. Loss of functional Mdm2 results in stable,

constitutively active p53 that is responsible for elevated apoptosis and premature

depletion of the Six2 cap cells.

5.5 Conclusions and Future Prospects

Contrary to its classical role in suppressing proliferative pathways, data from Six2
p53�/� mice indicate that p53 positively regulates NPC renewal. Both loss and gain

of p53 protein levels result in NPC depletion. However, the mechanisms leading to

this phenotype are quite different in both cases (Fig. 5.7). Whereas p53 loss
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decreases NPC self-renewal possibly from disrupted cellular metabolism and adhe-

sion, p53 overexpression causes NPC depletion by decreasing proliferation and

increasing apoptosis. Maintaining a critical level of p53 function appears to be a

prerequisite for optimal nephron endowment. p53-controlled energy metabolism

homeostasis in the NPC is emerging as a crucial regulator of NPC fate, not only

from the point of energy generation, but more importantly as a regulator of

metabolite availability for macromolecule biosynthesis and epigenetic modifica-

tions which drive gene expression that controls cell fate. p53 regulates multiple

metabolic pathways including glycolysis, oxidative phosphorylation, the pentose

phosphate pathway, and fatty acid metabolism. Further mechanistic studies will

shed light on which of these pathways are key regulatory points in p53-mediated

NPC self-renewal and differentiation. Given the robust impact of p53 activity

modulation on NPC fate, how p53 interacts with other important regulators of

NPC fate such as miRNAs, chromatin modifiers (Ho et al. 2011; Chen and

El-Dahr 2013; McLaughlin et al. 2013), and critical growth factor signaling path-

ways (Lindstrom et al. 2014; Muthukrishnan et al. 2015) remains to be explored.

Knowledge gained by defining the molecular networks targeted by p53 in the NPC

may well provide new targets not only for regenerative medicine but also for cancer

treatment.
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Fig. 5.7 Distinct mechanisms of nephron deficit in kidneys with p53 loss or excess. Both loss and

gain of p53 protein levels result in NPC depletion. However, the mechanisms leading to this

phenotype are quite different in both cases. Whereas p53 loss decreases NPC self-renewal possibly

from disrupted cellular metabolism and adhesion, p53 overexpression causes NPC depletion by

decreasing proliferation and increasing apoptosis
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Chapter 6

Growth Factor Regulation in the
Nephrogenic Zone of the Developing Kidney

Leif Oxburgh, Sree Deepthi Muthukrishnan, and Aaron Brown

Abstract New nephrons are induced by the interaction between mesenchymal

progenitor cells and collecting duct tips, both of which are located at the outer

edge of the kidney. This leading edge of active nephron induction is known as the

nephrogenic zone. Cell populations found within this zone include collecting duct

tips, cap mesenchyme cells, pretubular aggregates, nephrogenic zone interstitium,

hemoendothelial progenitor cells, and macrophages. The close association of these

dynamic progenitor cell compartments enables the intricate and synchronized

patterning of the epithelial and the vascular components of the nephron. Under-

standing signaling interactions between the distinct progenitor cells of the

nephrogenic zone are essential to determining the basis for new nephron formation,

an important goal in regenerative medicine. A variety of technologies have been

applied to define essential signaling pathways, including organ culture, mouse

genetics, and primary cell culture. This chapter provides an overview of essential

signaling pathways and discusses how these may be integrated.

6.1 Introduction

The kidney fills several essential physiological functions, and it has been heavily

modified during the course of evolution to adapt to a variety of demands (Vize and

Smith 2004). One of the simpler examples is the Malpighian tubule of the fruitfly, an

epithelial tube connected to the gut that filters hemolymph (S€ozen et al. 1997). In the
zebrafish, kidney structures are more comparable to our own, with the filtering tubule

capped by a tuft of glomerular capillaries through which blood is filtered. These

nephrons are contained within the mesonephros, which continues growing throughout

the life of the fish and has the capacity to regenerate in response to injury (Diep et al.

2011; Diep et al. 2015). While humans form a mesonephros during the course of

embryonic development, this structure is transient. Instead, the adult human kidney is

the metanephros, and its organogenesis obeys distinct rules. The central principle of

L. Oxburgh (*) • S.D. Muthukrishnan • A. Brown

Center for Molecular Medicine, Maine Medical Center Research Institute, 81 Research Drive,

Scarborough, ME 04074, USA

e-mail: Oxburl@mmc.org

© Springer International Publishing AG 2017

R.K. Miller (ed.), Kidney Development and Disease, Results and Problems in Cell

Differentiation 60, DOI 10.1007/978-3-319-51436-9_6

137

mailto:Oxburl@mmc.org


metanephric development is reciprocal epithelium–mesenchyme induction leading to

radial branching of a central collecting duct tree and induction of new nephrons by

collecting duct tips at the outer edge of the developing organ (Fig. 6.1). Iteration of

this basic program throughout the period of active nephrogenesis determines nephron

endowment of the adult human kidney, which is between 250,000 and 2.5 million

(Bertram et al. 2011). There is no capacity for generation of new nephrons in the

adult, and the number of nephrons in the human is decided during fetal life, with

nephrogenesis ending at approximately 36 weeks of gestation. A large body of data

shows that the fundamental organogenetic principles of human development are

similar in the mouse. Notable exceptions are that the final nephron number is

lower, in the range of 9,000–13,000 per kidney, and that the period of developmental

nephrogenesis extends to the second day after birth (Cullen-McEwen et al. 2003;

Baldelomar et al. 2016; Hartman et al. 2007). Based on analyses of morphology and

gene expression of human embryonic kidneys, it is assumed that fundamental cellular

interactions and signaling events underlying nephrogenesis are conserved between

human and mouse, although detailed studies have shown some subtle and intriguing

differences that may explain morphological diversity between the two species

(O’Brien et al. 2016). An excellent description of the morphology of the embryonic

mouse kidney is available at the genito-urinary development microanatomy project

site (GUDMAP).

6.2 Anatomy and Function of the Nephrogenic Zone

New nephrons are induced by the interaction between mesenchymal progenitor

cells and collecting duct tips, both of which are located at the outer edge of the

kidney. This leading edge of active nephron induction is known as the nephrogenic

Fig. 6.1 Ureteric bud outgrowth and branching. Schematic showing outgrowth of the ureteric bud

from the Wolffian duct and subsequent branching of the collecting duct system. In this largely

dichotomous branching process, cap mesenchyme is displaced radially at collecting duct tips,

while a subset of cap mesenchyme cells that have differentiated are deposited as renal vesicles

which will form the nephrons of the kidney

138 L. Oxburgh et al.

http://www.gudmap.org/About/Tutorial/DevMUS.html#DMK


zone. According to current anatomical ontology, this region lies between the kidney

capsule and the first layer of epithelialized nascent nephrons known as renal

vesicles (Fig. 6.2) (Little et al. 2007). The metanephros appears at approximately

embryonic day (E) 10.5 in the mouse, the first wave of renal vesicles becomes

evident at approximately E12, and the nephrogenic zone is represented in the

embryonic kidney from this point until cessation of nephrogenesis. The major

cell populations within this zone are: collecting duct tips, cap mesenchyme cells

[nephron progenitor cells (NPCs)], pretubular aggregates (aggregates of induced

NPCs), and nephrogenic zone interstitium. Less conspicuous cell populations

include hemoendothelial progenitor cells and macrophages (Schmidt-Ott et al.

2006; Rae et al. 2007; Hu et al. 2015). On the one hand, the nephrogenic zone

can be viewed as a collection of discrete microanatomical structures, but on the

other hand it can be viewed as a dynamic collection of progenitor cells that are

closely associated to enable formation of the nephron, which depends on intricate

and synchronized patterning of structures derived from these distinct progenitors.

The tubular epithelium, podocytes, and cells of the Bowman’s capsule derive from
the cap mesenchyme, whereas the glomerular endothelium and the capillary bed

surrounding the nephron derive from endothelial progenitor cells (Kobayashi et al.

2008; Hu et al. 2015). The glomerular mesangium and pericytes associated with the

capillary surrounding the nephron originate from the nephrogenic zone interstitium

(Kobayashi et al. 2014). The collecting duct tip is itself a highly dynamic progenitor

cell compartment that grows radially while contributing cells to the trunk of the

collecting duct tree (Riccio et al. 2016). These progenitor cell compartments are

closely integrated, and one particularly intriguing question is to what degree they

control each other’s renewal and differentiation.

Fig. 6.2 The nephrogenic zone of an E17.5 mouse kidney
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6.3 Experimental Systems for the Study
of the Nephrogenic Zone

The composition and dynamics of the nephrogenic zone have primarily been

studied in the mouse, although some work has been done on human kidneys

(Metsuyanim et al. 2009; O’Brien et al. 2016). Because of the scarcity of tissue,

few mechanistic studies of the human nephrogenic zone have been reported. The

few reports available are, however, generally supportive of similarities in cell

behavior between mouse and human nephrogenic zones, for example showing

progenitor properties of nephron progenitor cells expressing the same molecular

markers in both species (Harari-Steinberg et al. 2013; Pode-Shakked et al. 2016).

The mouse has been a highly versatile model for human kidney development for

two major reasons. The first is that the organ can be cultured ex vivo; ground-

breaking studies in organogenesis reported in the 1950s demonstrated not only that

kidney organogenesis could be maintained for several days in culture, but also that

the mesenchymal component of the kidney could be cultured in isolation from the

epithelial component (Grobstein 1953a, b, 1956). These important studies made it

possible to study effects of proteins, neutralizing antibodies and small molecules

specifically on the mesenchyme from which the nephrogenic zone arises. Lauri

Saxén, who played a major role in exploiting this system to understand the cellular

and molecular bases of nephron induction and epithelial–mesenchymal interactions

in general, summarized many of these early studies in his influential monograph

“Organogenesis of the kidney,” which remains essential reading (Saxén 1987). The

second reason for the dominance of the mouse as a model system for human kidney

development is the potential for genetic modification; the discoveries of

transgenesis and gene targeting in the 1980s ushered in a new era in which the

basic organogenetic rules established through culture-based experiments could be

critically tested in vivo. It is important to point out that the genetic era did not

displace organ culture-based inquiry and that these complementary technologies

have led to some of the most important advances in our mechanistic understanding

of kidney organogenesis when used together.

The strength of the in vitro organogenesis system is of course that it accurately

mimics the complexity of the organ in vivo. However, this has been a limitation for

studies aiming to understand the importance of signal transduction pathways for

specific cell types. Signaling interactions between cells of the nephrogenic zone

have of course been the focus of a great deal of interest because it is the region in

which the earliest decisions are made with regard to formation of the nephron. For

this reason, there has been substantial interest in development of cell culture

systems. Although immortalized cells have been versatile tools for studies of

signaling biochemistry and basic cellular functions, their aberrant behavior in

comparison to the cells from which they were generated have generally precluded

their use in modeling signaling and cellular behaviors that determine function

in vivo. Primary cell systems that are cultured in environments similar to the

developing organ enable accurate modeling of key events in nephrogenesis such
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as turnover of progenitor cells in the undifferentiated state and epithelial differen-

tiation. Purification and culture systems are now available for mixed cells of the

nephrogenic zone as well as nephron progenitor cells (Blank et al. 2009; Brown

et al. 2011a, b, 2013, 2015). Work is in progress in several research laboratories to

define conditions for the growth of primary nephrogenic zone interstitial cells,

collecting duct tip cells, and primary endothelial progenitors derived from the

nephrogenic zone. When available, this complete toolkit will enable sophisticated

investigations of the signaling relationships between the distinct cell types

contained within the nephrogenic zone.

Finally, an influential experimental system that has been developed in only the

past few years is the directed differentiation of human pluripotent stem cells to

kidney tissue. Progress in this area has seen remarkably rapid development, a

testament to its potential utility in regenerative medicine (Mae et al. 2013; Lam

et al. 2014; Taguchi et al. 2014; Takasato et al. 2014, 2015; Morizane et al. 2015;

Sharmin et al. 2015). For the first time, we now have a tractable experimental

system with which we can observe and manipulate human nephrogenesis. This

technology is still in its infancy and many aspects need to be refined, but studies are

already being reported that highlight its enormous potential to understand molec-

ular pathways underlying human nephrogenesis and congenital kidney disease

(Freedman et al. 2015). It is now clear that all of the different cell types of the

nephrogenic zone can be differentiated from pluripotent stem cells, and with further

refinement it appears feasible to generate an experimental system specifically for

the study of this niche (Takasato et al. 2015).

6.4 Nephron Progenitor Cells

6.4.1 Cellular Compartments and Signaling Within the Cap
Mesenchyme

NPCs are arranged into a series of compartments within the cap mesenchyme, and

cells within each of these compartments express a particular combination of

transcriptional activators and co-activators (Mugford et al. 2009). While the bio-

logical meaning of this compartmentalization is still being unraveled, one hypoth-

esis with significant experimental support is that it reflects a segregation of NPCs

based on their ability to respond to differentiation signals (Fig. 6.3). Dividing the

NPC population into cells that are receptive to differentiation signals and cells that

are refractory is an important feature of a progenitor population such as the cap

mesenchyme that differentiates to form new nephrons but must also be carried

forward to give rise to the next round of nephrons. Progressive differentiation

through nephron progenitor compartments provides a mechanism that balances

renewal and differentiation, preventing NPCs from premature depletion and

protecting the organism from low nephron endowment. This essential balance

6 Growth Factor Regulation in the Nephrogenic Zone of the Developing Kidney 141



between self-renewal and differentiation appears largely to be governed by the

interplay between BMP, FGF, and WNT signaling pathways.

The least differentiated compartment of NPCs is marked by the transcriptional

co-activator CITED1 and the transcription factor SIX2 (Boyle et al. 2008). CITED1

+/SIX2+ progenitors require FGF9/20 signaling for proliferation and maintenance,

and loss of FGF9/20 leads to their premature differentiation and apoptosis (Brown

et al. 2011a, b; Barak et al. 2012). Chemical inhibitor studies using cultured

nephrogenic zone cells have shown that FGF-promoted renewal is most likely

mediated through the RAS/PI3K signaling pathway (Brown et al. 2011a, b).

Inhibitor studies on organ explants support the central role of PI3K signaling in

NPC self-renewal and indicate that it acts as a convergence point for multiple

signaling pathways including BMP and β-catenin (Lindstr€om et al. 2015). While

CITED1 is dispensable for function of the cap mesenchyme (Boyle et al. 2007),

SIX2 cooperates with collecting duct derived WNT9b to promote proliferation of

undifferentiated NPCs and also prevents their differentiation by limiting inductive

WNT/β-catenin activity (Karner et al. 2011; Park et al. 2012; Self et al. 2006). The

CITED1 compartment can be further subdivided based upon the expression of the

transcription factorsMeox1 and Dpf3 (Mugford et al. 2009), which are coexpressed

in a domain directly adjacent to the CITED1-/SIX2+ compartment and thus appear

primed for loss of CITED1 expression. While the function of Meox1 and Dpf3 is

unknown, their expression appears to be co-regulated with Cited1 through FGF

signaling (Brown et al. 2011a, b).

BMP signaling has a bimodal function in the cap mesenchyme, stimulating

proliferation of CITED1+/SIX2+ cells through activation of the TAK1/JNK map

kinase pathway and promoting transition to the more differentiated CITED1-/SIX2

+ compartment through SMAD activation (Blank et al. 2009; Brown et al. 2013;

Muthukrishnan et al. 2015). NPCs that transition to the CITED1-/SIX2+ compart-

ment display reduced SIX2 expression and become susceptible to ureteric bud

derived WNT9b, which activates β-catenin signaling, causing transition into a

loosely associated structure called the pretubular aggregate (PTA) in which SIX2

Fig. 6.3 Schematic of cap

mesenchyme and collecting

duct tip. Compartments of

the cap mesenchyme and

the predominant signaling

pathways that regulate them

are shown. Adapted from

Brown et al. (2013)

142 L. Oxburgh et al.



expression is strongly downregulated and the transcription factor LEF1 is expressed

(Mugford et al. 2009; Park et al. 2012; Carroll et al. 2005). Primary cell studies

suggest that the switch from JNK to SMAD signaling in response to BMP7 is

required for NPCs to become susceptible to the differentiating effect of

WNT/β-catenin (Brown et al. 2013). Molecular mechanisms that determine the

balance between BMP/JNK and BMP/SMAD activation by BMP7 in NPCs remain

undefined, but one interesting possibility is that the balance may be controlled by

other cells in the nephrogenic zone that interact with the CITED1+/SIX2+/Meox1+

compartment. For example, nephrogenic zone interstitial cell expression of the

transcription factor Foxd1 and the protocadherin Fat4 regulate the capacity of

NPCs to differentiate to the pretubular aggregate stage (Hatini et al. 1996; Das

et al. 2013; Bagherie-Lachidan et al. 2015; Mao et al. 2015). Finally,

WNT9b/β-catenin-induced expression of WNT4 in the LEF1-expressing compart-

ment promotes epithelialization of the PTA to form a renal vesicle through

noncanonical JNK and calcium-dependent WNT pathways (Kispert et al. 1998,

Osafune et al. 2006, Tanigawa et al. 2011; Burn et al. 2011).

6.5 Recapitulation of the Signaling Niche for NPC
Propagation in Culture

Our sophisticated knowledge of the signaling events that regulate self-renewal

versus differentiation of NPCs has facilitated development of an in vitro niche for

their undifferentiated propagation (Brown et al. 2015). Simultaneous modulation of

BMP, FGF, WNT, and Rho kinase pathways with recombinant protein ligands and

small molecules allows CITED1+/SIX2+ NPCs to be passaged and expanded over

one hundred thousand fold in serum free monolayer culture, while still retaining the

ability to differentiate into tubular segments of the nephron. As predicted, modu-

lation of the BMP signaling pathway is essential for propagation of NPCs; in the

absence of the BMP/SMAD inhibitor LDN-193189, NPCs signal through phospho-

SMAD1/5 and lose expression of undifferentiated NPC markers and competency to

undergo differentiation. In the absence of BMP ligand, NPCs failed to expand,

indicating that the TAK1 branch of the BMP signaling pathway is necessary for

NPC self-renewal and expansion in culture. While FGF9 appears to be the optimal

FGF ligand for NPC maintenance of the undifferentiated state, FGF1 and 2 can also

be used as substitutes in progenitor expansion medium, in agreement with previous

studies that show these two ligands promote CITED1 and SIX2 expression to

similar degree (Brown et al. 2011a, b). Interestingly, FGF20, a known natural

ligand for NPC maintenance, does not cause a strong proliferative response in

cultured NPCs alone (unpublished observation), which may be related to the quality

of the recombinant protein itself, or the fact that FGF20 works in conjunction with

FGF9 in vivo. Because of difficulties in obtaining recombinant Wnt protein, the

WNT/β-catenin pathway is activated using the GSK3β inhibitor CHIR99021.
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Titration of this inhibitor down to concentrations at which it mimics the low level of

WNT/β-catenin seen in renewing cells of the cap mesenchyme in vivo is essential

for in vitro propagation of NPCs (Karner et al. 2011). Interestingly, Rho kinase

inhibition is necessary to maintain NPC identity as well as for cell survival during

passage. The basis for this effect may be that Rho signaling is required for the

nuclear activities of the Hippo transcription factors Yap and Taz that are known to

promote stem cell renewal (Ohgushi et al. 2015). Alternately, the requirement for

Rho kinase inhibition could simply stem from the cytoskeletal adaptations that

NPCs must undergo in order to renew on a tissue culture surface (Watanabe et al.

2007).

NPCs from embryonic day 13.5 (E13.5) to postnatal day 1 (P1) can be propa-

gated using the in vitro niche described by Brown et al (Brown et al. 2015).

However, NPCs derived from embryonic stages prior to establishment of the

nephrogenic zone (E11.5) display poor capacity for expansion in these conditions.

The signaling requirements for these early NPCs appears to differ significantly, and

several groups have taken advantage of aggregate culture of whole metanephric

mesenchymes to expand progenitors from E11.5 mouse and E13.5 rat kidneys

(Tanigawa et al. 2015; Yuri et al. 2015). While modulation of the Notch signaling

pathway in cultured NPCs isolated from E13.5-P1 showed negligible effects on

propagation, consistent with loss of function phenotypes in which effects are

limited to NPC differentiation and determination of proximal versus distal tubule

fate, inhibiting Notch appears to aid in the expansion of E11.5 NPCs (Bonegio et al.

2011; Cheng et al. 2007; Brown et al. 2015). Differentiated cells within metaneph-

ric mesenchyme cultures interfere with NPC renewal, an effect that can be abro-

gated by addition of the Notch inhibitor DAPT (Yuri et al. 2015). Notch inhibition

also promotes renewal of purified E11.5 NPCs, suggesting that there may also be

cell autonomous Notch signaling in NPCs at this early developmental stage (Brown

et al. 2015). Studies using a serum free medium containing FGF2, TGFα, LIF, and
the ROCK inhibitor Y-27632 demonstrate the preferential expansion of SIX2+

NPCs isolated from E11.5 mouse and E13.5 rat metanephric mesenchymes grown

in aggregate culture (Tanigawa et al. 2015). In this study, Y-27632 was shown to

attenuate LIF-induced MET and maintain the undifferentiated state of NPCs

through activation of YAP.

6.5.1 NPCs Derived from Pluripotent Stem Cells

A number of groups have succeeded in differentiating human pluripotent stem cells

(PSCs) through the intermediate mesoderm lineage to NPCs. Interestingly, in these

differentiation schemes, many of the same signaling pathways that control NPC

proliferation and renewal during embryonic development in mice are manipulated

to promote differentiation of human NPCs from pluripotent stem cells, including

FGF, BMP and WNT (Mae et al. 2013; Lam et al. 2014; Taguchi et al. 2014;

Takasato et al. 2014, 2015; Morizane et al. 2015). One experimental hurdle that
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remains is to obtain human pluripotent cell-derived NPCs in large quantities for

both biochemical and tissue engineering studies. Data on the signaling pathways

necessary for expansion of these human NPCs in their undifferentiated state is

limited, and progress toward human NPC expansion has been hampered by the lack

of a well-defined surface marker for their isolation and enrichment. Using the

in vitro niche for NPC propagation described above, it is possible to culture

PSC-derived NPCs, but contaminating non-NPCs that arise during the differentia-

tion process rapidly take over these cultures (Brown et al. 2015). A recent report

identifies integrin α8 as a surface marker using which NPCs can be isolated from

human fetal kidneys, opening up the possibility of purifying PSC-derived NPCs by

fluorescent sorting in order to formulate conditions for their propagation (O’Brien
et al. 2016).

6.6 Collecting Duct Cells

Formation of the collecting duct starts with the outgrowth of the ureteric bud from

the nephric (Wolffian) duct within the intermediate mesoderm. Ingrowth to the

metanephric mesenchyme and the establishment of the reciprocal signaling inter-

change between collecting ducts and cap mesenchyme ensure that a program of

branching is maintained throughout the course of metanephric development. The

tubular epithelium of the collecting duct can be divided into trunk and tips, and it is

the tips that are located within the nephrogenic zone. In the basic signaling axis that

drives collecting duct growth and branching, GDNF expressed by the cap mesen-

chyme activates the Ret receptor complex, which is expressed at collecting duct tips

(Moore et al. 1996; Pichel et al. 1996; Sánchez et al. 1996; Pachnis et al. 1993;

Sainio et al. 1997; Schuchardt et al. 1994; Vega et al. 1996). The expression of Ret

is limited to tips, and the process of collecting duct growth and branching is

determined in great part by signaling interactions within the nephrogenic zone. In

fact, the tip consists of a self-renewing progenitor population, the daughter cells of

which are either retained in the tip for ongoing outward growth or deposited in the

trunk (Riccio et al. 2016).

Far more is known about signaling that controls ureteric bud outgrowth than the

signaling within the nephrogenic zone that determines ongoing branching and

growth throughout development. However, animals with reduced rather than abro-

gated Gdnf and Ret expression form hypomorphic kidneys, indicating reduced

branching following ureteric bud formation and ingrowth into the metanephric

mesenchyme (Pichel et al. 1996; de Graaff et al. 2001). Also, organ culture studies

of collecting duct branching in isolation from cap mesenchyme reveal a dependence

on GDNF addition to the culture medium for iterative branching (Qiao et al. 1999).

Based on these findings, it seems clear that the GDNF-Ret axis functions within the

nephrogenic zone throughout development (Fig. 6.4). It also seems likely that other

signaling pathways known to control ureteric bud formation also regulate growth

and branching in the nephrogenic zone throughout kidney development. Studies of
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the receptor tyrosine kinase inhibitor Sprouty 1 have led to intriguing findings

regarding signaling redundancy in the GDNF-Ret pathway; compound genetic

inactivation experiments reveal that Gdnf and Ret are dispensable for ureteric bud
outgrowth in the Spry1 null background (Basson et al. 2005; Michos et al. 2010).

The redundant signal that activates receptor tyrosine kinase signaling in the

collecting duct tip of the Gdnf/Spry1 double mutant is FGF10, which is produced

by the mesenchyme. Fgf10 remains expressed in the cap mesenchyme throughout

nephrogenesis, and one can extrapolate that signaling through the FGF10:FGFR

pathway acts redundantly with GDNF:Ret through the course of collecting duct

morphogenesis. The retinoic acid signaling pathway is also essential for ureteric

bud outgrowth and likely operates later in collecting duct development. Reduction

of retinoic acid signaling results in reduced Ret expression and associated impair-

ment of ureteric bud outgrowth, which can be overcome by forced expression of Ret

in the collecting duct (Mendelsohn et al. 1999; Batourina et al. 2001). This effect

can be mimicked by expression of a dominant negative retinoic acid receptor in the

collecting duct, indicating that retinoic acid signaling acts directly on collecting

duct tips to maintain Ret expression (Rosselot et al. 2010). The source of the

retinoic acid is predicted to be the nephrogenic zone interstitial cells, which express

the retinoic acid processing enzyme retinaldehyde dehydrogenase 2 (Aldh1A2).

Fig. 6.4 Signals from cap mesenchyme and interstitial cells that regulate collecting duct growth

and branching
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This highlights the integration and interdependence of the three major cell types

within the nephrogenic zone, the collecting duct, nephrogenic zone interstitium,

and cap mesenchyme.

WNT and BMP signaling are also thought to be involved in collecting duct

growth and branching, although in both cases it has been difficult to assign growth

factor-receptor relationships because of extensive redundancy of expression. Con-

ditional inactivation of β-catenin specifically in the ureteric bud/collecting duct

lineage interrupts growth and branching of the collecting duct already at E11.5 in

the mouse, leading to aplasia or severe hypoplasia (Bridgewater et al. 2008; Marose

et al. 2008). Although it has not been confirmed that this requirement for β-catenin
in cells of the collecting duct is maintained throughout nephrogenesis, in vivo

reporters for the β-catenin-associated Tcf/Lef transcription factors show that sig-

naling is strong from the beginning of metanephric development through to the

postnatal period (Iglesias et al. 2007; Bridgewater et al. 2008). Several ligands that

are known to activate the β-catenin signaling pathway are expressed in or immedi-

ately adjacent to the nephrogenic zone, including Wnt7b and Wnt9b which are

expressed in the collecting duct itself (Carroll et al. 2005; Yu et al. 2009). Condi-

tional inactivation of the BMP receptor Alk3 in the ureteric bud/collecting duct

results in a reduction of collecting duct growth and branching (Hartwig et al. 2008).

Interestingly, analysis of these kidneys in culture reveals that the lack of BMP

receptor causes an increase in branching early in kidney development, but a

reduction later in development. The molecular basis for this biphasic requirement

for BMP signaling in collecting duct morphogenesis is not known. The identifica-

tion of ligands responsible for these effects is complicated by redundant expression;

Bmp7 is expressed in both the collecting duct and cap mesenchyme, whereas Bmp2
is expressed in the pretubular aggregate, and Bmp3 is expressed in the kidney

capsule (Dudley and Robertson 1997).

6.7 Vascular Endothelial Progenitor Cells

The kidney is highly vascularized and receives approximately 20% of the cardiac

output in the adult. Renal function relies on intimate integration of blood vessels

and nephrons, which is established during the embryonic period. Both the vascu-

lature of the glomerulus and the capillary network that feeds the tubular nephron are

morphogenetically highly complex. Kidneys transferred from embryos at a devel-

opmental stage preceding the first overt signs of vascularization to an adult host are

vascularized without ingrowth of host-derived endothelial cells, indicating that

renal vasculature arises largely from intrinsic endothelial progenitors (Robert

et al. 1996; Sequeira Lopez et al. 2001). These C-kit+/SCL+ endothelial progeni-

tors are interspersed with Foxd1+ interstitial progenitors throughout the

nephrogenic zone (Dekel et al. 2004; Schmidt-Ott et al. 2006; Hu et al. 2015).

The angiogenic factor VegfA acts chemotactically on endothelial cells of the

kidney, ensuring their directional migration (Tufró 2000). Vegf is expressed in
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cap mesenchyme under the control of the transcription factor WT1, which provides

an explanation for the placement of endothelial progenitor cells around the cap

mesenchyme (Gao et al. 2005). This position is important because endothelial cell

invasion of the nascent nephron that develops from aggregated cap mesenchyme

cells is essential for formation of the glomerular capillary. Strictly speaking, this

invasion process occurs immediately outside the nephrogenic zone, but the range of

the chemotactic signal emanating from the newly formed nephron may extend into

the nephrogenic zone. Once the cap mesenchyme has aggregated and undertaken its

mesenchyme-to-epithelium transition, it forms a polarized S-shaped body with a

vascular cleft at the proximal pole. This is the site of podocyte differentiation, and

these early podocytes express Vegf very strongly (Robert et al. 2000). Conditional

inactivation of Vegf in early podocytes leads to a marked decrease in endothelial

cell recruitment and loss of formation of glomerular vasculature (Eremina et al.

2003). Thus, VEGF secretion by podocytes is responsible for recruitment of

endothelial cells into the forming glomerulus. Endothelial cells in their turn recruit

mesangial cells at this very early stage in glomerulus formation through expression

of PDGFB, a process that is described in the section on Foxd1+ interstitial cells.

6.8 Nephrogenic Zone Interstitial Cells

The interstitial cell compartment, which is otherwise referred to as the stroma,

consists of all cell types except cap mesenchyme, collecting duct epithelium, and

endothelial cells. In the nephrogenic zone, this includes the Foxd1-expressing
progenitor for vascular mural cells and fibroblasts as well as macrophages.

6.8.1 The Progenitor for Vascular Mural Cells
and Fibroblasts

The majority of the cells between the cap mesenchyme and the capsule and between

cap mesenchymes of distinct tips are multipotential progenitors expressing the

transcription factor FOXD1. These cells can differentiate to a number of different

cell types including the pericytes that line capillaries, vascular smooth muscle cells

that line larger vessels, renin-producing cells, mesangial cells of the glomerulus,

and interstitial fibroblasts of the kidney, which encompass the erythropoietin-

producing cells (Kobayashi et al. 2014, 2016; Sequeira-Lopez et al. 2015). Inter-

estingly, there appear to be distinct origins of this multipotent progenitor population

in different regions of the kidney. The majority of these cells arise from an Osr1-
expressing intermediate mesoderm progenitor which is bipotential for Six2+ NPCs

and Foxd1+ interstitial cells (Mugford et al. 2008). However, on the medial aspect

of the organ which surrounds the entry point of the ureter, these cells are derived
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from a distinct lineage of Tbx18+ intermediate mesoderm cells whose main func-

tion is to give rise to the mesenchyme of the ureter (Bohnenpoll et al. 2013).

Although they differ in their ontogenies, nephrogenic zone interstitial cells of

these distinct origins appear to follow the same differentiation pathways, and it

seems most likely that cell signaling processes driving these fates are conserved

between the two. We know little about which signaling pathways are responsible

for maintenance/proliferation of nephrogenic zone interstitial cells. In contrast to

the cap mesenchyme, which we know depends on multiple growth factor pathways

for its maintenance, studies in interstitial progenitor cells have not yielded any clear

results. Perhaps the best candidates pathways for growth control of this population

are FGF, WNT/β-catenin, Notch, and BMP; because they are essential for mainte-

nance of the neighboring cap mesenchyme, we assume that pathway ligands are

available in the niche. Surprisingly, neither inactivation of β-catenin, compound

inactivation of FGF receptors, or inactivation of numerous components of the

Notch signaling pathway using the Foxd1cre deleter strain results in a noticeable

reduction in abundance of these cells (Yu et al. 2009; Boivin et al. 2015; Boyle et al.

2014; Walker et al. 2016). Investigations into the role of BMP and other signaling

pathways aimed at understanding if growth factor signaling indeed is essential for

maintenance of this cell population are ongoing.

It has been clear for some time that the interstitial cell population of the

nephrogenic zone provides important signals for neighboring cells; inactivation of

the gene encoding the FOXD1 transcription factor resulted in accumulation of cap

mesenchyme cells with a lack of nephron differentiation (Hatini et al. 1996). This

suggested that there may be signaling directly from interstitial cells to cap mesen-

chyme cells. In one informative approach to try to resolve this question, investiga-

tors have investigated the consequences of removing these cells by diphtheria

toxin-mediated ablation (Das et al. 2013; Hum et al. 2014). Cap mesenchymes

are enlarged, and there is a paucity of nephron differentiation in kidneys lacking the

Foxd1+ interstitial cell population, similar to the Foxd1 null. NPCs are blocked in

their differentiation, resulting in accumulation of cells in the cap mesenchyme

compartment. A complex mechanism involving components of the Hippo pathway

has been proposed to regulate cross-talk between Foxd1+ interstitial cells and

NPCs; Fat4 signaling from interstitial cells causes exclusion of the Yap transcrip-

tion factor from the nucleus. Yap modulates the transcriptional response to Wnt9b

from the collecting duct and when Yap is nuclear, the Wnt9b/β-catenin response

activates targets that are required to maintain the cell in its progenitor state.

However, when Yap is excluded from the nucleus by Fat4 signaling,

Wnt9b/β-catenin activates targets that promote NPC differentiation (Das et al.

2013). Thus, in mice lacking Foxd1+ interstitial cells, Yap is constitutively nuclear

in the NPC, preventing it from differentiating. This mechanism for interstitial

control of NPC differentiation has been challenged by a series of compound genetic

studies (Bagherie-Lachidan et al. 2015; Mao et al. 2015). These studies confirm the

essential role that Fat4 expression in Foxd1+ interstitial cells plays in controlling

NPC differentiation, and reveals Dachsous 1 (Dchs1) as the cognate partner for Fat4

in cells of the cap mesenchyme, but show that compound inactivation of Fat4 and
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Yap in cap mesenchyme does not affect NPC differentiation. Collectively, these

studies reveal an essential role for the interstitial cell population of the nephrogenic

zone in controlling the balance between renewal and differentiation of the cap

mesenchyme through Fat4–Dchs1 interaction, but the molecular mechanism under-

lying this remains a work in progress.

In addition to the Fat4–Dchs1 axis, Foxd1+ interstitial cells also modulate the

extracellular signaling environment for NPCs. A screen for genes controlled by the

FOXD1 transcription factor uncovered the small leucine rich protein decorin (Dcn)
as a target (Fetting et al. 2014). FOXD1 acts as a repressor, and nephrogenic zones

of kidneys from Foxd1 null mice display abnormal accumulation of DCN protein.

DCN inhibits BMP/Smad signaling, thus reducing a pro-differentiation signal to

NPCs, providing an explanation for the accumulation of NPCs seen in the Foxd1
null. Compound inactivation of Foxd1 and Dcn results in partial rescue of the

Foxd1 null phenotype, showing that Dcn plays an essential role but also indicating

that additional factors contribute to the Foxd1 null kidney phenotype. Interestingly,
Dcn is also under the control of the transcription factor SALL1 which is expressed

in interstitial cells of the nephrogenic zone. Inactivation of Sall1 in Foxd1+
interstitial cells results in a similar phenotype to the Foxd1 null with cap mesen-

chyme expansion and elevated Dcn expression in the nephrogenic zone (Ohmori

et al. 2015). The Foxd1+ interstitium thus plays an essential role in regulating the

extracellular signaling environment for the cap mesenchyme (Fig. 6.5).

Pathways that control differentiation of Foxd1+ interstitial cells themselves are

partially understood, although enough knowledge is not yet available to compre-

hensively understand how cells choose to commit to one of the many differentiation

pathways available to them. Signaling events controlling mesangial differentiation

Fig. 6.5 Schematic showing signaling interactions in the cap mesenchyme that are controlled by

Foxd1 in nephrogenic zone interstitial cells. Decorin (DCN) acts as an antagonist of BMP/SMAD

signaling and is normally repressed by the FOXD1 transcription factor in the nephrogenic zone

interstitium. Following inactivation of Foxd1, DCN antagonism of SMAD activation by BMP7

(pS1/5) prevents progression of cap mesenchyme cells to a state in which they are susceptible for

epithelial induction by Wnt9b leading to accumulation of undifferentiated cap mesenchyme.

Adapted from Fetting et al. (2014)
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have been the most actively studied, although progress has been hampered by the

lack of mesangial-specific markers and mesangial-specific cre deleter strains.

Development of the Foxd1cre strain facilitated systematic study of pathways that

control these cells, but because it is relatively new a limited number of studies have

so far been conducted (Kobayashi et al. 2014). Inactivation of the genes encoding

PDGFB or the PDGF receptor β results in failure of mesangial investment in newly

formed glomeruli (Levéen et al. 1994; Soriano 1994). PDGFB expressed by

differentiating endothelial cells signals through PDGFRβ expressed on cells of

the Foxd1+ interstitial cell lineage, providing a recruitment signal (Lindahl et al.

1998). Notch signaling is also involved in the decision of Foxd1+ cells to take on

the mesangial fate; inactivation of the gene encoding the RBPjk transcription factor

that mediates Notch signaling with Foxd1cre specifically prevents entry into the

mesangial lineage but does not affect the capacity of cells to contribute to pericyte

or vascular smooth muscle fates (Boyle et al. 2014; Lin et al. 2014). The Notch and

PDGFB pathways appear to be interconnected in specification of mesangial cells;

PDGFRβ is expressed at a low level in Foxd1+ cells within the nephrogenic zone,

but PDGFRβ expression increases in those cells neighboring the vascular clefts into
which they are to be recruited as mesangial cells. The switch from low- to high-

level PDGFRβ expression is regulated by the transcription factor PBX1 which

represses Pdgfrβ in Foxd1+ cells and is downregulated as they differentiate

(Hurtado et al. 2015). The elevation of PDGFRβ expression that preempts recruit-

ment of mesangial cells does not occur in the Foxd1cre; RBPjk conditional mutant.

A pathway for the differentiation of mesangial cells from their Foxd1+ progenitors

appears to be emerging, although many questions remain to be answered. For

example, is Pbx1 a target of Notch signaling, and what exactly is the function of

PDGFB signaling in mesangial recruitment?

6.8.2 Macrophages

In the developing embryo, yolk sac-derived macrophages/phagocytic cells infiltrate

all solid organs and become tissue resident macrophages. They play vital roles

during organogenesis including phagocytic clearance of dead cells associated with

morphogenesis and tissue remodeling, production of trophic factors that stimulate

growth and differentiation, and promotion of angiogenesis. Macrophages are also

known to promote development and branching morphogenesis of mammary gland,

lung, pancreas, and kidney (Pollard and Hennighausen 1994; Jones et al. 2013;

Banaei-Bouchareb et al. 2004; Rae et al. 2007). In addition to resident macro-

phages, monocytes derived from the circulation traffic to developing organs. As

development proceeds, hematopoiesis and production of macrophages shift from

the yolk sac to the liver, and subsequently to the bone marrow. Bone marrow-

derived monocytes infiltrate tissues and differentiate into resident macrophages.

Thus, solid organs contain both yolk sac- and bone marrow-derived resident

macrophages that persist throughout life. Mice lacking macrophage colony
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stimulating factor 1 (Csf1) exhibit numerous developmental defects in the skeleton,

brain, and lung and show impaired growth and fertility (Marks and Lane 1976;

Michaelson et al. 1996; Cohen et al. 1996; Pollard et al. 1991; Harris et al. 2012).

CSF-1 signals through its high affinity tyrosine-kinase receptor CSF1R to control

survival, proliferation, and differentiation of macrophages, and targeted inactiva-

tion of Csf1r recapitulates the Csf1 loss of function phenotype in mice (Dai et al.

2002). Transgenic mice expressing EGFP driven by the Csf1r promoter revealed

the presence of macrophages around E11.5-E12.5 in the embryonic kidney (Rae

et al. 2007). At E11.5, macrophages are localized near the vascular bed between the

metanephric mesenchyme and metanephric duct. During later stages of kidney

development, they reside between the interstitial cells surrounding the UB and

CM in the nephrogenic zone and in close apposition to the developing nephrons.

Their trophic role and functional significance to embryonic kidney development is

not well understood, although reports suggest that they may provide important

developmental cues. Organ culture experiments revealed that addition of CSF-1 to

E11.5 kidney explants promotes ureteric bud growth and branching and nephron

formation (Rae et al. 2007), and administration of CSF-1 to neonatal mice promotes

kidney growth (Alikhan et al. 2011). The finding that Csf1 null mice do not have

kidney defects argues against a role for CSF-1 signaling in normal kidney devel-

opment (Stanley et al. 1994; Wiktor-Jedrzejczak et al. 1994). However, the possi-

bility that macrophage secretion of other trophic factors such as PDGFs, TGFβs,
and WNTs may be involved in regulation of kidney development remains to be

explored.

6.8.3 Growth Factor Signaling Integration

Reciprocal signaling interaction between the distinct cellular compartments of the

nephrogenic zone is essential for normal nephron endowment of the adult kidney.

As summarized above, we know the identities of many of the growth factors and

cytokines essential in this process. However, we are only really beginning to

understand how these signaling pathways integrate at the molecular level. BMP7

and FGF9 signaling pathways interact to promote self-renewal of NPCs; while both

Bmp7 and Fgf9 are expressed in cap mesenchyme and collecting ducts, conditional

inactivation of Fgf9 in the collecting duct reveals that it is essential for cap

mesenchyme maintenance (Barak et al. 2012). Cooperative regulation of AP-1

transcriptional activity has emerged as a key intersection between BMP7 and

FGF9 pathways, partially explaining their synergistic regulation of NPC mainte-

nance and renewal. The mechanism involves phosphorylation and activation of the

AP-1 transcription factors JUN and FOS distinctly by BMP7 and FGF9 respec-

tively, resulting in collaborative regulation of AP-1 transcriptional activity and

activation of downstream targets involved in cell cycle and proliferation (Fig. 6.6)

(Muthukrishnan et al. 2015). A number of well-characterized AP-1 transcriptional

targets are key regulators of the cell cycle, apoptosis, and proliferation including
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Ccnd1, p53,Myc, Bim, Bcl-2, p21 (Shaulian and Karin 2001). Of these targets, Bcl-
2,Myc, and p53 have already been shown to be essential for NPC survival, renewal,

and differentiation and normal kidney development (Sorenson et al. 1995;

Couillard and Trudel 2009; Saifudeen et al. 2012).

In other cellular contexts, WNT/β-catenin signaling has been shown to regulate

Jun and AP-1 target genes such as Myc, Ccnd1, and Ccnd2 (Nateri et al. 2005;

Yochum et al. 2008; Toualbi et al. 2007). WNT9b/β-catenin signaling could also

converge with BMP7 and FGF9 to govern AP-1 transcription in NPCs. Under-

standing how AP-1 function is cooperatively controlled by these distinct NPC

renewal pathways will be important for integration of the growth factor signaling

inputs governing nephron formation. Although the importance of BMP7-MAPK

and WNT9b/β-catenin in NPCs has been established in vivo, intracellular signal

transduction mechanisms utilized by FGFs 9/20 remains to be elucidated. In vitro

findings suggest that RAS and PI3K pathways are essential for maintenance of

NPCs (Brown et al. 2011a, b). A recent study reported that PI3K has dose-

dependent effects on NPC renewal and differentiation through regulation of

β-catenin signaling (Lindstr€om et al. 2015). However, the function of the

ERK/MAPK pathway is unknown. Future studies should aim to generate condi-

tional mutants of PI3K and ERK pathway components to elucidate their role in

regulation of AP-1 transcription in NPCs. Interestingly, YAP expression is regu-

lated by BMP7-SMAD signaling in embryonic neural stem cells, and YAP phos-

phorylation is regulated by JNK-JUN in MEFs (Danovi et al. 2008; Tomlinson et al.

2010; Yao et al. 2014). YAP interacts with both SMAD and AP-1 transcription

Fig. 6.6 Model for

interaction between BMP

and FGF signaling in

maintenance of the nephron

progenitor cell. BMP

signaling activates the JUN

transcription factor while

FGF9 activates FOS.

Although the AP1

transcription factor that

promotes proliferation of

these cells can be assembled

from JUN:JUN

homodimers, the

transcriptional activity of

the JUN:FOS heterodimer is

stronger. AP1 activates a

number of cell cycle

regulators
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factors, and the intersection of FAT4-DCHS1/2 signaling with both BMP7-MAPK

and BMP7-SMAD is an interesting possibility (Estaras et al. 2015; Zanconato et al.

2015). Mapping the intracellular signal transduction mechanisms utilized by these

distinct pathways will be required to build a unified model of NPC renewal and

differentiation.

6.9 Changes in the Nephrogenic Zone Associated
with Cessation of Nephrogenesis

The formation of new nephrons ceases on approximately the second day after birth

in the mouse. Morphologically, this arrest of nephrogenesis is associated with a loss

of Cited1+ cells in a final wave of differentiation (Hartman et al. 2007). Although

nephrogenesis ends abruptly, there is a gradual change in the morphology of the

nephrogenic zone preceding cessation, with a reduction in size of both collecting

duct tips and cap mesenchymes over the course of several days (Short et al. 2014).

A possible connection between the gradual thinning of the cap mesenchyme and

cessation of nephrogenesis has been proposed; theoretical modeling predicts that

once cap mesenchyme size falls below a certain threshold, the final wave of

differentiation and cessation will ensue (Zubkov et al. 2015). Alterations in key

signaling pathways responsible for cap mesenchyme maintenance have been asso-

ciated with these terminal alterations in the nephrogenic zone. BMP/SMAD sig-

naling increases within the cap mesenchyme over the last three days of kidney

development (Brown et al. 2015). The balance between MAPK and SMAD signal-

ing downstream of BMP7 plays an important role in balancing renewal and

differentiation of NPCs; increased SMAD signaling is predicted to increase the

sensitivity of these cells to WNT/β-catenin mediated differentiation, thus depleting

the cap mesenchyme more rapidly. Heterochronic engraftment studies in which

postnatal cap mesenchyme cells were engrafted into cap mesenchymes of E12.5

kidneys revealed that the older cells are more prone to exit the cap mesenchyme and

differentiate than the E12.5 cells (Chen et al. 2015). The aging cap mesenchyme

thus appears fundamentally altered in its capacity for renewal, and engraftment

studies with mutant kidneys indicates that reduced FGF expression may be associ-

ated with this age-related change. FGF9 and 20 are essential for the maintenance of

the cap mesenchyme in its undifferentiated state, and a reduction in FGF20 is

predicted to tip the balance in favor of differentiation and more rapid exit of cells

from the cap mesenchyme. Whether there is a connection between elevated

BMP/SMAD signaling and reduced FGF20 remains to be determined.
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6.10 Conclusion

With this overview, we hope to have given an introduction to the vast number of

signaling interactions within the nephrogenic zone. Much of this signaling is going

on simultaneously in a relatively small space and one key feature that has not really

been explored is how the different cells within this niche insulate themselves from

unwanted signaling inputs. We are now starting to acquire the tools to study the

different cell types within the nephrogenic zone in isolation, and we expect that

many intriguing questions such as this will be answered within the coming years.
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Chapter 7

Development and Diseases of the Collecting

Duct System

Lihe Chen, Paul J. Higgins, and Wenzheng Zhang

Abstract The collecting duct of the mammalian kidney is important for the

regulation of extracellular volume, osmolarity, and pH. There are two major

structurally and functionally distinct cell types: principal cells and intercalated

cells. The former regulates Na+ and water homeostasis, while the latter participates

in acid–base homeostasis. In vivo lineage tracing using Cre recombinase or its

derivatives such as CreGFP and CreERT2 is a powerful new technique to identify

stem/progenitor cells in their native environment and to decipher the origins of the

tissue that they give rise to. Recent studies using this technique in mice have

revealed multiple renal progenitor cell populations that differentiate into various

nephron segments and collecting duct. In particular, emerging evidence suggests

that like principal cells, most of intercalated cells originate from the progenitor cells

expressing water channel Aquaporin 2. Mutations or malfunctions of the channels,

pumps, and transporters expressed in the collecting duct system cause various

human diseases. For example, gain-of-function mutations in ENaC cause Liddle’s
syndrome, while loss-of-function mutations in ENaC lead to

Pseudohypoaldosteronism type 1. Mutations in either AE1 or V-ATPase B1 result

in distal renal tubular acidosis. Patients with disrupted AQP2 or AVPR2 develop

nephrogenic diabetes insipidus. A better understanding of the function and devel-

opment of the collecting duct system may facilitate the discovery of new therapeu-

tic strategies for treating kidney disease.
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7.1 Kidney Structure and Function

The adult kidney is a complex filtration system structurally comprised of discrete

cell types including glomerulus parietal cells, glomerulus podocytes, proximal

tubule brush border cells, loop of Henle thin segment cells, thick ascending limb

cells, collecting duct principal cells (PC), collecting duct intercalated cells (IC), and

stromal cells. They reside in the cortex, medulla, and papilla regions. In humans, a

normal kidney contains 800,000–1.5 million nephrons (Guyton and Hall 2006),

which are the basic filtering and excretory renal units. The differentiated segments

of each nephron, from proximal to distal, consist of the glomerulus, proximal

tubule, loop of Henle, and distal convoluted tubule. A series of tubules and ducts

connects the nephrons to the ureter and is referred as the collecting duct system.

The major functions of the kidney are (1) maintenance of electrolyte, water, and

acid–base balance; (2) excretion of nitrogenous waste metabolites; (3) hormonal

secretion; and (4) regulation of blood pressure. They filter about 180 l of blood per

day, with only about 1.5 l finally leaving the body as urine. Urine is formed by

nephrons through three precisely regulated processes: filtration, reabsorption, and

secretion.

Blood flows into the glomerulus through the afferent arteriole. The filtration

barrier prevents the passage of albumin and blood cells. These large substances exit

the glomerulus via the efferent arteriole. In contrast, small molecules including

ions, water, sugar, and nitrogenous waste are passed through the barrier into

Bowman’s capsule to produce the glomerular filtrate.

Reabsorption, the next step in urine formation, is the process during which ions

and water are reabsorbed back into the bloodstream. This is achieved when the

glomerular filtrate passes through the proximal tubule, the loop of Henle, the distal

convoluted tubule, and the collecting duct system. The resulting product after

reabsorption in the nephron is known as the tubular fluid.

Secretion takes place in the epithelial cells that form the renal tubules and

collecting ducts and involves the removal of excessive quantities of certain

dissolved substances in the blood to the tubular fluid. Secretion also keeps the

blood at a normal pH, which typically ranges from pH 7.35 to pH 7.45.

7.2 Different Origins of the Collecting Duct and Nephron

During Development

7.2.1 Ureteric Bud and Metanephric Mesenchyme

In mammals, the pronephros and mesonephros exist transiently (Little and

McMahon 2012). Mouse nephrogenesis, which starts at E11, is characterized by

an outgrowth of the ureteric bud from the Wolffian duct and an extensive invasion

of the ureteric bud into the surrounding metanephric mesenchyme (Little and
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McMahon 2012). At this stage, the ureteric bud is evident as a T-shape structure and

thereafter undergoes a series of branching morphogenesis. The ureteric bud is able

to undergo multiple rounds of branching and creates the whole collecting duct

system. Signals secreted from the ureteric bud tip induce the surrounding mesen-

chymal cells to produce cap mesenchyme, and initiate the mesenchyme-to-epithe-

lial transition of the cap mesenchyme to generate the early nephron structures. The

induced cap mesenchyme cells around the ureteric bud tip form the renal vesicles

with a small lumen. The comma-shaped body then develops with the appearance of

a cleft in the renal vesicles. The s-shaped body becomes evident when a second cleft

appears in the comma-shaped body. The distal end of the s-shaped structure

attaches to the ureteric bud and forms the continuous tubule through a yet undefined

mechanism, while the proximal part of the s-shaped body interacts with endothelial

cells to begin glomerulogenesis.

The metanephric mesenchyme is a pool for renal stem and progenitor cells. In

addition to giving rise to the entire nephron complement, the stem or progenitor

cells within the metanephric mesenchyme also give rise to either vascular pro-

genitors to create the blood vessels (Mugford et al. 2008) or stromal progenitors to

generate the stromal tissues (Little and McMahon 2012; Humphreys et al. 2010).

With the continuation of ureteric bud branching, new ureteric bud tips form and

repeat the same process. Connection of the nephrons with the ureteric bud allows

the urine to be voided continuously via the ureters.

7.2.2 In vivo Genetic Lineage Tracing: A Powerful Tool
to Identify the Stem/Progenitor Cells

Identification and clarifying the biology of the stem and progenitor cell cohorts

within the organ hold promise to translate stem cell research to clinical applications.

Lineage tracing represents the most powerful tool to identify the stem/progenitor

cells in their native environment and decipher the origins of the tissue that they give

rise to.

The key components of the genetic lineage tracing technique include Cre

recombinase and Cre-dependent reporters. Cre recombinase is an enzyme that

catalyzes the recombination of DNA between two loxP target cleavage sites. A

loxP site consists of 34 base pairs (bp) with two 13-bp palindromic sequences

separated by an 8-bp spacer region. A floxed allele is one that is placed between two

loxP sites. Cre recognizes the loxP targets and mediates the deletion or reversion of

the floxed DNA sequence, when the two loxP sites are in the same or opposite

direction (Nagy 2000; Humphreys and DiRocco 2014), respectively.

In genetic lineage tracing experiments, one mouse line carries a transgene or a

knock-in construct that drives Cre expression under control of a tissue- or cell type-

specific promoter. This line is often referred as a deletor or Cre driver. The Cre

driver is crossed to a second mouse line harboring a Cre-dependent reporter, such as
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red fluorescent protein (RFP) or LacZ. In case of RFP, RFP is designed to be under

the control of a ubiquitous promoter, usually consisting of a CMV-IE enhancer/

chicken β-Actin/rabbit β-Globin hybrid promoter (CAG) in which the RFP coding

sequence and CAG promoter is separated by a loxP-flanked “STOP” cassette,

which prevents transcription of the reporter (Madisen et al. 2010). In double

transgenic mice harboring both a Cre driver and a RFP reporter, Cre

recombinase-mediated recombination deletes the “STOP” cassette resulting in

expression of RFP in the Cre-expressing tissue(s) or cells. Because CAG is a

ubiquitously active promoter that is silenced by the “STOP” cassette, RFP expres-

sion is achieved only in the tissue(s)/cells that express Cre recombinase to remove

the “STOP” cassette. Once a cell activates RFP, its offspring also have a perma-

nently deleted “STOP” cassette, which provides for persistent expression of RFP,

leading to a population of RFP-traced cells. This technique is extremely useful in

stem cell research, especially in organs with complex cellular hierarchies like the

kidney (Humphreys and DiRocco 2014).

In addition, several Cre fusion proteins have been described, including CreGFP,

CreERT2, and ERT2CreERT2. CreGFP is a fusion of Cre to green fluorescence

protein that enables visualization of Cre expression (Kobayashi et al. 2008). In

CreERT2 Cre is linked to a mutant form of the human estrogen receptor (ERT2). ER
T2 is not able to bind the natural ligand (17β-estradiol) at physiological concentra-
tions but can bind the synthetic ligand 4-hydroxytamoxifen (tamoxifen). After

exposure to tamoxifen, CreERT2 moves from the cytoplasm to the nucleus, where

it catalyzes recombination. This tamoxifen-dependent induction of recombination

system allows spatiotemporal control of gene activity. It can be used to pulse label

cells and then monitor the labeled cells overtime [reviewed in (Feil et al. 2009)].

However, the high background activity in some cases (Ronzaud et al. 2011) may

limit its application. ERT2CreERT2, which places Cre between two ERT2 elements,

is designed to overcome this limitation. It is reported that ERT2CreERT2 apparently

has a tighter control of induction and thus a lower background activity than CreER
T2 (Matsuda and Cepko 2007). Alternatively, lineage tracing can be done using

doxycycline-dependent rtTA-inducible system (Gunther et al. 2002).

Obviously, interpretation of in vivo lineage tracing data relies on the faithfulness

of the Cre-driven reporters in recapitulating the expression pattern of the endoge-

nous gene, whose promoter drives Cre or Cre derivatives. Addition of ERT2 or GFP

to Cre may impact the expression pattern of Cre, leading to false positivity. Hence,

a direct comparison of Cre or Cre-driven reporters such as RFP and LacZ with the

immunofluorescence staining signal of the endogenous gene may help to demon-

strate the faithfulness.
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7.2.3 Identification of Six2+ Progenitor Cells Responsible
for Generation of the Main Body of Nephrons

Multiple in vivo lineage tracing mouse models relevant to renal biology have been

developed including Six2-Cre mice (Kobayashi et al. 2008). Six2-Cre mice contain

a BAC transgene carrying a Tet-off-eGFPCre (TGC) cassette; knock-in strains are

available with TGC, CreERT2, and eGFPCreERT2 cassettes residing at the Six2
initiation codon.

As a homeodomain family member, Six2 is very important in the maintenance of

the progenitor cell pool in the metanephric mesenchyme. Six2 deficiency leads to

early termination of nephrogenesis and loss of progenitor cells. Six2-expressing

cells are multipotent, have self-renewal capacity, and directly contribute to the

differentiation of the nephron main body, including podocytes, the proximal tubule,

the loop of Henle, and the distal convoluted tubule, but not the collecting duct,

stromal cells, and interstitial cells (Kobayashi et al. 2008). Like Six2, Cited1 is also

uniquely expressed in the cap mesenchyme (Boyle et al. 2008). In Cited1-CreERT2

BAC knock-in mice, Cited1+ progenitor cells are also found to contribute to the

nephron but not the collecting duct epithelium when traced by LacZ (Boyle et al.

2008). Most recently, lineage tracing with mice carrying an eGFPCreERT2 cassette

inserted at the Lgr5 locus shows that Lgr5 is a marker of a more committed group of

cells located within the distal region of s-shaped nephrogenic bodies (Barker et al.

2012) that only give rise to the thick ascending limb of Henle’s loop and the distal

convoluted tubule.

7.3 Molecular Signals Governing Ureteric Bud Growth

and Branching

The metanephric mesenchyme can induce ureteric bud growth and branching.

Reciprocally, the ureteric bud is capable of inducing nephrogenesis [reviewed in

(Krause et al. 2015)]. Many different stimulating or inhibitory signals regulate this

mutual induction.

7.3.1 Gdnf/Ret Signaling

The principal molecular pathway responsible for the outgrowth and branching of

the ureteric bud involves glial cell-derived neurotrophic factor (Gdnf) secreted by

the metanephric mesenchyme and its Ret receptor in the ureteric bud (Little and

McMahon 2012). Secreted Gdnf activates a Gfrα1/Ret receptor tyrosine kinase

complex, initiating a signaling cascade that increases the expression of Ret receptor

and induces the outgrowth of Ret positive cells from the Wolffian duct toward the
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Gdnf signal (Costantini and Kopan 2010). The signaling cascade also upregulates

different ureteric bud tip target genes such as Etv4, Etv5, Met, Mmp1, Spry, and
Wnt11. However, only Etv4 and Etv5 are essential for the ureteric bud outgrowth

(Lu et al. 2009). Wnt11 is a member of the Wnt superfamily of secreted glycopro-

teins. Disruption ofWnt11 in mice led to defects in ureteric branching morphogen-

esis and consequent kidney hypoplasia (Majumdar et al. 2003). Hence, Gdnf acts as

a chemotactic cue for the outgrowth of the ureteric bud toward the metanephric

mesenchyme. It should be noted that many pathways including ERK MAP kinase,

PI3K, and PLCγ also activate Ret signals and contribute to common ureteric bud

branching (Krause et al. 2015).

7.3.2 Wnt Signaling Pathway

The secreted lipid-modified signaling Wnt glycoproteins (Wnt) are critical for

organogenesis including the development of kidney. Wnt5a, -5b, -6, -9b, and -11

are expressed in the ureteric bud while Wnt2b, -4, and -5a are present in the

metanephric mesenchyme (Krause et al. 2015). Wnt4 is synthesized in the con-

densing mesenchyme and the comma- and s-shaped bodies. It acts in an autocrine

manner to maintain the induced metanephric mesenchyme and plays an important

role in the epithelialization of condensed mesenchyme and nephrogenesis (Stark

et al. 1994; Kispert et al. 1998). Wnt7b in the collecting duct epithelium is crucial

for cortico-medullary axis formation (Yu et al. 2009). Wnt9b and Wnt11 released

by the ureteric bud induce the metanephric mesenchyme to form cap mesenchyme

as well as promote a mesenchyme-to-epithelial transition to generate the renal

vesicles. As a ureteric bud-derived inducer of nephrogenesis, Wnt9b contributes

to the development of the transient mesonephric and permanent metanephric

tubules and the extension of the Müllerian duct. It is required for the initial

inductive response in the metanephric mesenchyme, i.e., the formation of the

pretubular aggregate (Carroll et al. 2005). Recently, Wnt5a has been added to the

list of the members of Wnt family that participate in kidney development (Nishita

et al. 2014). Together with its receptor or coreceptor Ror2, a member of the Ror

family of receptor tyrosine kinases, Wnt5a activates a noncanonical Wnt signaling

pathway and inhibits the canonical Wnt signaling pathway (Oishi et al. 2003).

Disruption of Wnt signaling can cause abnormal embryo development. For exam-

ple, Robinow syndrome is caused by a Wnt5a mutation. The symptoms of this rare

skeletal dysplasia syndrome include dysmorphic features resembling a fetal face,

renal and vertebral anomalies, short-limb dwarfism, and hypoplastic external gen-

italia in males (Roifman et al. 2015).
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7.3.3 Six1 and Sall1 Signaling

Homeobox protein Six1 in the uninduced metanephric mesenchyme is critical for

early kidney development. It is required for the expression of Sall1, a multi-zinc

finger transcription factor. Sall1 is critical for the development of the metanehpros.

Ablation of Six1 results in a failure of ureteric bud invasion into the mesenchyme

and subsequent apoptosis of the mesenchyme in mice (Xu et al. 2003). Mice with

deficiency in Sall1 are characterized by a failure in ureteric bud outgrowth, renal

agenesis or severe dysgenesis, and perinatal death (Nishinakamura et al. 2001).

7.3.4 FGF Signaling

Fibroblast growth factors (FGF) trigger a signal cascade through FGF receptors

during early metanephric development. The two important receptors Fgfr1 and

Fgfr2 are expressed in the metanephric mesenchyme and ureteric bud. Fgfr2 is

presented in all parts of the Wolffian duct and is crucial for Wolffian duct mainte-

nance (Okazawa et al. 2015). While single ablation of Fgfr1 or Fgfr2 does not cause
abnormal kidney development, the lack of both results in kidney agenesis (Poladia

et al. 2006).

As a result of the integration of multiple pathways, the cap mesenchyme gives

rise to diverse nephron epithelial segments while the ureteric bud differentiates into

the collecting duct.

7.4 Collecting Duct Development

The renal collecting duct system is made up of a series of ducts and tubules that

interconnect the nephrons to the ureter. It plays an important role in the regulation

of fluid and electrolyte metabolism through excretion and reabsorption, processes

regulated by the steroid hormone aldosterone and antidiuretic hormone vasopressin.

The collecting duct system contains several components including the connecting

tubules, cortical collecting ducts, and medullary collecting ducts (Berrout et al.

2014).

7.4.1 Function and Cellular Composition
of the Collecting Duct

In the collecting duct, two functionally and morphologically distinct cells are

present: PC and IC (Bagnis et al. 2001). The homeostatic balance of water,
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electrolytes, and acid–base is fine-tuned by the expression of many transporters in

PC and IC (Roy et al. 2015). PC express apical epithelial Na+ channel (ENaC) and

the water channel Aqp2 as well as the basolaterally located water channels Aqp3

and Aqp4. Collectively, they mediate the water and sodium balance. Aqp2-positive

cells are present in the connecting tubule, cortical collecting duct, outer medullary

collecting duct, and inner medullary collecting duct. Consistent with their primary

role in regulating the acid–base balance, IC express vacuolar-type H+-ATPase

(V-ATPase) and carbonic anhydrase II (CAII). V-ATPases acidify several intra-

cellular organelles and pump protons across the plasma membranes in a wide array

of cell types. Proton transport across intracellular and plasma membranes is coupled

to ATP hydrolysis through V-ATPases. The carbonic anhydrases belong to a family

of enzymes that catalyze the production of bicarbonate and protons from carbon

dioxide and water. IC can be further divided into two types according to their

immunological differences: α-IC and β-IC. α-IC display V-ATPase at the apical

membrane and anion exchanger 1 (AE1) at the basolateral membrane, which is

responsible for secreting protons into the urine and reabsorbing bicarbonates,

respectively (Roy et al. 2015).

Acidified urine can prevent bacterial growth and other urinary organisms.

Nevertheless, acidification of urine rather than a dedicated role in preventing

urinary tract infection has been assigned to α-IC. Recent studies have revealed a

novel mechanism by which α-IC function in the innate immune defense of urinary

tract infection. α-IC produce and release neutrophil gelatinase-associated lipocalin

to chelate the siderophore containing host iron to achieve bacteriostasis (Paragas

et al. 2014; Chen and Zhang 2014; Becknell et al. 2015).

While β-IC mirror the polarity and function of α-IC, they are characterized by

the apical expression of pendrin that secretes bicarbonates and the basolateral

expression of V-ATPase that reabsorbs protons (Roy et al. 2015). In addition,

Non-A and Non-B IC express both pendrin and V-ATPase at the apical side and

likely secrete bicarbonates and protons (Roy et al. 2015).

Unlike the wide distribution of PC throughout the kidney, IC have a more

restricted presence. α-IC are found in connecting tubules, cortical collecting

ducts, outer medulla collecting ducts, and the initial part of inner medulla collecting

ducts. β-IC are abundant only in connecting tubules and cortical collecting ducts

(Roy et al. 2015). Besides these major transporters, other important channels are

also found in the collecting duct cells like chloride/bicarbonate exchangers

SLC26A7 and SLC26A11, AE4, and Na+/K+ATPase (Roy et al. 2015).
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7.4.2 Molecular Regulators of Collecting Duct
Differentiation

7.4.2.1 Circumferential Evidence Suggesting a Common Origin of PC

and IC

Based on expression of PC and IC markers as well as functional characteristics, an

early study shows that sorted PC in primary culture do not change their PC

phenotype and are thus deemed as terminally differentiated cells. Unlike PC, β-IC
differentiate into PC, α-IC, and PC/IC “hybrids”, a behavior of multipotent cells

(Fejes-Toth and Naray-Fejes-Toth 1992). Consistently, metabolic acidosis

decreases β-IC and increases α-IC without changing the total IC population,

indicating β-IC conversion to α-IC (Schwartz et al. 1985). Disruption of the

extracellular matrix protein hensin/DMBT1 results in absence of typical α-IC in

mice (Gao et al. 2010). Mice deficient in the forkhead transcription factor Foxi1

contain a single cell type (Aqp2+ CAII+) that has undetectable expression of other

IC markers (V-ATPase B1, AE1, AE4, and Pendrin) in the cortex and medulla,

arguing that PC and IC arise from progenitor cells characterized by Foxi1- Aqp2+

CAII+ (Blomqvist et al. 2004). Analyses of IC markers AE1 and H+-ATPase

expression in CAII knockout mice indicate that IC are severely diminished and

replaced by PC (Breton et al. 1995).

Loss of Notch signaling results in an increase in the number of IC at the expense

of PC. A disintegrin and metalloproteinase domain 10 (Adam10) is a member of the

ADAM family of cell membrane-anchored proteins. Adam10 is involved in Notch

and other signaling pathways. Inactivation of Adam10 in ureteric bud derivatives

with a HoxB7-Cre driver leads to reduced PC and increased IC (Guo et al. 2015). A

similar decrease of PC/IC ratio in the collecting ducts is observed in HoxB7-Cre
Mib1f/fmice (Jeong et al. 2009). As an E3 ubiquitin protein ligase, Mib1 plays a key

role in the Notch and Wnt/receptor-like tyrosine kinase signaling pathways. These

changes in PC to IC ratios in the Notch collecting duct mutants, along with the

known conserved role of Notch signaling in binary cell fate choices, are highly

suggestive that these PC and IC differentiate from a common precursor cell type.

Notch signaling likely plays a conserved role in the “salt-and-pepper” patterning of

the collecting duct epithelium with intermingled cell types just as it does in other

biological settings including drosophila imaginal discs, frog skin, lung epithelium,

and zebrafish pronephros (Quigley et al. 2011; Janicke et al. 2007).

The HoxB7-Cre transgene permits Cre expression under the control of a 1.3 kb

mouse homeobox B7 (HoxB7) enhancer and promoter. Cre-mediated activation of

the ROSA reporter is visible in the mesonephric duct as early as E9.5, in the ureteric

bud by E10.25, and in all ureteric bud epithelial cells by E12.5. Dorsal root ganglia

and the spinal cord have low levels of Cre activity (Yu et al. 2002). Given the

detection of theHoxB7-Cre activity specifically within the mesonephric duct and its

derivatives (the Wolffian duct, the collecting duct, and the ureteral epithelium), PC

and IC may be differentiated from a pool of progenitor cells marked by HoxB7
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expression. However, the faithfulness of the HoxB7-Cre transgene and expression

of HoxB7 in IC remain obscure. This is because a direct comparison of Cre

expression with the endogenous HoxB7 and co-expression of either the endogenous

HoxB7 or Cre with IC markers, to our knowledge, have not been reported. Never-

theless, the HoxB7-Cre driver has been used to ablate multiple genes including

sonic hedgehog, αENaC, and Aqp2 as well as Adam10 and Mib1 in the collecting

duct (Yu et al. 2002; Rubera et al. 2003; Rojek et al. 2006).

7.4.2.2 Dot1l as a Primary Epigenetic Regulator of ENaC in Kidney

Disruptor of telomeric silencing (Dot1) was originally identified in the yeast

Saccharomyces cerevisiae as a gene regulating telomeric silencing (Singer et al.

1998). Dot1 and its mammalian homologs (Dot1l) encode a unique family of

methyltransferases specific for histone H3 K79 (Feng et al. 2002; van Leeuwen

et al. 2002; Zhang et al. 2004). Unlike other methyltransferases, Dot1 and Dot1l do
not contain a classical enhancer of zeste or trithorax domain (van Leeuwen et al.

2002). Dot1l is widely expressed and highly conserved and catalyzes the addition of

one, two, or three methyl groups to lysine 79 at the global domain of histone H3

(Krogan et al. 2003; van Leeuwen et al. 2002; Wu et al. 2013). Dot1l functions in

the regulation of transcription, development, erythropoiesis, differentiation, prolif-

eration, and leukemogenesis (Chang et al. 2010; Jo et al. 2011; Okada et al. 2005).

The global deletion of Dot1l causes embryonic lethality (Jones et al. 2008).

Our previous studies on Dot1l function and regulation in renal physiology lead to

(1) cloning of mouse Dot1l and identification of five alternative splicing variants

(Dot1a-e) (Zhang et al. 2004); (2) demonstration of high Dot1l expression in mouse

kidney and strong H3 dimethyl K79 (H3m2K79) staining in PC and IC (Zhang et al.

2006a; Zhang et al. 2004); (3) identification of Dot1a as an integral component of

aldosterone signaling that regulates mRNA expression and activity of ENaC in

mouse cortical collecting duct M1 cells and in mouse inner medulla collecting duct

IMCD3 cells (Zhang et al. 2006a, b, 2007; Chen et al. 2015); and (4) generation and

characterization of Dot1lf/f Aqp2Cre or Dot1lAC mice (Chang et al. 2010; Wu et al.

2013; Xiao et al. 2015). In the Aqp2Cre transgene, Cre is inserted at the ATG of

Aqp2 in a mouse genomic P1-derived artificial chromosome, which harbors a

125-kb 50 upstream region and a 31-kb 30 downstream region of Aqp2. The Aqp2Cre
driver mice carry two copies of the Aqp2Cre transgene and have been employed to

inactivate NR3C2 encoding mineralocorticoid receptor (MR) (Ronzaud et al. 2007).

As predicted, Dot1lAC versus Dot1f/f mice had increased αENaC mRNA levels

(Zhang et al. 2013).

7.4.2.3 Derivation of IC from Aqp2+ Progenitor Cells in Dot1lAC Mice

Dot1lAC versus Dot1f/f mice have ~20% less PC and a similar percentage more

IC. This change is associated with a significant increase in 24-h urine volume in the
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mutant mice, compared to the control mice. This change suggests a switch in cell

fate in the absence of Dot1l. Inactivation of Dot1l in PC completely abolishes

mono-, di-, and tri-methylation at H3 K79. This finding not only indicates that

Dot1l is the sole enzyme for all methylation events at H3 K79 but also suggests that

loss of H3m2K79 may be used to trace the Aqp2+ lineage in Dot1lAC mice

(Wu et al. 2013; Xiao et al. 2015).

Unexpectedly, Dot1lAC mice also display undetectable H3m2K79 in 67–75% of

IC identified by staining with an antibody recognizing V-ATPase B1 and B2

subunits (Fig. 7.1) and in 84–90% of cells labeled by other 4 IC markers

(V-ATPase A, CAII, AE1, and Pendrin). AE1 and Pendrin mark α-IC and β-IC,
respectively (Wu et al. 2013).

Activation of the Aqp2Cre transgene may occur before the Aqp2+ progenitors

switch to IC fate. As a result, Cre-dependent recombination leads to permanent

inactivation of Dot1l and, thus, loss of H3m2K79 in the Aqp2+ lineage. However,

Cre expressed in the Aqp2+ progenitor cells will be eventually diluted out and the

synthesis of new Cre molecules will be dependent on the Aqp2 promoter, which is

active in PC and silenced in IC. As a result, detectable Cre should be observed only

in Aqp2+ PC cells, but not in the Aqp2- IC+ cells, if the Aqp2Cre is faithful.

Fig. 7.1 Loss of H3m2K79 is observed in the intercalated cells in Dot1lAC mice. Kidney sections

from Dot1lf/f and Dot1lf/f Aqp2Cre (Dot1lAC) were subjected to double immunofluorescence

staining with a rabbit antibody specific for dimethyl histone H3 K79 (H3m2K79) to determine

the functional status of Dot1l and a goat antibody recognizing V-ATPase subunits B1 and B2 to

identify the intercalated cells. H3m2K79 was robustly detected in all intercalated cells in Dot1lf/f

mice but undetectable in the most of intercalated cells in Dot1lAC mice. Hence, Cre-mediated

inactivation of Dot1l driven by Aqp2 promoter in the Aqp2Cre transgene occurs in the intercalated
cells, indicating that Aqp2 promoter is activated in the intercalated cells during development.

Arrow and arrowhead: Cells with abolished or intact H3m2K79, respectively. These cells were

amplified in the inserts. Scale bar: 50 and 16.3 μM for insert
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Alternatively, if the Aqp2Cre lacks faithfulness, it remains active to direct Cre

expression in Aqp2- IC cells.

As predicted, Cre is exclusively expressed and readily detected in PC. However,

Cre expression is undetectable in IC [Fig. 7.2 and (Wu et al. 2013)]. Hence, the lack

of H3m2K79 in IC results from Cre expression before Aqp2+ progenitor cells

switch to IC fate, rather than from promiscuous and constitutive Cre expression

in IC. The exclusive detection of Cre expression in PC also suggests the faithfulness

of the Aqp2Cre transgene. Hence, our study provides, for the first time, direct

in vivo evidence showing that IC including both α-IC and β-IC, as defined by

existing standard markers, can be derived from Aqp2+ progenitor cells in Dot1lAC

mice. Derived IC can be found in the developing and adult kidneys. Inactivation of

Dot1l promotes this process, leading to increased IC/PC ratio and urine volume

(Wu et al. 2013). Given expression of Aqp2 in some connecting tubule cells, it is

possible that Aqp2+ progenitor cells may contribute to formation of the connecting

Fig. 7.2 Loss of H3m2K79 in the intercalated cells of Dot1lAC mice is not due to promiscuous

expression of Cre expression. Kidney sections from Dot1lAC were subjected to double immuno-

fluorescence staining with a rabbit antibody specific for Cre recombinase to detect constant and

constitutive expression of Cre and the goat antibody recognizing V-ATPase subunits B1 and B2 to

identify the intercalated cells. Cre is robustly detected in B1B2- tubular cells, which are principal

cells that have constant and constitutive Aqp2 expression. However, Cre is undetectable in the

intercalated cells, suggesting that Aqp2 promoter is silenced after the Aqp2+ progenitor cells are

differentiated into the intercalated cells during development. Arrow: B1B2+Cre- (Intercalated
cells). Arrowhead: B1B2-Cre+ (Principal cells). Boxed area is magnified and shown at the bottom.
Scale bar: 50 μM (top) and 16.3 μM (bottom)
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tubule. This is consistent with the notion that the connecting tubule originates from

the ureteric bud (Howie et al. 1993) or that the connecting tubule can be considered

as hybrid epithelia generated by mutual induction from adjoining segments

(Schmitt et al. 1999).

Nevertheless, three important questions remain. First, does the Aqp2Cre trans-

gene truly recapitulate the spatial and temporal pattern of the endogenous Aqp2?
Secondly, does IC derivation from Aqp2+ progenitor cells occur in normal physi-

ological condition (i.e., with intact Dot1l function)? Thirdly, can the mature PC

give rise to IC in adult kidney? These questions may be addressed by extensively

characterizing the spatiotemporal faithfulness of the Aqp2Cre transgene and by

generating an inducible Aqp2ERT2CreERT2 knock-in model combined with the

Cre-dependent RFP reporter.

7.5 Genetic Diseases of Collecting Duct System

As listed in Table 7.1, mutations or malfunctions of the channels, pumps, and

transporters expressed in the collecting duct system have been observed and

characterized in different human diseases (Roy et al. 2015; Bruce et al. 2000;

Karet et al. 1999; Smith et al. 2000; Rossier and Schild 2008). Gain-of-function

mutations in ENaC cause hypertension (Liddle’s syndrome), while loss-of-function

mutations in ENaC lead to hypotension (Pseudohypoaldosteronism type 1) (Rossier

and Schild 2008; Roy et al. 2015). Mutations in either AE1 or V-ATPase cause a

failure to acidify urine and decrease plasma bicarbonates, leading to distal renal

tubular acidosis (Roy et al. 2015). Patients with mutations in AQP2 or AVPR2, for
example, develop nephrogenic diabetes insipidus (NDI), which is characterized by

the inability to concentrate urine and excessive urine production. Thus, a better

Table 7.1 Genetic diseases of collecting duct

Disorder OMIM# Inheritance Gene Gene Product

Liddle’s syndrome 177200 AD SCNN1B βENaC
SCNN1G γENaC

PHA1 264350 AR SCNN1A αENaC
SCNN1B βENaC
SCNN1G γENaC

177735 AD NR3C2 Mineralocorticoid receptor

dRTA 179800 AD SLC4A1 AE1

611590 AR SLC4A1 AE1

267300 ATP6V1B1 V-ATPase B1

602722 ATP6V0A4 V-ATPase a4

NDI 304800 XLR AVPR2 Arginine vasopressin receptor-2

300539

125800 AD, AR AQP2 AQP2
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understanding of the function and development of the collecting duct may facilitate

the discovery of new therapeutic strategies for kidney disease.

7.5.1 Liddle’s Syndrome

7.5.1.1 Clinical Characteristics

The original family described by Liddle et al. has early onset of severe salt-sensitive

hypertension in multiple siblings (Liddle et al. 1963). Some of them also display

hypokalemia, decreased plasma renin activity, and negligible aldosterone secretion,

even on a low-sodium diet (Liddle et al. 1963). These features exclude primary

aldosteronism. Other clinical findings such as the high ratios of sodium to potas-

sium in saliva and sweat, the ineffectiveness of spironolactone on electrolyte

metabolism and high blood pressure, and normal urinary levels of glucocorticoid

metabolites rule out excessive secretion or ingestion of other mineralocorticoids.

While the patients on a low sodium diet do not respond to pharmacological

challenges with MR inhibitors, prominent amelioration in both hypertension and

hypokalemia is achieved through the use of triamterene, a specific ENaC inhibitor.

Renal failure is eventually developed in the proband woman of the original

Liddle’s kindred. After receiving a cadaveric renal transplant, her abnormalities in

both blood pressure and serum potassium levels are corrected, with normal

response of the renin–aldosterone axis to salt restriction (Botero-Velez et al. 1994).

Several independent studies (Rodriguez et al. 1981; Wang et al. 1981; Nakada

et al. 1987) have confirmed the original Liddle’s description (Liddle et al. 1963) and
showed that the effective treatments are triamterene and amiloride, but not

spironolactone, for hypertension and hypokalemia in Liddle’s patients as long as

they have restricted dietary Na+ intake. The disease exists worldwide, without

predilection for any race or either sex. Affected pedigrees have been documented

in the USA (Shimkets et al. 1994), Japan (Inoue et al. 1998; Uehara et al. 1998),

Sweden (Melander et al. 1998), France (Jeunemaitre et al. 1997), the UK (Jackson

et al. 1998), China (Gao et al. 2013), Thailand (Sawathiparnich et al. 2009), and

Africa (Rayner et al. 2003).

7.5.1.2 Genetic Basis of Liddle’s Syndrome

The extended pedigree of the proband in the original Liddle’s kindred clearly

demonstrates autosomal dominant inheritance. Hypertension associated with hypo-

kalemia indicates that the high blood pressure might result from excessive Na+

reabsorption in the distal nephron, where Na+ reabsorption through the amiloride-

sensitive, aldosterone-regulated ENaC is indirectly linked to K+ secretion. Mapping

analyses of the original Liddle’s kindred demonstrate complete linkage of the

disease to SCNN1B, the gene encoding βENaC on chromosome 16. Molecular

analysis of SCNN1B leads to identification of a premature stop codon, which
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truncates the cytoplasmic C-terminus of βENaC in the affected subjects. Frameshift

mutations as well as premature termination in this same C-terminal domain have

been found in all affected subjects from four additional kindreds with Liddle’s
syndrome (Shimkets et al. 1994). Liddle’s syndrome can also arise from a mutation

ablating the C-terminus of γENaC encoded by SCNN1G (Hansson et al. 1995a).

Currently, over 20 mutations in SCNN1B and SCNN1G have been identified to

cause Liddle’s syndrome [reviewed in (Yang et al. 2014)]. These findings collec-

tively demonstrate gain-of-function mutations in the genes encoding β and γENaC
as the molecular defects of Liddle’s syndrome and highlight the genetic heteroge-

neity of the disease.

7.5.1.3 Structure and Function of ENaC

ENaC belongs to epithelial sodium channel/degenerin family of ion channels. It

resides at the apical membrane of epithelia in multiple tissues such as lung,

exocrine glands, colon, and distal nephron. The channel plays a critical role in the

regulation of sodium transport in the collecting duct and hence sodium balance and

blood pressure control. The significance of ENaC-mediated Na+ transport has been

dramatically illustrated by the fact that Liddle’s syndrome and

pseudohypoaldosteronism type 1 (see below) have been linked to gain-of-function

and loss-of-function mutations, respectively, in the genes encoding the ENaC

subunits.

ENaC consists of three homologous subunits, α, β, and γ (Canessa et al. 1994),

which are assembled with a stoichiometry of 2α, 1β, and 1γ (Firsov et al. 1998).

Each subunit possesses short intracellular N- and C-termini, a large extracellular

loop, and two transmembrane domains (Snyder et al. 1994). Highly conserved

proline-rich domains, including the PY motif (xPPxY), appear in the C-terminal

region of each subunit (Snyder et al. 1995). The importance of this C-terminal

region in the pathogenesis of Liddle’s syndrome is well established. As discussed

above, all of the original mutations leading to premature stop codons and frameshift

identified to spawn Liddle’s syndrome result in removal of the C-terminus, with

ablation of the PY motifs of β or γENaC (Shimkets et al. 1994; Hansson et al.

1995a). Furthermore, some cases are caused by specific point mutations within the

PY motif (Hansson et al. 1995b; Inoue et al. 1998), indicating this region as a

critical site for ENaC regulation and as a “hot spot” of the disorder.

7.5.1.4 Molecular Mechanism of Liddle’s Syndrome

Studies on the molecular mechanism by which Liddle’s mutations of β or γENaC
alter the channel function lead to identification of a conserved motif in the

C-terminus of all 3 ENaC subunits (Snyder et al. 1995). Loss of the C-terminus

of β or γENaC can cause an increase in amiloride-sensitive Na+ current. The

elevated ENaC activity is not a result of an increase in the conductance of Na+
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through each channel or in the open probability (PO), the proportion of time that

each channel is in the open state. Instead, the Liddle’s truncations increase the

number of active channels in the plasma membrane. Moreover, both the truncation

of the C terminus and the mutation of the highly conserved C-terminal motif elevate

surface abundance of hybrid proteins possessing the C-terminus of the β subunit

(Snyder et al. 1995). Therefore, by eliminating a conserved motif, mutations in the

Liddle’s syndrome increase the apical location of Na+ channels, leading to an

increase in renal Na+ reabsorption and a predisposition to hypertension. In other

words, increase in ENaC activity with increase in renal Na+ reabsorption in the

collecting duct is considered as the primary cause of hypertension in Liddle’s
syndrome.

The ubiquitin-protein ligase Nedd4 interacts with the PY motifs of either β or

γENaC and ubiquitination regulates ENaC (Staub et al. 1996, 1997).

Overexpression of wild-type Nedd4, together with ENaC, can reduce the channel

activity in Xenopus oocytes. In contrast, overexpression of a catalytically inactive

Nedd4 can stimulate the ENaC activity, possibly by serving as a competitive

antagonist to the endogenous Nedd4. Nedd4-mediated alternations in the channel

activity are not observed in ENaC lacking the PY motifs, indicating the dependency

of the Nedd4-mediated inhibition of ENaC on the C-terminal PY motifs. The

alteration in the channel activity is attributable entirely to the change in the channel

number at the plasma membrane (Abriel et al. 1999). These studies suggest that

Nedd4 negatively regulates ENaC and that loss of Nedd4 binding sites in ENaC

found in Liddle’s syndrome might account for the increased channel number at the

cell surface, the increased Na+ resorption by the collecting duct, and hence hyper-

tension. While the increased channel number at the cell surface probably results

from changes in protein–protein interactions regulating the channel degradation

through Nedd4 (Staub et al. 1996; Abriel et al. 1999), the hyperactivity of the

channel can also be achieved by Liddle’s mutations through impairing the clathrin-

dependent endocytosis of ENaC (Shimkets et al. 1997). Phosphorylation of Nedd4

by Sgk1 adds another layer of regulation since such modification decreases the

affinity of Nedd4 toward ENaC (Bhalla et al. 2005; Debonneville et al. 2001).

Consequently, ENaC becomes less ubiquitinated, leading to the accumulation of

ENaC channels in the cell surface. In addition, ENaC is tightly regulated at multiple

levels by other various mechanisms including Dot1a-Af9-Af17-Sgk1-mediated

transcription regulation [reviewed in (Chen et al. 2015; Soundararajan et al. 2012)].

7.5.1.5 Animal Models of Liddle’s Syndrome

To generate a mouse model mimicking the human Liddle’s syndrome, Cre/loxP-

mediated recombination is used as a gene replacement strategy (Pradervand et al.

1999). In this model, a Liddle’s allele (L) is generated by introducing a stop codon

in the mouse SCNN1B locus, imitating human βR566X identified in the original

Liddle’s kindred. Under normal salt intake, the heterozygotes (L/+) and homozy-

gotes (L/L) at the age of 3 months display no developmental defects. While these
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mice have increased Na+ reabsorption in distal colon and low plasma aldosterone,

suggesting chronic hypervolemia, their blood pressure is not significantly different

from that in WT mice. When challenged with a high salt diet, the Liddle mice

develop hypertension, hypokalemia, and metabolic alkalosis associated with car-

diac and renal hypertrophy. Hence, the Liddle mouse model replicates to a large

extent Liddle’s syndrome and establishes βR566X mutation as the cause of the

disease.

Analyses of the renal Na+ transport in vivo, ex vivo with intact perfused tubules,

and in vitro using primary culture of the cortical collecting ducts from the Liddle’s
mice consistently show the constitutive hyperactivity of ENaC (Pradervand et al.

2003). The cortical collecting ducts of L/L mice under a low salt diet have the

highest current (ENaC activity), as measured by patch clamp (Dahlmann et al.

2003). Conforming to the proposed pathogenic and molecular mechanism for the

Liddle’s mutation, the increase in whole cell current is attributed to an increase in

the density of conducting channels (Dahlmann et al. 2003).

Despite a primary renal mechanism of Liddle’s syndrome, dysregulation of

ENaC in other tissues may also be involved. Endothelial cells from the Liddle’s
mice have enhanced cortical stiffness and ENaC expression (Jeggle et al. 2013).

Since the vascular endothelium plays a key role in the control of vascular tone, it is

possible that ENaC in the vascular endothelia regulates cellular mechanics and

hence plays a role in the control of vascular function (Jeggle et al. 2013). In

addition, ENaC-mediated Na+ transport is enhanced with an increased responsive-

ness to aldosterone in the colon of Liddle mice. This may be of pathophysiological

relevance in subjects with Liddle’s syndrome, in particular under a high salt diet,

when suppression of aldosterone is not likely to be sufficient to decrease Na+

absorption to an appropriate level (Nesterov et al. 2012). The pathology of Liddle’s
syndrome might, hence, relate to ENaC dysfunction not only in the kidney but also

in other tissues such as the vascular endothelia and colon.

7.5.1.6 Genetic Testing of Liddle’s Syndrome

Traditionally, Liddle’s syndrome is diagnosed on the basis of clinical characteris-

tics that may overlap with other Mendelian forms of hypertension. Furthermore,

factors including the mild phenotype, atypical cases, and the presence of hyperten-

sion without a family history make an accurate diagnosis much more difficult. The

variability in the severity of hypertension and hypokalemia in this disease raises the

possibility that this disease may be underdiagnosed, particularly among patients

with essential hypertension. While several functional tests to determine the

response to MR inhibitors vs. ENaC inhibitors or aldosterone response to

cosyntropin may facilitate the diagnosis, they are time-consuming and inaccurate.

Identification of Liddle’s syndrome as a monogenic disorder makes it possible for

genetic testing and counseling. To date, over 20 Liddle’s mutations have been

identified in the exon 13 of SCNN1B or SCNN1G [reviewed in (Yang et al. 2014)].

Most of these mutations are clustered in a very short region of the C-termini of
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either β or γENaC. Therefore, direct DNA sequencing of exon 13 of both SCNN1B
and SCNN1G may be exploited to develop a quick, sensitive, and specific genetic

screening test for this disorder (Yang et al. 2014).

Family screening is one of the biggest advantages of genetic testing. Through

family screening based on the index case, clinicians can identify individuals with

potential Liddle’s syndrome. Such individuals may be asymptomatic carriers who

harbor a known family or de novo mutation. Once the diagnosis of Liddle’s
syndrome is well established, it offers subjects the possibility to avoid or delay

severe complications. Subjects with symptoms can receive tailored therapy

containing ENaC antagonists such as amiloride. Early interventions can also be

applied to asymptomatic carriers of pathogenic mutations. While the results of a

genetic test alone are not deterministic, genetic risk assessment can assist asymp-

tomatic individuals to achieve better prognosis and change their lifestyle, such as

decreasing salt intake. Several groups have reported prospective genetic diagnosis

of Liddle’s syndrome in extended pedigrees, enabling unbiased assessment of the

clinical manifestations due to the disease-causing mutations (Findling et al. 1997;

Wang et al. 2015).

Genetic testing of exon 13 of both SCNN1B and SCNN1G led to the identifica-

tion of 5 pathogenic mutations associated with Liddle’s syndrome in 5 index

patients and 12 of their relatives from a total of 330 young hypertensive subjects

of 14–40 years old (Wang et al. 2015). They are nonsense, missense, and frameshift

mutations, altering or truncating the conserved PY motif of β and γENaC. These
Liddle’s patients have an earlier onset of hypertension, a stronger family history of

hypertension, and higher blood pressure than those with essential hypertension.

Hence, Liddle’s syndrome is a significant etiology of hypertension in this young

population (Wang et al. 2015). Genetic testing should be considered in young

subjects with early onset of hypertension, particularly those with unknown causes

of increased blood pressure and low levels of potassium and renin in blood.

7.5.2 Pseudohypoaldosteronism Type 1

7.5.2.1 Clinical Characteristics

The name of pseudohypoaldosteronism type 1 (PHA1) comes from its clinical

features, which simulate low levels of aldosterone that regulates sodium

reabsorption. However, patients with PHA1 possess high levels of aldosterone.

Based on the severity, the genes involved, and the pattern of inheritance, PHA1

can be divided into two types: autosomal recessive PHA1 (also known as general-

ized or systemic PHA1, arPHA1) and autosomal dominant PHA1 (also named as

renal PHA1, adPHA1). arPHA1 is characterized by Na+ loss from the kidneys, the

sweat glands, the salivary glands, the colon, and other organs. The disease is more

severe and does not get better with age. Patients with adPHA1 are presented with
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excessive Na+ loss from the kidneys. The condition is relatively mild and often

improves in early childhood.

Excessive Na+ loss leads to hyponatremia and hyperkalemia. Infants with PHA1

can also suffer from metabolic acidosis. Hyponatremia, hyperkalemia, or metabolic

acidosis can induce nonspecific symptoms including muscle weakness, vomiting,

nausea, and fatigue in infants with PHA1.

The involvement of multiple organs in infants with arPHA1 causes additional

signs and symptoms including lesions on the skin, cardiac arrhythmia, and recurrent

lung infections. These conditions usually do not develop in adults with arPHA1

(Geller et al. 1998). PHA1 is a rare condition and affects 1 in 80,000 newborns.

7.5.2.2 Molecular Genetics of PHA1

Loss-of-function mutations in one of four different genes involved in Na+ metab-

olism cause arPHA1 or adPHA1. Affected subjects in five families with arPHA1 are

homozygous for mutations in either SCNN1A or SCNN1B, which encode α and

βENaC, respectively (Chang et al. 1996). A 30 splice site mutation in SCNN1G
identified in three families with arPHA1 causes abnormal splicing, generating two

splicing variants. One variant arises from skipping the downstream exon and the

other from activation of an adjacent cryptic splice site (Strautnieks et al. 1996).

Unlike those in Liddle’s syndrome, all of these ENaC mutations cause premature

termination, missense mutations, or frameshift that lead to loss of the channel

activity. Loss-of-function mutations of ENaC are thus causative of arPHA1.

Mutations in NR3C2, which encodes MR, result in adPHA1. In six dominant and

seven sporadic PHA1 kindreds screened, the affected individuals of four adPHA1

kindreds and one sporadic case have heterozygous NR3C2 mutations and lack

mutations in ENaC genes. These NR3C2 mutations include two frameshift muta-

tions, two premature termination codons, and one splice donor mutation. They

co-segregate with PHA1 and are absent in unaffected subjects (Geller et al. 1998).

Analyses of a Japanese family with adPHA1 lead to identification of a hetero-

zygous point mutation L924P in all affected members. This mutation abolishes

aldosterone response in reporter assays in COS-1 cells, suggesting that the missense

mutation in NR3C2 is responsible for the adPHA1 in this family (Tajima et al.

2000). Ins2871C in exon 9 of NR3C2 of a sporadic case with adPHA1 results in a

new frameshift mutation, altering the last 27 residues of the hormone-binding

domain (Viemann et al. 2001).

In 14 kindreds with sporadic or adPHA1, there are 6 heterozygous NR3C2
mutations, which impact MR structure and function differently (Sartorato et al.

2003). The DNA binding domain mutant G633R has decreased maximal

transactivation. Q776R and L979P mutations in the ligand-binding domain abolish

or reduce aldosterone binding and thus aldosterone-dependent transactivation

capacity, respectively. L979P also possesses a transdominant negative effect on

WT MR function, while G633R and Q776R might induce haploinsufficiency.
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NR3C2 mutations are a common feature of adPHA1, being identified in 70% of the

familial cases examined (Sartorato et al. 2003).

Among six heterozygous NR3C2 mutations detected in seven PHA1 patients

from six unrelated families are two previously described frameshift mutations

(c.1131dupT and c.2871dupC), two novel nonsense mutations generating a trun-

cated receptor protein, and two novel missense mutations (S818L and E972G)

differently affecting MR function (Riepe et al. 2006). Since S818L mutant does

not bind aldosterone, it neither translocates into the nucleus nor activates transcrip-

tion. E972G mutant has a significantly decreased ligand-binding affinity and only

9% of WT transcriptional activity (Riepe et al. 2006). Within 22 NR3C2 abnor-

malities in 33 patients with PHA1, 68% of the mutations are dominantly transmitted

and 18% de novo mutations (Pujo et al. 2007). These findings collectively demon-

strate that heterozygous NR3C2 mutations cause PHA1, highlighting the critical

role of MR function in regulating salt and blood pressure homeostasis in humans.

7.5.2.3 Mouse Models of PHA1

αENaC(-/-) knockout mice are unable to clear fetal lung liquid at birth and die in

early neonatal stage, excluding the evaluation of the PHA1 phenotype (Hummler

et al. 1997). A transgene expressing αENaC under the control of a cytomegalovirus

promoter in αENaC(-/-) knockout mice [αENaC(-/-)Tg] can rescue the perinatal

lethality and partially mend Na+ transport in kidney, colon, and lung. αENaC(-/-)Tg
mice develop clinical characteristics of severe PHA1 with metabolic acidosis,

urinary salt-wasting, growth retardation, and 50% mortality by days 5–9. The

PHA1 phenotype is compensated in adult αENaC(-/-)Tg survivors, with normal

electrolyte and acid/base measurements but sixfold higher plasma aldosterone than

WT littermates (Hummler et al. 1997).

7.5.2.4 Genetic Testing of PHA1

While genetic testing for Liddle’s syndrome can be focused on the C-terminals of

SCNN1B and SCNN1G, genetic testing for PHA1 is more expensive, requiring

deletion/duplication analysis, targeted variant analysis, or even sequence analyses

of the entire coding regions of four target genes: SCNN1A, SCNN1B, SCNN1G, and
NR3C2. Such tests have been available in multiple laboratories in Germany,

Colombia, Spain, Portugal, and the USA. A complete list of these laboratories

can be found at http://www.ncbi.nlm.nih.gov/gtr/tests/?term¼C1449842[DISCUI]

&test_type¼Clinical&display_string¼Pseudohypoaldosteronism%20type%201%

20autosomal%20dominant&condition¼C1449842.
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7.5.3 Distal Renal Tubular Acidosis

7.5.3.1 Clinical Characteristics

As a rare genetic disorder, distal renal tubular acidosis (dRTA) arises from the

failure of kidneys to acidify the urine normally. This disorder can be acquired or

inherited. The clinical features of distal RTA include (1) hypokalemia; (2) normal

anion gap metabolic acidosis/acidemia; (3) nephrocalcinosis due to calcium depo-

sition in the kidney; (4) urinary stone formation related to low urinary citrate,

hypercalciuria, and alkaline urine; and (5) bone demineralization causing rickets

in children and osteomalacia in adults. These symptoms and sequelae of dRTA are

inconstant. The entire clinical spectrum of the disease varies from being asymp-

tomatic; to recurrent or persistent flank pain and hematuria from kidney stones, to

severe rickets in childhood, growth impairment, progressive nerve deafness, renal

failure, and even death (Laing et al. 2005). The disorder is frequently also

manifested with sensorineural hearing loss (SNHL). The renal defect of dRTA

lies at α-IC. In patients with dRTA, α-IC fails to secrete acid to acidify the urine.

dRTA often causes Na+ loss and volume contraction, leading to a compensatory

increase in circulating aldosterone levels. Aldosterone promotes reabsorption of Na
+ and loss of K+ in the collecting duct. The latter causes hypokalemia, a common

feature of dRTA [reviewed in (Batlle and Haque 2012)].

7.5.3.2 Genetics of dRTA

To date, defects in three different genes have been demonstrated to be responsible

for dRTA. These genes encode the components of the renal urinary acidification

machinery. The first mutations responsible for dRTA are identified in SLC4A1,
which encodes bicarbonate/chloride exchanger AE1, from patients with autosomal

dominant dRTA (Bruce et al. 1997). All affected individuals in four kindreds are

heterozygous for one of three SLC4A1 mutations (R589H, R589C, and S613F).

None of these mutations are observed in any of nine normal family members

examined. The disease is co-segregated with a genetic marker close to SLC4A1
(Bruce et al. 1997).

Since no SLC4A1 mutations are found in the early studies of the families with

autosomal recessive dRTA, SLC4A1mutations are initially thought to always cause

autosomal dominant dRTA (Bruce et al. 1997; Karet et al. 1998). However, this

belief is overturned after the discovery of the association of SLC4A1mutations with

recessive dRTA (Choo et al. 2006; Khositseth et al. 2007). Both affected brother

and sister in a Thai family are triply homozygous for two benign mutations M31T

and K56E and for the loss-of-function mutation, G701D in AE1 (Choo et al. 2006).

Southeast Asian ovalocytosis (SAO) refers to a deletion of SLC4A1, leading to

ablation of AE1 residues 400–408 and hence erythrocyte abnormalities. In three

Malaysian and six Papua New Guinean families with dRTA examined, SAO occurs
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in multiple families but does not itself cause dRTA (Bruce et al. 2000). Compound

heterozygotes of each of three dRTA mutations (G701D; A858D; and ΔV850) with
SAO all result in dRTA associated with abnormal red cell properties and hemolytic

anemia. A858D is transmitted in a dominant manner while ΔV850 and G701D

show a pseudodominant phenotype when SAO allele is also present (Bruce et al.

2000).

Different compound heterozygous SLC4A1 mutations have been reported in two

Thai families with recessive dRTA (Sritippayawan et al. 2004). The proband of the

first family carries compound heterozygous G701D/S773P mutations, which are

inherited from his clinically normal mother and father, respectively. In the second

family, an affected brother and sister have dRTA and are compound heterozygotes

for SAO and R602Hmutations. The sister has only mild metabolic acidosis whereas

her brother exhibits a severe form of dRTA, suggesting that other modifying factors

or genes might regulate the severity of the disorder.

Defects in genes encoding V-ATPase B1 and a4 subunits, ATP6V1B1 and

ATP6V0A4, are the genetic cause of recessive dRTA with and without SNHL,

respectively (Karet et al. 1999; Smith et al. 2000; Stover et al. 2002; Vargas-

Poussou et al. 2006). In three unrelated kindreds with dRTA with SNHL, the

affected subjects have a homozygous point mutation that converts codon 31 of

ATP6B1 from CGA to TGA (i.e., R31X) (Karet et al. 1999).

In 26 autosomal recessive dRTA kindreds, ATP6V1B1 mutations in 10 kindreds

and ATP6V0A4 mutations in 12 kindreds exist. The remaining four families lack

linkage to ATP6V1B1 or ATP6V0A4. Several kindreds with mutations in

ATP6V0A4 develop later onset of hearing loss than other dRTA families with

progressive SNHL and mutations in ATP6V1B1 (Stover et al. 2002). These results

suggested that dRTA with or without SNHL is the same disorder. In agreement with

the associated hearing loss, both ATP6V1B1 and ATP6V0A4 are also expressed in

the cochlea (Stover et al. 2002; Vargas-Poussou et al. 2006).

A brother and sister from a consanguineous Turkish kindred have an unusual

coexistence of two separate recessive disorders: dRTA and osteopetrosis

(Borthwick et al. 2003). The dRTA is a result of homozygosity for a G78R

substitution in ATP6V1B1, while the osteopetrosis is caused by a concurrent

homozygous deletion in TCIRG1. TCIRG1 encodes an osteoclast-specific isoform

of V-ATPase subunit a (Borthwick et al. 2003). The exceptionality lies in two

aspects. Firstly, the coinheritance of the two rare recessive disorders creates a

phenocopy of CAII deficiency, offering a novel genetic explanation for the coex-

istence of osteopetrosis and dRTA; Secondly these disorders affect two different

subunits of the V-ATPase that have opposite effects on bone density (Borthwick

et al. 2003).

A Japanese family with dRTA associated with early onset of hearing loss

possesses two novel ATP6V1B1 mutations: 15 bp deletion (c.756_770del) in exon

7 and 1 bp insertion (c.1242_1243insC) in exon 12. Both of these mutations are

detected in a compound heterozygous state (Yashima et al. 2010). Presumably,

mutations in any of genes encoding at least 13 subunits of V-ATPase complex could

cause dRTA, highlighting further genetic heterogeneity of the disorder.
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7.5.3.3 Molecular Mechanisms of dRTA

The molecular mechanisms of inherited dRTA are complex. The mutations may

cause an array of defects ranging from internal sequestration of the mutated proteins

in endoplasmic reticulum or Golgi apparatus to their mistargeting to the plasma

membrane.

AE1 R589C and S613F mutants have normal chloride transport activity in

Xenopus oocytes (Bruce et al. 1997). These mutant proteins are also detected in

erythrocytes and oocyte cell membranes, implying that they may be able to

normally traffic to the surface of the α-IC of human kidney (Bruce et al. 1997).

AE1 R589H mutant has impaired chloride transport activity. It causes a severe

trafficking defect of the kidney kAE1 but not of erythrocyte AE1 in human

embryonic kidney cells. Although functional, it is apparently trapped in the endo-

plasmic reticulum, rather than sorted to the basolateral membrane. Hence, bicar-

bonate could not exit the cell (Bruce et al. 1997; Jarolim et al. 1998). Unlike the

dominant R589H mutant, recessive kAE1 G701D and S773P mutants show normal

localization to the basolateral membrane when co-expressed with WT kAE1.

Glycophorin A is absolutely required for G701D mutant protein movement to the

cell surface. Glycophorin A increases G701D surface expression, resulting in 100%

return of transport activity to normal. This is suggested as an explanation for the

absence of dRTA in heterozygous recessive patients (Bruce et al. 1997).

The ΔV850 and A858D mutant proteins have greatly decreased anion transport

when expressed in red blood cells and Xenopus oocytes as compound heterozygotes

(ΔV850/A858D, ΔV850/SAO, or A858D/SAO) (Bruce et al. 2000). The surface

expression and the transport activity of ΔV850 and A858D mutants are only

partially rescued by glycophorin A. The dominant A858D mutant protein may be

mistargeted to an inappropriate plasma membrane domain in IC. The decreased

anion transport activity may be the cause of dRTA in patients with the recessive

ΔV850 mutation (Bruce et al. 2000). The recessive mutation S667P also exhibits a

similar glycophorin A rescue pattern. Glycophorin A is expressed in red blood cells

but not in kidney cells. This could explain why kAE1 mutations rarely cause a red

blood cell defect.

Since polarized MDCK cells are more representative of α-IC in the kidney than

non-polarized MDCK cells, they are used to define the underlying defects caused by

AE1 mutations leading to dRTA (Cordat et al. 2006). These studies have uncovered

several mechanisms by which AE1 mutations lead to reduced chloride-bicarbonate

exchange activity and thus dRTA. For example, dominant R589H and S613F

mutants are initially sequestered in the endoplasmic reticulum and rapidly become

barely detectable, possibly due to degradation. The mutant proteins are also

mistargeted to the apical membrane in some cells. Recessive G701D is retained

in the Golgi apparatus or sorted to the basolateral membrane to a lesser extent than

the WT kAE1 (Cordat et al. 2006). In contrast, recessive AE1 S667P is sequestrated

in the endoplasmic reticulum (Toye et al. 2008). Dominant M909T and G609R
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mutants are targeted to both the apical and basolateral membrane of polarized

MDCK cells (Fry et al. 2012).

V-ATPase a4 G820R mutation abolishes phosphofructokinase-1 (PFK-1) bind-

ing to the mutant protein without affecting PFK-1 activity and decreases proton

transport by 78% and ATPase activity by 36% (Su et al. 2008). These data suggest

that a4/PFK-1 binding is important for coupling the ATPase activity to proton

transport.

WT V-ATPase B1 subunits, but none of its seven mutants (L81P, R124W,

M174R, T275P, G316E, P346R, and G364S) examined, are assembled into the

multi-subunit V-ATPase, as demonstrated by co-immunoprecipitation in IMCD

cells (Yang et al. 2006). The unassembled mutant subunits are sorted to the apical

membrane. Such sorting is increased in response to acidic stimulation and impaired

apical membrane abundance of the native V-ATPase. Therefore, B1 mutants may

serve as antagonists of V-ATPase function by competing with the endogenous

intact V-ATPase for the same apical trafficking pathway (Yang et al. 2006).

7.5.3.4 Mouse Models of dRTA

Genetic ablation of various acid–base transporters leads to generation of mouse

models of dRTA. These models reproduce some phenotypic features of human

hereditary dRTA. Multiple clinical features observed in patients with SCL4A1
mutations are similar to those in Slc4a1-/- mice (Stehberger et al. 2007). Slc4a1-/-

mice exhibit dRTA, characterized by hyperchloremic metabolic acidosis associated

with inappropriately alkaline urine without bicarbonaturia, low net acid excretion,

nephrocalcinosis, hyperphosphaturia, hypercalciuria, and hypocitraturia. Severe

urinary concentration defect is also noted, which is evidenced by elevated blood

osmolarity and low urine osmolarity, and could be attributed to dysregulated

expression and localization of Aqp2 (Stehberger et al. 2007).

In mice deficient in the B1 subunit (Atp6v1b1-/-), urine pH is more alkaline and

oral acid challenge worsens the metabolic acidosis, indicating impaired urinary

acidification (Finberg et al. 2005). Phenotypically, the Atp6v1b1-/- mice, however,

grow normally and do not suffer from systemic acidosis on a normal rodent diet.

Nephrocalcinosis, hypercalciuria, and any skeletal defects are not found, possibly

due to the absence of metabolic acidosis development (Finberg et al. 2005). While

the a4 subunit is also expressed in mice, knockout mice (Atp6v0a4-/-), to our

knowledge, have not been described yet.

7.5.3.5 Genetic Testing of dRTA

SNHL is often seen in autosomal recessive dRTA caused by ATP6V1B1 and

ATP6V0A4 mutations. By contrast, SCL4A1 mutations are not usually associated

with any hearing loss [reviewed in (Batlle and Haque 2012)]. This clinical

distinguishing feature may be useful. Practically, mutations in ATP6V1B1 and
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ATP6V0A4 should be first suspected in dRTA associated with SNHL. However,

although the presence of hearing loss and the type are considered as critical clues to

the genetic defects underlying inherited dRTA, it is now becoming clearer that they

are only helpful as an initial diagnostic impression. Since <50% of the inherited

RTA cases exhibit deafness and most of them might develop deafness later in life,

genetic testing is left as the solely definitive tool in identifying the defects accu-

rately and early in life.

7.5.4 Congenital Nephrogenic Diabetes Insipidus

7.5.4.1 Description

Diabetes insipidus consists of two major forms: central diabetes insipidus and

nephrogenic diabetes insipidus (NDI). The former results from impaired

hypothalamic–pituitary axis to produce or release sufficient amounts of vasopres-

sin. The latter is caused by vasopressin insensitivity or hyporesponsiveness due to

an intrinsic abnormality of the collecting duct. In both forms of the disorder, the

failure of the kidney to concentrate the urine induces polyuria. NDI may be either

acquired or congenital in origin. The acquired NDI is much more common than the

congenital NDI. Various factors can cause acquired NDI. Chronic administration of

the drug lithium is the major cause. Lithium seems to enter into the collecting duct

PC through ENaC. ENaC-mediated lithium entry into PC contributes to the path-

ogenesis of lithium-induced NDI (Christensen et al. 2011). Among less common

causes are hypokalemia, hypercalcemia, protein malnutrition, a variety of kidney

diseases, and obstruction of the urinary tract (Khanna 2006).

7.5.4.2 Clinical Findings

Patients with congenital NDI usually develop symptoms shortly after birth, with

most infants being diagnosed within the first year of life. In addition to the main

symptoms (polyuria, polydipsia, and nocturia), the disorder may be associated with

a wide range of other symptoms including vomiting, unexplained fevers, retching,

irritability, lethargy, diarrhea, constipation, and poor feeding. Consequently, some

affected individuals may fail to grow or gain weight at the expected rate. The

severity of these symptoms varies from patient to patient. The chronic polyuria may

lead to development of hydronephrosis, hydroureter, megacystis, and orthostatic

hypotension in adult stage.
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7.5.4.3 Genetics of Congenital NDI

The inheritance of congenital NDI in most cases is X-linked recessive, as first

described in a Mormon family with three cases of male-to-male transmission of

NDI. None of the females traced back to 1813 carry the disease (Cannon 1955). The

disorder has now been linked to the defects in antidiuretic hormone arginine

vasopressin receptor 2 gene (AVPR2) located on the long arm of the X chromosome

(Xq28) (van den Ouweland et al. 1992). To date, more than 200 mutations in

AVPR2 have been identified to cause NDI. Most of these mutations are missense

mutations (Shida et al. 2013). Other types (i.e., nonsense mutations, insertions,

deletions) are less frequent.

In rare cases, the disorder displays an autosomal recessive or dominant mode of

inheritance. The recessive and dominant modes account approximately 10% and

1% of cases of hereditary NDI, respectively. In either case, the disease is caused by

mutations of AQP2 on the long arm of chromosome 12 (12q13). Since the identi-

fication of a male NDI patient as a compound heterozygote for two AQP2 missense

mutations (R187C and S217P) (Deen et al. 1994), forty-six putative disease-causing

AQP2 mutations have been reported in 52 NDI families [reviewed in (Bichet et al.

2012)]. In brief, inactivation of AVPR2 and AQP2 is the molecular basis of

congenital NDI.

7.5.4.4 AVPR2 and AQP2

AVPR2 serves as the cognate G protein-coupled receptor for arginine-vasopressin

(AVP). It resides in the basolateral plasma membrane of PC. The binding of AVP to

AVPR2 triggers a signaling cascade, resulting in the activation of adenylyl cyclases

AC3 and AC6 by the stimulatory G protein and thus conversion of ATP to cyclic

adenosine monophosphate (cAMP). Protein kinase A (PKA) is one of the cAMP

effectors. PKA holoenzyme is a tetramer of two regulatory subunits and two

inactive catalytic subunits each bound to one regulatory subunit. There are four

regulatory subunits (RIα, RIβ, RIIα, RIIβ) and four catalytic subunits (Cα, Cβ, Cγ,
Prkx) identified in mouse and human genomes. cAMP binds to the PKA regulatory

subunits (two cAMP molecules per subunit), which results in the release of the

catalytic subunits from the tetramer. The free and now active catalytic subunits act

as serine-threonine kinases, phosphorylating numerous targets including AQP2.

Apical accumulation of AQP2 in PC increases the membrane permeability,

permitting water to move down its osmotic gradient into the interstitium and

enter the blood. AQP2 undertakes a constitutive recycling. It moves dynamically

between its intracellular storage site and the plasma membrane under resting

conditions. In response to AVP in an inadequate fluid status, the equilibrium is

shifted toward plasma membrane insertion (Moeller et al. 2013). Subsequently,

pro-urinary water reabsorption via coordinated action of AQP2 at the apical side

and AQP3 and AQP4 at the basolateral membrane occurs to generate concentrated
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urine. This process is reversed by a reduction in circulating AVP levels, which

reflects the establishment of isotonicity (Kim et al. 2005). AQP2 is under both

short-term regulation and long-term regulation by AVP. The short-term regulation

occurs in minutes by redistributing AQP2 from cell cytoplasm to cell membrane in

response to AVP administration. The long-term regulation involves the transcrip-

tional regulation of AQP2 (Boone and Deen 2008). Hence, redistribution of AQP2

between cell apical membrane and cell cytoplasm is the key for water reabsorption.

In the canonical pathway, regulation of AQP2 trafficking is mediated via

AVP-AVPR2-cAMP-PKA signaling as described above. PKA-catalyzed AQP2

phosphorylation on the cytoplasmic C-terminus (notably at S256) increases the

rate of exocytosis (Brown 2003). Consistently, changes in cAMP levels and/or the

activity of PKA by compounds such as calcitonin or prostaglandin E2 are translated

into changes in AQP2 phosphorylation and trafficking (Bouley et al. 2011; Olesen

et al. 2011).

S261, S264, and S269 in AQP2 have been identified as additional residues with

phosphorylation states modulated by AVP (Hoffert et al. 2006, 2008). Emerging

evidence suggests that phosphorylation at these residues can also affect AQP2

trafficking. S261 is dephosphorylated in response to AVP treatment (Hoffert et al.

2007). pS261 is detected mainly in intracellular vesicles after ubiquitination and

endocytosis, suggesting a potential role in stabilizing intracellular AQP2 (Hoffert

et al. 2007). In contrast, pS269 has been found only on the plasma membrane

(Hoffert et al. 2008) and may confer a resistance of AQP2 to endocytosis (Moeller

et al. 2010). pS256 is not essential for AQP2 recycling, since AQP2-S256A

recycles rapidly and constitutively. However, it is necessary for downstream phos-

phorylation of other C-terminal serines (Hoffert et al. 2008).

AVP-independent noncanonical pathways for AQP2 membrane accumulation

have also been reported. Activation of protein kinase G (PKG) in response to

increased cGMP can regulate phosphorylation of the AQP2 C-terminus (Bouley

et al. 2005). Depolymerization of actin cytoskeleton can itself cause the membrane

translocation of AQP2 in the absence of vasopressin (Klussmann et al. 2001).

Modulation of endocytosis and/or exocytosis can impact the membrane accumula-

tion of AQP2 (Brown 2003). Pharmacologically blocking endocytosis with statins

(Wade 2011) or methyl-β-cyclodextrin (Russo et al. 2006) causes the redistribution
of AQP2 on the plasma membrane independent of phosphorylation.

7.5.4.5 Molecular Mechanism

In vitro functional studies in Xenopus oocytes and in polarized renal tubular cells

reveal that mutations in AVPR2 might lead to (1) impaired binding affinity of the

receptor to the AVP, (2) misfolding of the protein that is trapped intracellularly and

unable to traffic to the cell membrane to interact with AVP, or (3) ineffectively

transcribed AVPR2 mRNAs (Fujiwara and Bichet 2005). Most of the AVPR2
mutations result in misfolded proteins (Hermosilla et al. 2004). These misfolded

proteins likely accumulate in the Golgi compartment and subsequently degraded by
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ubiquitin-proteasome system, resulting in loss-of-function phenotypes of AVPR2

unrelated to the actual function of the protein (Romisch 2004). Based on this

hypothesis, strategies may be developed to rescue these functionally normal but

misfolded proteins. The central idea is to promote the release of the trapped protein

in the internal compartment of the cell. For example, the nonpeptide V2 and V1

receptor antagonists could serve as pharmacologic chaperones instead of endocy-

tosis inhibitors to rescue the AVPR2 mutants (Morello et al. 2000). Patients with

NDI treated with the vasopressin antagonist SR49059 have significantly decreased

urine volume and water intake while other kidney functions like creatinine excre-

tions and electrolyte levels remain constant (Bernier et al. 2006). These studies

indicate that pharmacologic chaperones might have therapeutic implications for the

treatment of several forms of NDI.

Most of the patients with autosomal recessive NDI have mutations throughout

the six transmembrane domains and five connecting loops of AQP2. The AQP2

mutants fail to form tetramers with wild-type AQP2. Similar to most of AVPR2

mutations, these recessive AQP2 mutations also lead to misfolded protein that are

trapped in the endoplasmic reticulum and degraded by proteasome machinery

(Boone and Deen 2008). Mutations in the autosomal dominant NDI are located in

the C-terminal tail of AQP2. The general mechanism of this type of disease is the

misrouting of the AQP2 because these mutants tetramerize with wild-type AQP2

and reduce the plasma membrane expression of wild-type AQP2 (Marr et al. 2002).

7.5.4.6 Animal Models

The fortuitous finding of a laboratory rat with DI in Brattleboro, Vermont, USA, in

1961 has led to the development of a strain of rats with the disease. The Brattleboro

rat has a deletion of a single base, guanine, in the AVP gene precursor coding

region. The deletion causes a frameshift leading to the loss of the normal stop

codon. The prolonged C-terminus impairs the folding and configuration necessary

for normal processing of the AVP precursor in the endoplasmic reticulum. The

mutated precursor is trapped in the endoplasmic reticulum and does not reach the

Golgi apparatus. As a result, the rat has no detectable circulating AVP and displays

central DI (Kim and Schrier 1998). It has become a very useful model to study the

mechanism and treatment strategy of DI.

Mouse models with a collecting duct-specific or global deletion of Aqp2 are

generated using the Cre/loxP technology (Rojek et al. 2006). To generate these NDI

models, transgenic mice with loxP sites inserted into intron 2 and 3 of Aqp2 are bred
to the HoxB7-Cre driver (to generate collecting duct-specific KO mice) or to mice

expressing Cre recombinase under a globally expressed promoter. The mice with

collecting duct-specific deletion of Aqp2 survive with decreased urine osmolality

and 10 times more urine, mimicking the severe phenotype of NDI. In contrast, mice

with global deletion of Aqp2 die postnatally due to severe urine concentration

defects (Rojek et al. 2006). These two NDI models highlight the importance of

Aqp2 in controlling water balance and its unique role in the collecting duct. To
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mimic the recessive form of NDI, a knock-in mouse model is generated by

replacing wild-type Aqp2 with Aqp2-T216M (Yang et al. 2001). The mutants

lack obvious abnormalities at 2–3 days after birth but are unable to thrive and

generally die by day 6 if supplemental fluid is not offered. A urinary concentrating

defect is evidenced by low urine osmolality and serum hyperosmolality. Adminis-

tration of a V2 vasopressin agonist fails to increase the urine osmolarity. Mutant

kidneys show dilated collecting duct, atrophied papillary, and some Aqp2 staining

at the plasma membrane. While WT Aqp2 displays complex glycosylation, Aqp2-

T126M exhibits mainly endoglycosidase H-sensitive core glycosylation, indicating

retention in the endoplasmic reticulum. Since the phosphorylation of Aqp2 by PKA

is important for Aqp2 trafficking (Hoffert et al. 2006), a mouse model with S256L

mutation is also created. This mutation results in a recessive NDI phenotype due to

intracellular trapping of the mutated Aqp2 without apical sorting (McDill et al.

2006). Taken together, these studies suggest a critical role for Aqp2 in renal

function in mice and establish multiple mouse models of human autosomal NDI.
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Chapter 8

Origin and Function of the Renal Stroma

in Health and Disease

Christopher J. Rowan, Sepideh Sheybani-Deloui,

and Norman D. Rosenblum

Abstract The renal stroma is defined as a heterogeneous population of cells that

serve both as a supportive framework and as a source of specialized cells in the

renal capsule, glomerulus, vasculature, and interstitium. In this chapter, we review

published evidence defining what, where, and why stromal cells are important. We

describe the functions of the renal stroma andhow stromal derivatives are crucial for

normal kidney function. Next, we review the specification of stromal cells from the

Osr1+ intermediate mesoderm and T+ presomitic mesoderm during embryogenesis

and stromal cell differentiation. We focus on stromal signaling mechanisms that act

in both a cell and non-cell autonomous manner in communication with the nephron
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progenitor and ureteric lineages. To conclude, stromal cells and the contribution of

stromal cells to renal fibrosis and chronic kidney disease are described.

8.1 Introduction

The stroma has been defined classically as a connective framework of support cells

and associated extracellular matrix. In the mammalian adult kidney, the stroma was

historically defined as the renal interstitial matrix and resident fibroblasts and any

elements that are neither nephrogenic nor derived from ureteric branches (Hatini

et al. 1996). More recently, this definition has been expanded to include vascular

smooth muscle, pericytes, mesangial cells, renal capsular cells, and resident fibro-

blasts (Fig. 8.1) (Humphreys et al. 2010; Kobayashi et al. 2014).

Stromal elements reside within both the cortical and medullary zones of the

kidney. Surrounding the cortical portion of the kidney lies the renal capsule

(Fig. 8.1a), which is thought to be involved in detachment of the kidney from the

body wall during embryonic development (Levinson et al. 2005; Kobayashi et al.

2014; Li et al. 2014). Vascular smooth muscle cells, pericytes, and mesangial cells

are stromal components associated with major renal vessels, peritubular, and

glomerular capillaries, respectively (Fig. 8.1b). Pericytes and mesangial cells are

collectively involved in the glomerular vasculature response to various physical

stimuli and in regulation of renal hemodynamics. Finally, resident fibroblasts are

Fig. 8.1 Structural organization of the prenatal embryonic kidney and development of the renal

stroma. Stromal cells are present in various locations in the prenatal kidney (E18.5). (a) A

schematic showing the outer nephrogenic zone and inner medullary zone containing stromal

elements including cortical stroma (pink), renal capsule (dark purple), and medullary stroma

(light purple). A glomerulus is outlined in the black box. (b) A higher resolution illustration of

the outlined area in (a). The glomerulus contains stromal derivatives including pericytes (pink),
mesangial cells (brown), and endothelial cells of the renal vasculature (black). Abbreviations: NP
nephron progenitors; NZ nephrogenic zone
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located in the outer nephrogenic zone and inner medullary region interspersed

between tubules and nephrons and contain supportive fibroblast cells and ECM

components (Fig. 8.1a).

A large body of work has recently provided critical insights into stromal

signaling mechanisms during development. Key studies have demonstrated that

the stroma plays an important role in controlling branching morphogenesis,

nephrogenesis, and vascular development [for review, see: (Li et al. 2014)]. In

addition to physiological roles in the developing and adult kidney, stromal cells are

also thought to play a role in disease states, especially renal fibrosis (Falke et al.

2015). Despite existing knowledge of stromal cell types, and their normal function,

the embryonic origin of these cells and their role in renal diseases are not fully

elucidated. In this chapter, we describe the origin, differentiation, and function of

embryonic stromal cell types in the developing kidney

8.2 Embryological Origin of the Stromal Cell Lineage

8.2.1 Specification and Lineage Tracing

Stromal cells are one of the earliest lineages specified in the metanephric mesen-

chyme (MM) and are marked by expression of the transcription factor Foxd1 as

early as Embryonic day (E) 10.5–E11.5 (Kobayashi et al. 2014). Foxd1+ cells are

initially found anteriorly to nephron progenitors (NP), condensing around ureteric

bud (UB) tips (Yallowitz et al. 2011; Kobayashi et al. 2014). As development

proceeds, Foxd1+ cells occupy a more posterior position under the regulation of

Hox10 and integrate into the nephrogenic zone (NZ) and intercalate between

nephrogenic elements (Fig. 8.1a) (Yallowitz et al. 2011). A comprehensive analysis

of the fate of lineage-tagged Foxd1+ cells demonstrated the self-renewing capacity

and multipotent potential of these cells to give rise to all the different types of

stromal cells including interstitial fibroblasts, pericytes, and mesangial cells

(Kobayashi et al. 2014). In contrast, the potential of Foxd1+ cells to give rise to

endothelial cells is still debated. Foxd1+ derivatives, marked by β-gal expression,
were not found to contribute to Flk1+ endothelial cells (Kobayashi et al. 2014).

However, in a separate study in which Foxd1+ cells and their derivatives were

marked with Red Fluorescence Protein (RFP), PECAM and FLK1, the two markers

of endothelial cells, co-localized with RFP in peritubular capillaries, suggesting the

potential of Foxd1+ cells to give rise to a subset of endothelial cells in the kidney

(Sims-Lucas et al. 2013).

The origin of Foxd1+ cells has been investigated in relation to several key

regulators of the intermediate mesoderm (IM) and the MM. Odd skipped regulator

1, Osr1, is a zinc finger transcription factor broadly expressed in the early IM at

E7.5. While Osr1 expression is excluded from the ureteric epithelial lineage at

E9.5, it remains strongly expressed in the differentiating MM from E9.5 to E15.5
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(James et al. 2006).Osr1 is essential for the initial formation of the MM. Expression

of several key regulators of MM development, including Six2, Pax2, and Sall, is
disrupted in the absence of Osr1, and the newly formed MM undergoes apoptosis

(James et al. 2006). Mugford et al. (2008) demonstrated that Osr1+ cells pulse

labeled between E8.5 and E10.5 contribute to both Six2+ NP and Foxd1+ stromal

progenitors, while Osr1+ cells labeled at E11.5 onwards are restricted to the NP

lineage (Mugford et al. 2008). Thus, it is clear that both the NP and stromal lineages

of the kidney emerge within the multipotent progenitor pool of Osr1+ IM prior to

the onset of kidney development (E11.5) (Fig. 8.2b).

Despite advances made in understanding the signaling mechanisms establishing

the NP compartment, regulation of stromal lineage specification from the Osr1+
progenitor pool remains poorly understood (Taguchi et al. 2014). Analysis of both

OSR1 and FOXD1 deficient mice showed that expression of neither Osr1 nor

Fig. 8.2 Development of the rostral and caudal intermediate mesoderm. (a) A diagram illustrating

the elongating anterior IM (orange) and the nascent T+ PM (green) in an E8.0 embryo. (b) Cross

section of an E8.5 embryo at the position marked with a dashed line in (a).Gata3+ anterior IM and

its derivative, the ND, are shown in orange. T+ PSM and its derivative Osr1+Eya1+ posterior IM

are shown in green. Tbx18+ cells, located adjacent to the ND and the MM, is shown in pink. At
E11.5 Six2+ nephrogenic (green) and Foxd1+ stromal progenitors (red) (NP and SP, respectively)

are specified from the Osr1+ progenitor pool. (c) Summary of the proposed model of the origin of

the renal stroma. Foxd1+ stromal progenitors arise from the Osr1+ posterior IM. This precursor

population develops independently from the anterior IM and specifically originates from the T+

PSM. Uncommitted Tbx18+ cells located in between the MM and the ND lose Tbx18 expression

and give rise to Foxd1+ cells. Paraxial mesoderm is the principle origin of the Foxd1+ cells in

chicken. NP nephron progenitors; SP stromal progenitors; UB ureteric bud; MM metanephric

mesenchyme; NM nephrogenic mesenchyme
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Foxd1 is required for specification of stromal progenitors (Yallowitz et al.

2011; Levinson et al. 2005). A detailed understanding of temporal fate restriction

in common precursors of the stromal and nephron progenitors will provide us with a

deeper insight into the origin of stromal cells and could thereby potentially lead to

identification of genes involved in stromal lineage specification.

Until recently, all the different lineages involved in kidney development, includ-

ing the nephrogenic and stromal progenitors, as well as the ureteric epithelium,

were thought to originate from the elongated rostral (anterior) IM (Dressler 2006).

However, it is now appreciated that the Osr1+ metanephric field and the ureteric

epithelium develop from the caudal (posterior) IM and the rostral (anterior) IM,

respectively (Grote et al. 2006). Several types of evidence demonstrated the distinct

developmental roles of the rostral and caudal IM. Abrogation of rostral IM elon-

gation and UB formation in mice with deficiency ofGata3 does not adversely affect
formation of the Pax2-expressing MM (Grote et al. 2006). Inducible labeling of

caudal IM cells expressing Eya1, a transcription factor essential for the initial

formation of the MM, demonstrated the nephron-restricted fate of these cells, and

lack of any contribution to ND-derived structures (Fig. 8.2b) (Gong et al. 2007; Xu

et al. 2014a). Brachyury (T ) is a marker of immature caudal pre-somitic mesoderm

(PSM) that persists in the posterior end of the embryo (Fig. 8.2). Investigation of the

fate of Brachyury (T)+ cells labeled at E8.0 in the mouse demonstrated the

contribution of these cells to the Osr1+ MM, while labeled cells were not detected

in the ND (Taguchi et al. 2014). It is now believed that caudal trunk progenitors

residing within the presomitic mesoderm (PSM) that lose Brachyury (T ) expression
turn on Eya1 expression at around E8.5 to form the posterior IM, which subse-

quently gives rise to Osr1+ renal precursors (Takasato and Little 2015).

Studies defining T-box transcription factor 18 (Tbx18) expression in the urogen-
ital region have provided further insight into the spatiotemporal pattern of stromal

lineage specification. Tbx18 was originally demonstrated to mark undifferentiated

ureteric mesenchyme. Subsequent analysis of Tbx18 expression at E11.5 uncovered
a population of Tbx18+Osr1+ cells present in a narrow band in between the

mesenchyme surrounding the ND and the nephrogenic mesenchyme (Fig. 8.2)

(Airik et al. 2006; Bohnenpoll et al. 2013). Lineage tracing of Tbx18+ cells has

demonstrated the contribution of this spatially restricted population of Tbx18+ cells

to Foxd1+ derivative cells (Bohnenpoll et al. 2013). Hence, it was postulated that at

E10.5, in addition to the already specified Foxd1+ and Six2+ lineages, there are

uncommitted Tbx18+ cells within the Osr1+ cell population that give rise to either

stromal or ureteric mesenchymal lineages (Bohnenpoll et al. 2013). The mechanism

whereby Tbx18+ cells that do not differentiate into the mesenchymal cell types of

the ureter lose Tbx18 expression between E10.5–E11.5 and contribute to the renal

stroma remains to be defined.

Studies in the chick and mouse embryo suggest the existence of a distinct

progenitor of renal stromal cells residing outside the IM. First, direct fate-mapping

studies in the chick embryo identified the adjacent paraxial mesoderm (PM) as the

principle source of the renal stroma. This was evident by localization of lineage-

tagged cells derived from the PM to the Foxd1+ stromal zone of the kidney
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(Guillaume et al. 2009). Moreover, a recent high-throughput gene expression

analysis in mice lacking Pax2 provided indirect evidence that lower Pax2 expres-

sion in the mammalian PM might govern the contribution of the PM to the renal

stroma (Ranghini and Dressler 2015). When Pax2 is deficient in the IM, IM cells

are characterized by a pattern of gene expression that is more consistent with the

PM, and genes normally expressed in the common derivatives of Foxd1+ pro-

genitors are upregulated (Ranghini and Dressler 2015). Therefore, it was hypoth-

esized that after Osr1 expression is restricted to NP at E11.5, new stromal

progenitors likely arise from the PM and migrate to the induced MM. Yet, to

date, there has been no direct in vivo evidence demonstrating the contribution of

PM cells to the renal stroma.

In summary, the published body of work strongly suggests thatOsr1+ progenitor

pool derived from the T+ PSM has the potential to give rise to both stromal and

nephron progenitors. Further studies have shown the presence of a subpopulation of

non-nephrogenic Osr1+ cells expressing Tbx18 that contributes to both ureteric

mesenchyme and the renal stromal lineage. It is also likely that mammalian stromal

progenitors are a heterogeneous population of cells, a subset of which are derived

from the PM. Despite these advances in defining the developmental origin of the

stromal progenitors, the molecular mechanisms regulating the separation of the

stromal lineage from either nephrogenic or ureteric mesenchymal lineages remains

incompletely defined.

8.2.2 Differentiated Stromal Cell Types

8.2.2.1 Renal Capsule

The outer layer of the kidney contains the Foxd1+-derived renal capsule, which

consists of a flattened layer of stromal cells defined by expression of the molecular

markers Foxd1, Raldh2, and Sfrp1 (Hatini et al. 1996; Levinson et al. 2005). Foxd1
plays a crucial role in proper renal capsule development. In the absence of Foxd1,
the capsule is present but consists of a thicker layer that ectopically expresses

markers specific to the endothelial linage of the kidney, Flk1 and PECAM

(Levinson et al. 2005). Using Foxd1GFP/GFP mice, it was shown that the endothelial

cells present in the capsule of mutant mice are not derived from Foxd1+ progenitors

but are ectopically located in the capsule. These observations suggest that FOXD1

regulates the establishment of the correct population of cells in the capsule

(Levinson et al. 2005). Tbx18 andHox10 are strongly expressed in the renal capsule
from E12.5 onwards and are required for normal development of the capsule,

possibly through acting in a similar regulatory pathway as Foxd1 (Xu et al.

2014b; Yallowitz et al. 2011). The mechanisms by which each of these factors

regulate the differentiation and integration of the capsular stroma is undefined.
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8.2.2.2 Vascular Pericytes and Mesangial Cells

Mature renal vessels contain a special contractile cells surrounding the endothelial

cells and share some characteristics, such as α-SMA expression, with smooth

muscle cells resident in major vessels (Am et al. 2013). The polymorphic α-SMA

+ cells surrounding the peritubular capillaries are called pericytes while the spe-

cialized cells residing within the glomerular space are called mesangial cells

(Fig. 8.1). Collectively, these cells regulate medullary blood flow and contribute

to kidney fibrosis by differentiation into collagen-generating myofibroblasts

(Quaggin and Kreidberg 2008; Am et al. 2013; Humphreys et al. 2010). Fate-

mapping experiments have demonstrated that Foxd1+ cells undergo distinct differ-

entiation pathways to give rise to both pericytes and mesangial cells (discussed

below) (Quaggin and Kreidberg 2008; Kobayashi et al. 2014; Humphreys et al.

2010).

The study of pericyte differentiation has been limited by the lack of specific

markers for various intermediate stages of cellular development. Renin, an enzyme

synthesized and secreted in the kidney and non-renal tissues, catalyzes formation of

the angiotensin peptides that regulate blood pressure, renal hemodynamics, and

electrolyte balance (Sequeira-Lopez et al. 2015). Renin-expressing cells arise from

Foxd1+ cells at E12–E14 at the juxtaglomerular location where they mainly

regulate elongation and branching of the renal vasculature. A subset of renin+

cells differentiate to become α-SMA+ pericytes (Sequeira Lopez et al. 2001, 2015).

The manner by which renin+ cells differentiate to α-SMA+ pericyte fate is not well

defined. Studies in Foxd1-DTA “stroma-less” mice showed that FOXD1 activity

does not regulate differentiation of α-SMA+ pericytes (Hum et al. 2014). Wnt4
deficiency in the medullary stroma has been shown to cause a loss of α-SMA+

pericytes which is accompanied by a complete lack of Bmp4 expression in kidneys

(Itäranta et al. 2006). Bmp4 is crucial for smooth muscle development around the

ureteric epithelium. Thus, it is likely that Bmp4 regulation is also involved in the

medullary stroma to determine the fate of the pericytic smooth muscles via Wnt4

signaling (Miyazaki et al. 2003; Itäranta et al. 2006). The role of other signaling

pathways in pericyte differentiation remains to be determined.

Like pericytes, glomerular mesangial cells also express Pdgfrβ and desmin

during early stages of renal development and α-SMA+ later in development

(Lindahl et al. 1998). However, mesangial cells are functionally specialized in

that they contribute to the proper formation of the glomerular capillary loop and

the filtration function of the glomeruli (Quaggin and Kreidberg 2008). Mesangial

cell development is dependent on normal endothelial migration into the developing

glomerulus, secretion of platelet-derived growth factor (PDGFβ) by the glomerular

endothelium, and initial specification of mesangial cells outside the glomerulus

followed by migration of mesangial cells into the glomerular cleft (Chen et al.

2011; Lindahl et al. 1998). Mutations in either Pdgfβ or Pdgfrβ result in failure of

migration of mouse mesangial precursors to the glomerular tuft. In these mice,
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desmin+ mesangial precursors are still found in close proximity to but not inside the

glomeruli (Gaengel et al. 2009).

It is not clear how mesangial cell precursors are specified and fated to respond to

PDGFβ signaling such that only these cells migrate to the glomerular tuft. Analysis of

Pdgfrβ-null mice has shown that intrarenal arterial and arteriolar smooth muscle cells

are also critical targets for PDGFβ signaling (Lindahl et al. 1998). Also, Pdgfrβ
expression is itself regulated by PBX1, a transcription factor which is highly

expressed in the interstitial components of the developing kidney, and is not specific

to a particular cell type (Hurtado et al. 2015). However, studies investigating the role

of Notch signaling in the formation of the mesangium and kidney vasculature

uncovered a Notch-dependent signal that enables only mesangial cells to respond

to PDGFβ signals from endothelial cells within the developing glomerular cleft

(Shawber and Kitajewski 2004). Utilizing mice in which cells responding to Notch

activation and all their descendants are marked with a reporter, it was first shown that

mesangial cells respond to NOTCH1 and NOTCH2 signaling during development

(Boyle et al. 2014). Specific removal of the obligate binding partner of NOTCH

intracellular domains from Foxd1+ stromal progenitors resulted in a complete loss of

PDGFRβ+ mesangial cells. Loss of these cells is likely due to failure of the stromal

progenitors to produce desmin+ cells capable of assuming a mesangial cell fate

(Boyle et al. 2014). The identity and location of the Notch ligand(s) required for

mesangial cell fate determination remain to be further elucidated.

8.2.2.3 Interstitial Fibroblasts

Interstitial fibroblasts, characterized as widely spaced cells with long cellular pro-

jections, also arise from Foxd1+ stromal progenitors (Fig. 8.1) (Cui et al. 2003;

Kobayashi et al. 2014). Distinct cortical and medullary interstitial cells, with

marked differences in gene expressions and physiological functions, are established

during embryonic development. For example, cortical peritubular fibroblasts dis-

play the membrane-bound enzyme ecto-50-nucleotidase (50NT), produce extracel-

lular adenosine, and are postnatally the main source of renal erythropoietin

(Marxer-Meier et al. 1998; Dawson et al. 1989; Le Hir and Kaissling 1989,

1993). In fact, adult interstitial cells are critical for erythropoiesis, and recent

work done by Kobayashi et al. (2016) has demonstrated that distinct subpopulations

of the stroma regulate erythropoietin via the HIF2-PHD signalling axis (Kobayashi

et al. 2016). In addition, a specific subset of the medullary interstitial cells are

marked by CDKN1C (P57KIP2) expression, which is a cyclin-dependent kinase

(Cdk) inhibitor essential for proper development of the medullary region (Caspary

et al. 1999; Kobayashi et al. 2014). Although the embryonic mechanisms underly-

ing differentiation of the cortical and medullary interstitium from the Foxd1+
progenitor population are not fully understood, it has been shown that P57KIP2

may be a direct target of Wnt7b signaling during renal medulla morphogenesis and

establishment of the cortico-medullary axis of the kidney (discussed further below)

(Yu et al. 2009). Therefore, it is likely that similar Wnt7b-dependent pathways
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could be involved in stromal progenitors to control their cortical versus medullary

interstitial fate.

8.3 Signaling Mechanisms and the Control of Renal

Stromal Progenitors

Normal renal development is highly dependent on proper cell–cell communication

between the ureteric, nephrogenic, and stromal lineages in the nephrogenic zone.

Indeed, stromal cells play an active role in regulating the two main processes in

renal development, branching morphogenesis and nephrogenesis. Various signaling

pathways that have been implicated in mediating stromal-NP and stromal-UB

crosstalk are discussed below (Table 8.1).

Table 8.1 Genes involved in stromal cell autonomous and non-autonomous signaling mecha-

nisms and stromal cell differentiation

Gene

name Localization Genetic deletion phenotype Reference

Foxd1 CS, podocytes Hypoplastic, fused kidneys;

reduced branching,

expanded NP

Hatini et al. (1996),

Levinson et al. (2005)

Decorin CS, MS Partial rescue of Foxd1 null

phenotype

Fetting et al. (2014)

Rarα/β Rarα: ubiquitous;
Rarβ: CS, MS

Rarαβ double KO: expanded
CS domain, reduced neph-

rons, inhibited branching

Mendelsohn et al. (1999),

Batourina et al. (2001)

Raldh2 CS Similar to Rarαβ double KO Batourina et al. (2005),

Rosselot et al. (2010)

Wnt4 MS, differentiating

NP, PTA

Failure of epithelial RV

formation

Stark et al. (1994)

β-catenin CS, MS, NP, UB CKO using Foxd1Cre: lack of
medullary zone, improper ori-

ented cell divisions; decreased

Wnt9b, depleted NP

Yu et al. (2009), Boivin

et al. (2015)

Sfrp1 Capsule, CS (<E14.5),

LOH (>E15.5)

Reduced medullary zone,

increased glomeruli

(in some adult mutants)

Trevant et al. (2008)

Fat4 CS, MS, NP (weakly) Small, cystic kidneys; CKO

using Foxd1Cre: expanded
NP, disrupted cell

organization

Saburi et al. (2008), Das

et al. (2013), Bagherie-

Lachidan et al. (2015),

Mao et al. (2015)

Pod1 CS, MS, NP,

podocytes

Hypoplasia, reduced UB

branching, expanded CS

Cui et al. (2003), Quaggin

et al. (1999)

(continued)
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8.3.1 FOXD1

The spatial arrangement of stromal cells in the developing NZ is ideal for and

communicating with both NP and UB tip cells (Fig. 8.3). Loss of Foxd1, a key

stromal marker, results in kidneys that have abnormal vasculature, less nephrons,

and abnormal capsular morphology (Hatini et al. 1996; Levinson et al. 2005). Using

Foxd1Cre;DTA (diphtheria toxin) mice, Hum et al. (2014) showed that ablation of

the renal stroma phenocopies Foxd1-KO mice, implicating Foxd1 in maintaining

the functional integrity of the stroma (Fig. 8.3a) (Das et al. 2013; Hum et al. 2014).

Further analysis by Levinson et al. (2005) showed that the Foxd1-KO mice are

characterized by numerous cell autonomous defects, including decreased capsular

expression of Sfrp1, a secreted WNT inhibitor involved in endothelial migration

Table 8.1 (continued)

Gene

name Localization Genetic deletion phenotype Reference

Pbx1 CS, MS, NP (weakly) Renal hypoplasia/aplasia,

expanded NP, ectopic Ret
expression

Schnabel et al. (2003),

Hurtado et al. (2015)

CKO using Foxd1Cre:
diminished Foxd1,
increased Pdgfrb, and
perturbed arterial

patterning

Sall1 CS, NP CKO using Foxd1Cre:
expansion of NP, dilated

tubules, and glomeruli

Ohmori et al. (2015)

Dicer CS, NP, UB,

podocytes, renin cells,

proximal tubules,

juxtaglomerular cells

CKO using Foxd1Cre:
defects in NP compartment,

vasculture, and glomeruli

Nakagawa et al. (2015),

Phua et al. (2015)

Notch1/2 Notch1: VSMC, MGP;

Notch2: EC, Intersti-
tial fibroblasts

Loss of desmin+ cells close

to glomerular cup, glomeru-

lar aneurysm, perinatal

death

Boyle et al. (2014)

Hox10 CS, NP Failure of CS differentiation

and integration into the NZ;

similar to Foxd1 null

Yallowitz et al. (2011)

Pdgfrβ MGP, EC Failure of desmin+ cells to

migrate to the glomeruli,

microaneurysms similar to

capillary ballooning

Lindahl et al. (1998)

CS cortical stroma;MS medullary stroma; NP nephron progenitors; PTA pretubular aggregate; RV
renal vesicle; UB ureteric bud; LOH loop of Henle; CKO conditional knockout; MGP mesangial

precursor; VSMC vascular smooth muscle cell; EC endothelial cell
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and patterning, decreased Raldh2, involved in retinoid signalling, and ectopic

Bmp4-expressing cells in the renal capsule (Dufourcq et al. 2002; Levinson et al.

2005). Foxd1-null kidneys are also characterized by expanded NP and perturbed

nephrogenesis, suggesting an additional non-cell autonomous role for Foxd1 in

nephron formation (Hatini et al. 1996; Levinson et al. 2005). Analysis of NP cells in

the Foxd1-KO mouse demonstrated that the expanded NP cells remain in a self-

renewing state and are not sensitive to the effect of WNT-induced differentiation

(Fetting et al. 2014). It was hypothesized that ectopic Bmp4 expression in the

capsule is the cause of the abnormal NP differentiation (Levinson et al. 2005).

These data suggest that Foxd1 plays an important role in signaling between the

stroma and NP domain to restrict NP expansion.

To understand how stromal-BMP signaling might be affecting NPs in Foxd1-KO
mice, transcriptome analysis of Foxd1-KO kidneys was performed. Decorin, a

BMP inhibitor, was found to be upregulated in the Foxd1-null kidney (Fetting

et al. 2014) (Fig. 8.3). FOXD1 directly represses DCN such that deletion of Dcn in

the Foxd1-null background rescues NP differentiation by restoring SMAD-

mediated BMP signaling in NP (Brown et al. 2013; Fetting et al. 2014). These

data suggest that FOXD1 acts to repress DCN activity in mediating BMP-induced

differentiation of NP (Fig. 8.3).

Fig. 8.3 Stromal cell autonomous and non-cell autonomous signaling mechanisms. A summary of

stromal signaling in the nephrogenic zone, with major compartments labeled in red text (gray,
stroma; orange, NP; brown, UB). Many different signaling pathways contribute to the interactions

between the UB, NP, and stromal compartments. Arrows indicate genetic interactions and/or

signaling directions. Genes in blue text are known to play cell-autonomous roles in the stromal

compartment (or stromal-derived compartments). Stromal FOXD1 represses the expression of

BMP-inhibitor Decorin (DCN), which in turn signals to NP by inhibiting BMP-mediated nephron

differentiation. SALL1 (possibly via DCN and FAT4), FAT4, PBX1, and POD1 act to restrict NP

expansion and promote differentiation in contrast to inductive signals from the UB. Stromal

β-catenin modulates Wnt9b expression in the UB, which is required for induction of NP. The

RAR-RALDH2-ECM1 signaling axis drives Ret expression in the UB tip that controls branching

morphogenesis. Stromal SFRP1 inhibits WNT4 activity and inhibits epithelial conversion. DICER

may have a role in controlling NP maintenance via a variety of miRNAs
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8.3.2 Retinoid Signaling

Members of the retinoid signaling pathway are also specific markers of stromal

cells. Retinoic acid (RA), a derivative of Vitamin A, and its cognate nuclear RA

receptor transcription factors (RAR), is crucial for kidney organogenesis and for

stromal cell maintenance and signaling (Mendelsohn et al. 1994b, 1999). RARα has

ubiquitous expression in the NZ while RARβ is specific to stromal cells

(Mendelsohn et al. 1999). Although RARβ2 is expressed in cortical and medullary

stromal cells, RARβ2-KO mice are phenotypically normal (Mendelsohn et al.

1994a). In contrast, RARαβ double mutants demonstrate severe renal abnormali-

ties, including an expanded cortical stromal domain, reduced nephrons, inhibited

ureteric branching, and notably an absent nephrogenic zone (Mendelsohn et al.

1994b). Analysis of RARαβ double mutants revealed a decrease in Ret, a receptor
tyrosine kinase that is normally expressed in the UB and is required for UB

outgrowth and branching (Schuchardt et al. 1996; Mendelsohn et al. 1999). The

downregulation of Ret expression in RARαβ double mutants suggests that stromal-

retinoid signals control ureteric branching through regulating the expression of Ret,
thus indicating a novel non-cell autonomous role of stromal signaling (Fig. 8.3).

This finding is in contrast to Foxd1-KO mice, in which Ret expression is inappro-

priately maintained in the UB trunk and branches, and suggests that Foxd1 and

retinoids act via separate signaling mechanisms in the stroma (Hatini et al. 1996).

Furthermore, constitutive expression of Ret rescues stromal cell patterning and

branching in RARαβ double mutants, further demonstrating that Ret acts down-

stream of stromal-retinoid signaling (Batourina et al. 2001).

Enzymes responsible for RA synthesis, members of the retinaldehyde dehydro-

genase (RALDH) family, are also important for renal development (Batourina et al.

2005). Raldh2 is strongly expressed in stromal cells, and deletion of Raldh2 results

in a less severe but similar phenotype to RARαβ double mutant mice (Rosselot et al.

2010; Batourina et al. 2005). To understand the mechanism to how RAR-RALDH2

signaling influences branching, Paroly et al. (2013) used microarray analysis to

analyze the effect of RA treatment on stromal cell gene expression (Paroly et al.

2013). Analysis of kidneys treated with RA showed an increased expression of

Ecm1, which is secreted from cortical stromal cells (Paroly et al. 2013). Neutral-

ization of ECM1 results in expanded Ret expression and decreased branching,

suggesting that RA-dependent Ret acts via stromal ECM1 to control branching

(Paroly et al. 2013). Taken together, these data suggest a key paracrine role for RA

signaling between stromal cells in controlling Ret expression in the ureteric bud

(Fig. 8.3).
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8.3.3 WNT Signaling

Both canonical and noncanonical WNT signaling pathways play critical roles

during branching morphogenesis and NP cell differentiation (Karner et al. 2009,

2011; Park et al. 2007, 2012; Carroll et al. 2005). In contrast, comparatively little is

known about WNT signaling mechanisms in the stroma. Evidence of WNT signal-

ing in the stroma was first demonstrated in the medullary stroma. Deletion of Wnt4
results in defects in the medullary stroma, specifically a decrease in expression of

α-SMA and a lack in smooth muscle differentiation (Itäranta et al. 2006). Itäranta

et al. (2006) also showed that a lack of Wnt4 results in a loss of Bmp4 expression,

suggesting a mechanism whereby Wnt4-dependent Bmp4 expression controls the

fate of smooth muscle cells in the medullary stroma (Itäranta et al. 2006). A role for

Wnt4 in the adult renal intersitium is suggested by strongWnt4 expression in tubule
cells of the renal papilla and in proliferating medullary myofibroblasts during renal

fibrosis (DiRocco et al. 2013).

Wnt7b is expressed in the medullary collecting duct network. Wnt7b deficiency

results in kidneys that lack a medullary zone and tubular epithelial cells that are

biased to divide along the radial (versus the longitudinal) axis (Yu et al. 2009). Yu

et al. (2009) demonstrated that Wnt7b signals to the interstitium via a canonical

mechanism. Evidence of canonical WNT signaling to adjacent medullary stromal

cells was demonstrated by examination of canonical WNT targets Lef1 and Axin2,
which showed Wnt7b-dependent expression (Yu et al. 2009). In addition, the

adjacent medullary stromal cells co-expresssed LEF1 with a canonical WNT

reporter transgene demonstrating that Wnt7b acts through β-catenin (Yu et al.

2009). To confirm the paracrine function of Wnt7b, Yu et al. (2009) deleted

β-catenin in adjacent medullary stromal cells using Foxd1Cre, which phenocopied

Wnt7b mutant mice, suggesting that Wnt7b signals in a paracrine manner to the

medullary stroma that controls cortico-medullary axis establishment (Yu et al.

2009). Deletion of β-catenin using Foxd1Cre also results in abnormalities in the

cortical NZ including depletion of NP cells and decreasedWnt9b, a gene crucial for
inducing NP differentiation (Boivin et al. 2015). These data suggest that canonical

WNT signaling is important in both cortical and medullary stromal cells in con-

trolling differentiation of adjacent cell populations (Fig. 8.3). Interestingly,

overexpression of β-catenin in stromal progenitors also results in defects charac-

teristic of human dysplastic kidneys (Boivin et al. 2016). Analysis of β-catenin gain
of function (GOF) mutants revealed that dysplastic kidneys had abnormal stromal

differentiation characterized by an expansion of stromal-like cells ectopically

expressing Wnt4 and Bmp4 (Boivin et al. 2016). The ectopic expression of these

two genes was suggested to be the mechanism by which endothelial migration and

formation is abnormal in β-catenin overexpression mutant mice. These findings are

similar to those in human renal dysplatic tissue and together suggest that disruption

of WNT signaling in the stromal population) results in abnormal stromal expansion

and ectopic gene expression (Boivin et al. 2015, 2016).
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The secreted WNT inhibitor Sfrp1 is expressed in the cortical and capsular

stroma early in development and in the loop of Henle after E15.5 (Leimeister

et al. 1998; Levinson et al. 2005). SFRP1 binds and inhibits Wnt4, which is

responsible for aggregation of NP cells into pretubular aggregates (PTA) and

their subsequent differentiation into nephrons (Yoshino et al. 2001). Deletion of

Sfrp1 in the murine embryo results in no gross abnormalities in the kidney, aside

from reduced size of the renal papilla and a small increase in the total number of

glomeruli (Trevant et al. 2008). However, Sfrp1 is downregulated in Foxd1-KO
mice, which are characterized by an expanded NP domain (Levinson et al. 2005).

These data suggest that stromal SFRP1 may act to restrict Wnt4-induced NP

differentiation to generate the appropriate number of nephrons during development.

It remains to be elucidated how SFRP1 directly influences nephrogenesis; targeted

deletion of Sfrp1 will allow for a more complete understanding of the mechanism.

In addition, there is evidence of regulation of WNT signaling by other signaling

pathways, notably Hedgehog (HH) signaling, which has been shown to be upstream

of Sfrp1 (He et al. 2006). Analysis of HH signaling in the stroma may provide a

more thorough understanding of how SFRP1 regulates NP differentiation.

8.3.4 Fat-Hippo Signaling

In the kidney, normal tissue organization is regulated by proteins involved in planar

cell polarity (PCP), of which the protocadherin Fat has a major role (McNeill

2009). The atypical cadherin Fat4 is expressed in stromal cells and weakly in NP

cells (Saburi et al. 2008; Rock et al. 2005; Bagherie-Lachidan et al. 2015). Deletion

of Fat4 results in kidney abnormalities, including disoriented cell divisions and

tubule elongation resulting in grossly cystic kidneys (Saburi et al. 2008). Analyses

of Fat4-KO kidneys by Das et al. (2013) demonstrated that stromal-FAT4 signaling

acts via downstream YAP/TAZ (Hippo) signaling effectors (Das et al. 2013). A

model was suggested whereby Fat4 from the stroma acts on adjacent NP cells to

phosphorylate YAP/TAZ that stimulates WNT-induced differentiation genes (Das

et al. 2013). Conversely, NP cells that were not in direct contact with stromal-FAT4

signals have decreased phosphorylation of YAP/TAZ, which results in

WNT-induced renewal genes. (Das et al. 2013). Das et al. (2013) suggest that

Fat4 signals from the stroma promote NP differentiation and antagonize NP

renewal by modulating the response to UB-derived Wnt9b (Das et al. 2013). In

contrast to reported decreases of pYAP in NP by Das et al. (2013), both Bagherie-

Lachidan et al. (2015) and Mao et al. (2015) show that FAT4 acts through Dchs1
and Dchs2 and not via YAP/TAZ to regulate NP differentiation (Mao et al. 2015;

Bagherie-Lachidan et al. 2015). Interestingly, deletion of YAP alone in the Fat4-
null background fails to rescue the expanded NP, and deletion of TAZ alone in the

Fat4-null background not only fails to rescue but results in grossly cystic kidneys

(Bagherie-Lachidan et al. 2015; Mao et al. 2015). It is not immediately clear why

the work done by Das et al. (2013) differs from both Mao et al. (2015) and

218 C.J. Rowan et al.



Bagherie-Lachidan et al. (2015); however, one possibility is that YAP and TAZ

share functional redundancy. Based on these new data, it is suggested that FAT4 in

the stroma binds to DCHS1/2 to restrict renewal of NP and provides a novel

non-cell autonomous role for Fat4 in the stroma (Fig. 8.3).

8.3.5 POD1 and PBX1

Pod1 is a transcription factor expressed in the renal stroma and thought to be

expressed at sites of epithelial–mesenchymal interactions (Cui et al. 2003). Cui

et al. (2003) investigated the function of Pod1 using a chimeric mouse model as

Pod1-KO mice suffer from gross renal abnormalities, limiting the ability to define

cell-specific functional roles (Quaggin et al. 1999). Like many other stromal

disruption models, loss of Pod1 results in an expansion of NP cells (Cui et al.

2003). Interestingly, Pod1 is not required in NP cells as nephrogenesis is disrupted

only when Pod1 is absent in stromal cells (Cui et al. 2003). These data suggest a

non-cell autonomous role for Pod1 in the stroma (Fig. 8.3). Further analyses using

conditional knockout mouse models is needed for a more thorough understanding

of signaling mechanisms regulated by this transcription factor in development.

Pbx1 is a transcription factor widely expressed in a variety of mesenchymal

tissue during embryonic development (Schnabel et al. 2001). Disruption of Pbx1
results in embryonic lethality at E15.5, with renal defects ranging from hypoplasia

to aplasia (Schnabel et al. 2003). Pbx1 is expressed in the cortical and medullary

stroma and weakly in the NP cell population (Schnabel et al. 2001, 2003). Pbx1-null
embryonic kidneys are characterized by an expanded and proliferating NP domain,

decreased branching morphogenesis, and ectopic Ret expression (Schnabel et al.

2003). Expression of Foxd1 and Pod1 are normal in Pbx1-null kidneys suggesting
stromal cells are both specified and unaltered. Similarities between the Foxd1-KO
mouse and the Pbx1-KO mouse suggest a similar signaling mechanism to Foxd1 in
the stromal compartment (Fig. 8.3) (Schnabel et al. 2003).

Recently, Hurtado et al. (2015) demonstrated a functional role for PBX1 in

stromal progenitors (Hurtado et al. 2015). Interestingly, conditional deletion of

Pbx1 in stromal progenitors results in cell autonomous defects in the stroma and its

derivatives, including diminished Foxd1, increased Pdgfrβ and perturbed arterial

patterning (Hurtado et al. 2015). Hurtado et al. (2015) further demonstrate that

PBX1 binds to regulatory elements in the Pdgfrβ gene and acts to repress its

transcription (Hurtado et al. 2015). Deletion of one copy of Pdgfrβ in the stro-

mal-Pbx1 mutant rescues lethality and arterial patterning, suggesting that Pdgfrβ
lies downstream of Pbx1 (Hurtado et al. 2015). These data suggest a cell autono-

mous role for PBX1 in the stroma in controlling the expression of Pdgfrβ (Lindahl

et al. 1998; Hurtado et al. 2015). As Hurtado et al. (2015) report no expansion in NP

or defective nephrogenesis in contrast to observations reported in the Pbx1-null
mouse, Pbx1 may also play a cell autonomous role within the NP population

(Fig. 8.3) (Schnabel et al. 2003; Hurtado et al. 2015). Conditional deletion of
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Pbx1 in the NP cell lineage using Six2Cre will likely provide a more detailed

understanding of the functional significance of this transcription factor in kidney

development.

8.3.6 Other Signaling Pathways Active in Stromal Cells

Aside from the common signaling pathways discussed above, there are other factors

implicated to play crucial roles in the stromal compartment. Sall1 is a transcription

factor expressed in both stromal and NP cells and is required for NP cell self-

renewal (Kanda et al. 2014; Basta et al. 2014). Ohmori et al. (2015) showed that

Sall1 also has a functional role in the stroma. Specifically, conditional deletion of

Sall1 using Foxd1Cre results in an expansion of NP and dilated tubules and

glomeruli (Ohmori et al. 2015). Perhaps more importantly, Ohmori and colleagues

showed that SALL1 binds to genetic elements in both Decorin and Fat4, and that a
loss of stromal Sall1 results in less Fat4 and increased Decorin (Ohmori et al.

2015). These data suggest a non-cell autonomous role for Sall1 in controlling NP

expansion and self-renewal (Fig. 8.3). These findings also implicate a connection

between different signaling pathways in the stroma and how they might work in

tandem to control adjacent NP cells.

Emerging studies in renal stromal signalling have focused on posttranscriptional

regulation. Recently, two groups have published findings describing the role of

microRNA (miRNA) posttranscriptional regulation in the stroma. Specifically,

conditional deletion of miRNA processing enzyme Dicer results in defects in the

NP compartment, vasculature, and glomeruli (Nakagawa et al. 2015; Phua et al.

2015). Phua et al. (2015) show that loss of Dicer results in increased NP (a finding

that is consistent with many stromal disruption models), decreased nephrons, and

mesangial defects (Phua et al. 2015). The authors attributed these defects in part to

dysregulated cellular apoptosis (Phua et al. 2015). In contrast, Nakagawa et al.

(2015) show that loss of Dicer in stromal cells results in depletion of NP cells and

decreased WNT signaling (Nakagawa et al. 2015). Abnormalities associated with

glomerular development, mesangial cells, and vasculature pattering were reported

by both groups (Phua et al. 2015; Nakagawa et al. 2015). The opposing phenotypes

in NP expansion and WNT signaling was hypothesized to be due to background

mouse strain differences and mosaicism in the Cre (Phua et al. 2015). Notwith-

standing the observed differences in phenotype, these studies suggest a mechanism

where miRNA functions in the stroma to signal to NP, in addition to autonomous

control of mesangial cell development (Fig. 8.3).

Although many stromal signaling pathways have been investigated, there is still

a lack of understanding how stromal signaling mechanisms work in tandem. Many

models of stromal disruption have overlapping phenotypes (i.e., expanded NP

domain) yet little has been done to investigate how the signaling pathways might

be interconnected or cooperate. It is imperative that future functional studies of the

stroma attempt to understand the complex mechanisms at play. A current summary
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of stromal signaling mechanisms in the nephrogenic zone is illustrated in Fig. 8.3.

Interestingly, many stromal disruption models, including those for Fat4, Sall1,
Pbx1, and Pod1 have demonstrated phenotypes similar to the Foxd1-KO mouse;

however, Foxd1 expression is normal in these mutants (Bagherie-Lachidan et al.

2015; Ohmori et al. 2015; Mao et al. 2015; Schnabel et al. 2003; Cui et al. 2003).

These data suggest that Foxd1 may function upstream of some of these molecular

pathways to control nephron progenitor expansion and renewal.

8.3.7 Signaling Mechanisms in Stromal Derivatives

Many of the studies described in this chapter have focused primarily on signaling in

stromal cell progenitors, that is the Foxd1+ cells that give rise to the cortical and

medullary stroma of the embryonic kidney (Fig. 8.1). In contrast, a greater under-

standing of signaling pathways and cell–cell interactions in differentiated stromal

elements is required. Signaling mechanisms that control differentiated stromal cells

such as the renal capsule, interstitial fibroblasts, glomerular mesangial cells, and the

renal vasculature are only beginning to be elucidated (Sequeira Lopez and Gomez

2011; Sequeira-Lopez et al. 2015; Quaggin and Kreidberg 2008). Many of the

studies published to date focus on signaling in differentiated stromal cell types in

models of renal fibrosis and have led to the discovery that pathways such as TGFβ,
Hedgehog, and PDGF are active in differentiated stromal cells. Below, we review

evidence concerning these signaling pathways and the contribution of the stroma in

renal disease.

8.4 Stroma in Renal Diseases

8.4.1 Horseshoe Kidney

In normal renal development, kidneys flank the midline of the embryo before

separating from the body wall, rotating and then separating from each other (Fotter

2008). However, kidneys maintain their connection to the dorsal body wall through

a thin layer of connective tissue (Levinson et al. 2005; Kobayashi et al. 2014).

Given the strong expression of Foxd1 in the connective tissue surrounding the

kidney and the renal capsule, it is plausible that FOXD1 functions to detach the

kidneys from the dorsal body wall through proper capsule formation (Levinson

et al. 2005). In Foxd1-null mutants where the capsule does not form properly,

kidneys remain attached to the body wall and do not ascend to the lumbar region

(Hatini et al. 1996; Levinson et al. 2005). A similar phenomenon occurs in human

patients where failure of proper kidney ascension results in horseshoe kidneys with

an incidence rate of one in 400–600 live births. Horseshoe kidneys are fused at the
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lower pole, forming a U or horseshoe shape. Failure of ascension also results in the

“pelvic kidney” in which the kidney fails to ascend from the pelvis (Nemes et al.

2015; Weizer et al. 2003). In some cases, the horseshoe kidneys can present with

ureteropelvic obstruction leading to urinary tract infections, abdominal mass, and

hematuria (Rodriguez 2014).

8.4.2 Renal Fibrosis in Chronic Kidney Disease

Chronic kidney diseases (CKD) that cause chronic kidney injury and loss of renal

function are characterized by fibrosis where functional tissue is replaced by per-

manent interstitial fibrotic tissue (Boor and Floege 2012). Fibrotic scar tissue

disrupts normal organ structure and hinders regeneration and normal function.

The key characteristics of renal fibrosis are the extensive deposition of ECM and

expansion of a distinct α-SMA+ population of fibroblasts called myofibroblasts

(Grgic et al. 2014; Falke et al. 2015). By definition, myofibroblasts are contractile

cells that are the principle source of interstitial collagens, including fibrillar colla-

gens I and III (Grgic et al. 2014).

Studying the exact origin of myofibroblasts during CKD can have implications

in anti-fibrotic therapies, but is also challenging due to the lack of markers specific

to myofibroblasts. In vitro studies initially suggested that myofibroblasts form via

transition of epithelial cells to a mesenchymal phenotype, a process termed epithe-

lial to mesenchymal transition (EMT) (Cheng et al. 2010; Iwano et al. 2002).

Expression of α-SMA has been detected in tubular and glomerular epithelia in

association with disease progression, in both a remnant kidney model and during

experimental glomerulonephritis (Iwano et al. 2002). However, lineage-tracing

studies using epithelial cell-specific γ-glutamyl transpeptidase (GT)-driven GFP

and Cadherin (Cdh)16 promoter in a model of obstructive nephropathy failed to

detect the contribution of epithelial cells to the myofibroblast pool, raising doubt as

to the epithelial origin of the myofibroblasts (Li et al. 2010; Iwano et al. 2002).

More recently, studies by Humphreys et al. (2010) reported a marked expansion of

pulse labeled interstitial cells that expressed α-SMA, following either complete

unilateral ureteric obstruction (UUO) or ischemia-reperfusion (IR) injury (Grgic

et al. 2012; Humphreys et al. 2010). In fact, an elegant lineage-tracing analysis by

Humphreys et al. (2010) revealed that majority of myofibroblasts originate specif-

ically from Foxd1+-derived percicytes (Humphreys et al. 2010). Interestingly,

lineage tracing of both NP- and UB-derived elements using Six2Cre and Hoxb7Cre
demonstrated no contribution to myofibroblasts in both UUO and IR model of

fibrosis, contradicting the initially thought contribution of EMT process to the

myofibroblast pool (Humphreys et al. 2010). These data suggest that Foxd1+
stromal progenitors are important potential contributors to the fibrotic response.

Factors regulating the differentiation of pericytes and interstitial fibroblasts to

myofibroblasts in response to injury are not clear. There are new functional studies

suggesting that activated PDGFR signaling in response to injury leads to
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proliferation and differentiation of the pericytes to myofibroblasts, and that TGFβ1
may be an important contributing cytokine in transducing activated PDGFR sig-

naling (Chen et al. 2011). Moreover, shown for the first time in an in vivo model of

fibrosis, administration of anti-PDGFR antibody markedly decreases the number of

α-SMA+ myofibroblasts (Chen et al. 2011). Contrary to the aforementioned find-

ings, other studies using PDGFRβ- and NG2-promoter-driven mice to functionally

deplete pericytes in models of kidney injury did not result in any significant

reduction in fibrosis (LeBleu et al. 2013). Similarly, lineage tracing of NG2+ and

PDGFRβ+ pericytes did not show a predominant contribution of labeled cells to the

myofibroblast population in the fibrotic kidney (LeBleu et al. 2013).

New evidence has implicated Hedgehog signaling as a major contributor to the

fibrotic response. It was shown that pericytes express Hedgehog effectors Gli1 and

Gli2, and that Gli1+ pericyte proliferation is greatly enhanced (11-fold greater)

during fibrosis (Fabian et al. 2012). Further evidence to support Hedgehog signaling

as a key contributor to fibrosis was shown using lineage tracing of Gli1+ cells in the

kidney after acute injury (Kramann et al. 2015a). Genetic ablation of tissue-resident

Gli1+ mesenchymal stem cells protected against injury-induced renal fibrosis

(Kramann et al. 2015a). It was further shown that GLI2 inhibition prevented

myofibroblast progression and limited the fibrotic response (Kramann et al.

2015b). These data suggest a key regulatory role for GLI2 in inducing

myofibroblast formation from pericytes in response to injury. Further studies are

needed to fully delineate the mechanism and interactions of Hedgehog signaling in

the fibrotic response.

Wnt signaling has also been implicated in contributing to the fibrotic response in

the kidney. Wnt4 is expressed in medullary stromal cells and NP and is important

for the mesenchymal-to-epithelial transition of NP to form epithelial renal vesicles

(Stark et al. 1994). Recently, DiRocco et al. (2013) studied Wnt4 function in

medullary myofibroblasts. Interestingly, during fibrosis, medullary myofibroblasts

strongly expressWnt4 whereas tubule epithelial cells do not (DiRocco et al. 2013).

Although exogenous Wnt4 stimulated myofibroblast differentiation in an in vitro
system, deletion of Wnt4 in interstitial cells did not reduce myofibroblast prolifer-

ation or gene expression during fibrosis (DiRocco et al. 2013). DiRocco et al.

(2013) also demonstrated that constitutively active Wnt/β-catenin signaling was

sufficient to drive myofibroblast differentiation in vivo. These data suggest that

Wnt4 is not required for myofibroblast differentiation but Wnt signaling through

β-catenin is sufficient to stimulate myofibroblast differentiation during fibrosis

(DiRocco et al. 2013).

Overall, there are discrepancies concerning the origin of myofibroblasts in CKD

most likely due to limitations in the available studies, including the use of

overlapping markers, different mouse strains, choice of injury model, and the

duration and severity of the injury affecting the outcome (Falke et al. 2015).

A thorough and detailed analysis of the lineage and signaling mechanisms of the

stroma will allow for a greater understanding of the functional significance of this

population. These new insights will allow for better treatment options and outcomes

of fibrosis in patients.

8 Origin and Function of the Renal Stroma in Health and Disease 223



8.5 Conclusions

Our understanding of the renal stroma has greatly changed over the past decade.

With new advances in the field, the stroma is now understood to encompass

different kinds of cells in the adult kidney that function in various roles. Further,

it is now understood that stromal progenitors play a crucial role in signaling to

nephron progenitors and ureteric cells during development. Despite a large

advancement in understanding, the mechanism and function of the stroma is still

not fully understood. The use of genomic tools and conditional mouse models will

pave the avenue for future studies on stromal origins and signaling mechanisms.
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Chapter 9

Imaging, Analysing and Interpreting

Branching Morphogenesis in the Developing

Kidney

Kieran M. Short and Ian M. Smyth

Abstract The kidney develops as an outgrowth of the epithelial nephric duct

known as the ureteric bud, in a position specified by a range of rostral and caudal

factors which serve to ensure two kidneys form in the appropriate positions in the

body. At its simplest level, kidney development can be viewed as the process by

which this single bud then undergoes a process of arborisation to form a complex

connected network of ducts which will serve to drain urine from the nephrons in the

adult organ. The process of bud elaboration is dictated by factors expressed by both

the bud itself and by surrounding cells of the metanephric mesenchyme which

control cell division and bifurcation. These cells play two critical roles. Firstly, they

potentiate the ongoing elaboration of the ureteric tree: remove them and branching

ceases. Secondly, they harbour progenitor cells which are fated to undergo their

own process of tubulogenesis to form the nephrons of the adult organ. In this

chapter, we will discuss how the ureteric bud arises in the developing embryo,

how it undergoes branching, how we can measure and study this process and finally

the likely relevance that this process has for our understanding of congenital and

acquired kidney disease.
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9.1 Normal Kidney Development

The metanephric kidney is the third kidney to form in higher vertebrates, after the

largely vestigial pronephros and the more elaborate mesonephros, which contrib-

utes cells to other parts of the urogenital system. All three of these organs are

derived from the intermediate mesoderm (IM), a field of cells specified by factors

produced from the surrounding paraxial mesoderm, lateral plate mesoderm and

epidermis [reviewed in (Takasato and Little 2015)]. At the rostral end of the

intermediate mesoderm, a population of cells undergoes a mesenchymal to epithe-

lial transition to form the nephric duct which begins a rostro-caudal elongation and

migration which will eventually result in its connection to the cloaca. A second IM

derivative is the metanephric mesenchyme, a teardrop-shaped collection of cells

whose gene expression is distinct from other IM components and which is essential

for specifying the position and outgrowth of the ureteric bud from the nephric duct.

The factors involved in IM differentiation and temporal specification have been

detailed elsewhere (Takasato and Little 2015). The Hox gene family, particularly

those of the Hox11 class, are critical for activating a range of genes in the

metanephric mesenchyme which specify the position of metanephric kidney devel-

opment (Wellik et al. 2002), one of the most important of which is the glial cell line-

derived neurotrophic factor (Gdnf) (Fig. 9.1). A range of other genes serve to

reinforce Gdnf expression including Pax2, Eya1, Wt1 and Sall1 (Brophy et al.

2001; Xu et al. 1999; Gross et al. 2003; Nishinakamura et al. 2001) while others

like Foxc1, Foxc2 and the SLIT-ROBO receptor ligand pathways ensure that

expression of Gdnf or reception of Gdnf signalling is suppressed at positionally

inappropriate locations along the IM (Kume et al. 2000; Grieshammer et al. 2004)

(Fig. 9.1). SLIT/ROBO signalling has recently been proposed to be necessary for

detachment of the nephrogenic mesenchyme from the duct, therefore mechanically

Fig. 9.1 Simplified genetic pathways regulating ureteric budding. The location of the ureteric bud

(UB, green) is defined by the suppression of factors such as Ret in the nephric duct and Gdnf in the
uninduced mesenchyme (blue). Metanephric mesenchyme (MM, pink) is actively producing Gdnf
under the control of multiple factors which induces Ret signalling and UB growth
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limiting the range of GDNF activity rather than directly controlling its expression

(Wainwright et al. 2015). GDNF interacts with its co-receptors RET and GFRα1
which are expressed in the nephric duct, and it is this interaction which initiates UB

outgrowth (Durbec et al. 1996; Schuchardt et al. 1996; Vega et al. 1996). This

process begins with a pseudo stratification of the epithelia in the duct (Chi et al.

2009) and then progresses to form the ureteric bud (UB), which invades the

neighbouring receptive metanephric mesenchyme. As we discuss later in this

chapter, the UB then undergoes a process of (principally) bifurcation to form a

complex arborised tree which is fated to form the collecting duct system of the adult

kidney.

The formation of the collecting duct system from the UB is intimately linked

with the generation of nephrons which drain urine into it. This association is driven

by the intimate developmental link between these two tissues. As the UB elaborates

within the metanephric mesenchyme, a proportion of the mesenchyme coalesces

around the UB tips and changes gene expression through the induction of genes like

Six1, Six2 and Cited1 (Self et al. 2006; Boyle et al. 2007). Cell lineage tracing based
on the expression of the two latter genes shows that these cells are fated to form all

of the tubular components of the adult nephrons (Kobayashi et al. 2008; Boyle et al.

2008). Following the induction of pre-tubular aggregates and their development

through renal vesicle, S- and comma-shaped bodies, the nascent nephrons

re-integrate into the collecting duct system and are carried with the tip as it grows

and branches (Georgas et al. 2009; Kao et al. 2012). The specification of nephron

number can therefore be viewed as a product of (a) the extent of UB branching

(thereby forming the “environment” for nephron formation), (b) the staged com-

mitment of progenitor cell populations in the mesenchymal caps to form nephrons

and (c) the retention and proliferation of nephron progenitor cells over the course of

developmental time. The emerging links between nephron number (which varies

dramatically between individuals) and adult onset disease mean that studying

branching morphogenesis is of considerable value (Luyckx et al. 2013).

9.2 Branching in Other Organs

Branching morphogenesis is a commonly employed developmental mechanism

evident in the foetal kidney, lung and in many other organs such as the salivary

and mammary glands. In these and other contexts, it serves as a way to break up

large tissue masses permitting secretion, excretion and exchange of nutrients and

gases. Its relative importance in facilitating such exchange is evident in its evolu-

tionary conservation, forming structures as diverse as the Drosophila trachea and

the planarian gut. The commonalities and differences between these different

organs are enlightening. All of these systems involve, to one extent or another,

interactions between the elaborating epithelia and an associated population of

mesenchymal cells, and the nature of these interactions is often instructive and

essential. Typically, each tissue component provides signals to the other to direct
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cell proliferation and differentiation. The inductive nature of these interactions,

while mooted by Hans Spemann in the 1920s, was expounded to great effect in a

series of pioneering experiments by Clifford Grobstein in the 1950s and 1960s. This

work showed that, in isolation, epithelia and mesenchyme of developing branching

organs failed to differentiate (Grobstein 1953a) but when placed in adjacent culture,

separated by an intervening membrane, the two cell populations supported each

other (Grobstein 1953b). In particular, his work in the kidney served to highlight the

interactions between UB and cap mesenchyme (Grobstein 1955) and provided the

first insights into the nature of the molecules mediating the communication between

these cells, proposing the important role of the extracellular matrix in this interac-

tion (Grobstein 1956, 1961).

Until recently, the best understood model of developmental branching was the

foetal mouse lung. Lungs are structurally different to kidney in that they possess

long and linear main bronchii from which smaller airways arise. This type of

branching has been termed domain branching, and it is important for establishing

the initial lobar arrangement of the organ and the arrangement of the main airways.

Metzger and colleagues (2008) performed an exhaustive manual annotation survey

of foetal mouse lung development using organs stained with antibodies to epithelial

cells. They proposed a highly stereotyped model of branching employing different

branch modalities in addition to domain branching. Described were two specific

conformations of bifurcation which differed in their rotation between successive

bifurcations. “Planar bifurcations” describe branching events with no rotation

between branches which typically occur towards the margins of the organ whereas

“orthogonal bifurcations” undergo a 90� rotation and are often towards the centre of
the tissue. It was proposed that domain, planar and orthogonal branching were

combined to execute a highly spatially stereotyped programme of branching that

establishes organ structure.

9.3 Quantifying Branching Morphogenesis

The branching epithelium of the developing kidney, lung, glands and other organs

form complex structures that do not lend themselves to assessment by individual

histological sections. Fully appreciating 3D context of the branches and measuring

the architecture of this structure is essential for understanding normal development

and also the impact of genetic or environmental changes to the developmental

programme. For this reason, culture of organs at air–liquid interfaces has histori-

cally played an important role in establishing the basic mechanisms shaping

elaboration of this structure. This is no better illustrated by the work of Grobstein

we have previously discussed. Readers are directed to recent reviews for broader

assessments of the value of organ culture (Rak-Raszewska et al. 2015; Nigam

2013). However, these systems are hampered by a number of features which

make them less than ideal for assessing how the kidney develops. Firstly, the

cultured organs are unusually flattened as a consequence of surface tension,
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resulting in abnormal juxtaposition of tissue elements. Secondly, they develop

much more slowly compared to their in vivo counterparts, possibly as a conse-

quence of the physical constrictions imposed by culture but also likely because of a

lack of a connected vasculature and the associated lack of exposure to the growth

factors present in the foetal milieu. Because of these drawbacks, a number of

studies have employed exhausting section-based reconstruction to “rebuild” foetal

organs from individually stained and scanned slices of the foetal organ (Cebrian

et al. 2004; Sims-Lucas et al. 2009; Sampogna et al. 2015). Such studies have made

important contributions to our understanding of both normal kidney development

and to the analysis of mutant models. However, the laborious nature of the

sectioning, staining and reconstruction combined with the inevitable tissue distor-

tion associated with sectioning do not lend such approaches to high throughput or

extensive analysis.

The ability to quantitatively analyse these small structures at a global scale, in

three dimensions and without recourse to sectioning, has long been hampered by a

lack of sufficient imaging and quantification tools. A fundamental advance in

imaging whole organs in model organisms was the development of Optical Projec-

tion Tomography (OPT) (Sharpe et al. 2002). OPT is a microscopy method very

close in practice to medical X-ray computed tomography (CT). The primary

difference is that with OPT, visible light is used rather than X-rays, and the sample

image is treated chemically so light can pass through it (X-rays pass through solid

opaque tissue, light does not). When OPT was first released, it showed great

promise for the analysis of model organism development qualitatively (Kerwin

et al. 2004), but a major issue was that the imaging technology was introduced to a

world bereft of software tools to quantitatively analyse the complex medical

CT-like data it produces.

With new imaging technologies, one difficulty in translating large bodies of

information from qualitative to quantitative representations of the samples imaged,

is a change in the type/scale/form of data that are generated. This leads to existing

quantitative methods to either fail or be inadequate due to a deficit in computational

algorithms “in the wild” which accurately convert this data into a form that can be

measured. This was the case for much of the embryonic kidney. To address this

issue, tools have been recently developed which enable the quantitative analysis of

stained ureteric trees (the primordial collecting duct system) in embryonic mouse

kidneys from Optical Projection Tomography datasets (Short et al. 2010, 2013).

9.4 Visualising the Ureteric Tree and Computationally

Deciphering Branched Structures

From the earliest stages of budding through to an adult collecting duct, the UB

maintains a tubular form. In order to visualise the epithelial UB by OPT, as would

be performed for confocal microscopy, the epithelia must first be stained with
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fluorescent markers. Antibody staining is used to do this, and the antibodies used

typically recognise components of cellular architecture unique to epithelia such as

anti-pan-cytokeratin and anti-Trop2 antisera which are more specific to the UB and

others such as e-cadherin which label both the UB and more differentiated nephron

epithelia (Combes et al. 2014). OPT, like all tomographic imaging modalities,

generates cross-section data that is isotropic (i.e. the same resolution in X, Y and

Z dimensions). This is a primary feature of OPT that sets it apart from confocal

microscopy because confocal microscopy has excellent X and Y resolution (far

better than OPT) but comparatively poor Z resolution when compared with OPT.

This makes OPT more amenable to 3D analysis of complex features such as the

ureteric tree. So when a kidney stained for epithelial markers is imaged by OPT, the

fluorescence captured shows the collecting ducts in cross-section, appearing as

either filled or open shapes (Fig. 9.2a). Therefore, one of the primary hurdles for

the analysis of embryonic UB data is the appearance of the ducts in three

dimensions.

Computationally, the study of the UB becomes a question of analysing a

connected series of ducts or tubes. This is also true of the vascular system when

analysing arterial trees, which have been the subject of study for well over

100 years (Stiles 1897). In the vascular field, as imaging technologies have

advanced and permitted the imaging of vascular trees in three dimensions by

Magnetic Resonance Imaging (MRI) and X-ray CT, the analysis of these datasets

has laid the groundwork for much of the development of methods for analysing

other hollow branching networks. Two major modes of computational analysis

have emerged: binary image processing and grey-level image processing. Binary

images are those where any duct signal is turned on (white), and any non-duct

signal is turned off (black). Greyscale images represent the original data acquired

with the microscopy/imaging hardware. In the vascular field, image processing

using binary data (containing two colours) has dominated, in part because it has

generally been computationally easier and therefore is the basis for many more

measurement tools. However, direct measurement of greyscale source data has also

been demonstrated (Aylward et al. 1996).

Fig. 9.2 Optical projection tomography-reconstructed ureteric tree data appears as many different

shapes in cross section (a) which can be a challenge to quantify. Watershed filling of hollow

branch lumens generates solid structures and many methods erode these filled structures to

determine a skeleton (b) which is represented in 3D (c)
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To date, binary image processing has been the basis for most embryonic kidney

branching analysis (Cullen-McEwen et al. 2002; Short et al. 2010; Watanabe and

Costantini 2004). In binary image processing, greyscale source images are turned

into binary images using thresholding (where a certain signal intensity is set as the

“cut off”; any lower intensity in the image is turned off and everything above is

turned on). Various implementations using this approach have been used in previ-

ous quantitative studies of embryonic kidney branching (Cullen-McEwen et al.

2002; Short et al. 2010; Watanabe and Costantini 2004). Typically, global

thresholding is used which applies a manual automatically calculated threshold

(Otsu 1979) to the data. Alternative methods exist which account for variation in

signal intensity throughout the imaged sample, such as adaptive thresholding,

which applies thresholds locally in small volumes within in the dataset (Short

et al. 2010). Depending on the imaging technology and magnification used, UBs

can present (in cross-section) as either solid or hollow circles/ovals. Some

approaches such as low magnification confocal microscopy produce data that is

filled (Cullen-McEwen et al. 2002; Watanabe and Costantini 2004) and require no

further processing prior to further computation. However, high resolution confocal

or OPT imaging generates images which can resolve the tubular lumen.

To measure the structure of branched structures such as the renal ureteric tree

(UT), image processing approaches often apply thinning which “skeletonises” the

data for subsequent quantification. A skeletal representation of an object is rela-

tively simple to quantify computationally. However, in order to perform digital

thinning on the binary data, the hollow components need to first be filled, and a

Watershed algorithm is often used to do this (Vincent and Soille 1991). This

method floods enclosed areas (like circles and ovals) in two dimensions with pixels

to produce solid filled binary objects and in 3D, solid filled binary ducts. The

simplest computational method of converting this binary data into a form that is

quantifiable is to progressively erode the outermost layers of the ducts either in two

dimensions (Cullen-McEwen et al. 2002; Watanabe and Costantini 2004) or three

dimensions (Short et al. 2010), to find their midpoint (Fig. 9.2a, b). The resulting

data represents the skeleton of a UT in either 2D or 3D (Fig. 9.2c). The skeleton is

then computationally “traversed” from a single end point to all the remaining tips,

with the number of voxels (in three dimensional space terms, a 1 � 1 � 1 pixel is a

voxel) counted between branch points. Quantification of tip number is a simple sum

of all terminal points, and branch length is calculated by multiplying the number of

voxels by the real-world voxel dimensions. This particular skeletonisation method

has been used as the basis for the analysis of branching in organs for a long time

from multiple imaging modalities (Malkusch et al. 1995), particularly in kidneys

(Cullen-McEwen et al. 2002; Watanabe and Costantini 2004) and was first adapted

for kidney OPT data in 2010 (Short et al. 2010).

The problem with this technique when applied in three dimensions is that the

developing UT is rarely round in cross-section (Fig. 9.2a), particularly at branch

points and oblique sections through the UT. In addition, while OPT data has

relatively high signal-to-noise ratio, often background staining can occur and

erosion-based thinning is very sensitive to noise. Noise is a problem not restricted
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to OPT, and attempts to circumvent this problem vary from the use of additional

smoothing filters (Short et al. 2010; Cullen-McEwen et al. 2002). However, the

effectiveness of smoothing is limited and can lead to a skeletal structure being

produced that, while approximating the true centre of the branched object, contains

many flaws in the process that do not represent the nature of the branching organ.

9.5 Improved Image Processing Approaches for 3D

Branching Analysis

In order to improve analysis of tubular branching systems, different approaches

have now been established that operate on both binary and greyscale formats of the

source data (Short et al. 2013; W€orz et al. 2009). These new techniques utilise

mathematically descriptive methods and stem from initial approaches to skeletonise

vasculature captured by MRI imaging (Aylward et al. 1996). Two such approaches

have emerged as useful for the definition of branching systems. One uses particle

filtering to detect the walls of the tubular objects in 3D space (W€orz et al. 2009) and
the other utilises vector magnitude to identify the centre of the tube (Short et al.

2013). While particle filtering methods are excellent at describing continuous tubes

such as major arteries, the UT is more varied in shape. The kidney has a thick ureter

and at latter stages of development, a large luminar pelvis, which is not a tube per

se. This type of morphology is better computationally described by vector magni-

tude approaches which are applicable to more than simple tubes. To this end,

software called Tree Surveyor was developed using this method with the particular

focus of the measurement of OPT images of embryonic mouse UTs as one of its

primary goals (Short et al. 2013).

Tree Surveyor was the first software application that applied vector magnitude in

three dimensions and takes cues from two dimensional Optical Character Recog-

nition algorithms (Goh and Chan 2007). Rather than relying on the processing of

pure binary data and derivation of a skeleton and measurements from that data, this

method derives the skeleton of the branching object mathematically, using vectors

(Fig. 9.3). The process begins with isotropic OPT or confocal source data being

temporarily turned into a binary format and watershed filled (Fig. 9.3a). This initial

stage is similar to rudimentary binarisation approaches previously described in this

chapter, but the analysis is dramatically different from this point onward. After

watershed filling, the UT data is then processed in “linear scale space” in three

dimensions. Scale space analysis starts with Gaussian blurring of the filled UT,

which (visually) makes it blurry with the highest intensity in the centre and the

lowest intensity at the furthermost edges of the branches and tips (Fig. 9.3b). The

gradient from low to high intensity can be analysed in linear scale space by looking

at the magnitude and direction of the gradient, which describes the shape of the UT

in three dimensions. The magnitude and direction of the gradient are defined by

vectors, and vectors are used to generate a “flow field” in linear scale space which
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indicate the direction of the gradient, from darkest to brightest intensity signal (see

arrows in Fig. 9.3c). The vectors which define the flow field are generated from

“seed points”, and using more seed points per unit volume means that more vectors

are generated which form a more complex flow field and (generally) a more detailed

description of the UT. In Tree Surveyor, the amount of Gaussian blurring and the

number of vector seeds used to assess an object can be modified. This allows

refinement of the UT detection process because it permits adaptation of the gradient

and flow field for the detection of smaller or larger features depending on the

settings. This is helpful when analysing the UTs from younger kidneys (with

more blurring, less seeding; defining larger tips), and older embryonic ureteric

trees (with less blurring, more seeding; defining finer, thinner tips).

Once a flow field of vectors is generated, the direction and magnitude of the

vectors are used to define a region of convergence in linear scale space. This region

is converted to a volume, and it represents the highest intensity signal of the UT

dataset (i.e. the centre of the branches and tips, Fig. 9.3c, d). As the convergence

volume defined by the vectors is a volume and not necessarily a thin structure,

thinning approaches are then applied to the convergence volume to produce a single

voxel thickness skeleton (Fig. 9.3e). At this point, the skeleton appears visually

similar to a skeleton produced by binary erosion, but Tree Surveyor again takes a

different approach to skeleton definition which provides significantly greater pre-

cision and offers other benefits for quantification of the UT. Prior to the release of

Tree Surveyor, other software designed to measure UT development directly

Fig. 9.3 Tree surveyor determines the skeleton of a filled ureteric tree branch (a) by Gaussian

blurring the dataset (b), before generating a 3D vector field that is based on the blurred branch (c).

The direction and magnitude of the vector field are used to determine the centre of mass (d), before

a thinning process is used to generate a skeleton that is made of voxels (3D pixels) (e). Control

points for B-splines are mapped to the voxel skeleton and are used to generate mathematical 3D

curves which fit the branches (f). Quantification of spline parameters is used to determine diameter

(g), curvature (h) and volume (i)
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counted the number voxels in order to measure the length and other metrics of

branches (Cullen-McEwen et al. 2002; Short et al. 2010). This is inaccurate because

simply multiplying the number of voxels by their real-world pixel sizes results in

overestimation of length due to voxel “stepping” (Short et al. 2010) and does not

always accurately represent the length of the biological object in 3D space. For this

reason, some approximations are required to help reduce this (Short et al. 2010). To

avoid this problem completely, Tree Surveyor uses the voxel skeleton as the source

for generating b-splines (Fig. 9.3f) which are smooth mathematically generated

curved lines in 3D space which pass through multiple points (known in mathemat-

ics as “control points”) in 3D space with sub-pixel accuracy.

The splines start and end at branch points (or tips), and the number of control

points in-between that are used for generating the curves depends on the length of

the branch/tip segment (coarsely estimated by a voxel count). Longer segments are

marked with more control points for the spline curve to pass through, and shorter

segments with less. In a special case for UT tips, Tree Surveyor projects tip splines

in a direction based on the incident curve into the terminal tip voxel, through to the

surface of the original UT dataset. The splines that describe the branched ureteric

tree are used for highly accurate measurements of length, curvature, diameter and

angle (Fig. 9.3f–i) and provide a new degree of precision for the measurement of tip

morphology. The advantage of splines is that they are described by maths, so

measurement units can be smaller than the voxel size that Tree Surveyor is

analysing. An example of this advantage is that diameter is measured at

sub-micron level by analysing the length of a line projected at a normal angle to

the spline curve at 50 points per step along the branches and tips. In this way, it

samples many diameters per branch, so uses a median of all samples per branch as a

measurement of the segment.

9.6 What Happens in the Mouse?

The advent of tomographic and section-based imaging and reconstruction tech-

niques, as well as programmes like Tree Surveyor, has facilitated the examination

of the process of elaboration of the UB over time in significant detail. As we have

previously discussed, the mouse UB grows from the nephric duct and undergoes its

first branching event at embryonic day 11.5. Over the course of the next 5 days, it

undergoes an extremely rapid process of elaboration such that by E16.5 the organ

primordia has ~1300 tips (Short et al. 2014) (Fig. 9.4a). Given that the final tip

number of the kidney is estimated to be ~3000, this early period of rapid branching

comprises the vast majority of branching events needed to form the organ. While

the “finished” kidney is composed entirely of bifurcating branches, it is notable that

during these early stages tri-foil tip morphologies are noted, although their occur-

rence decreases rapidly over the first 72 h of development such that they are only

rarely observed after E15.5 (Short et al. 2014). The significance of these different

morphologies is unclear. They may serve to increase the branch complexity/depth
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in different parts of the organ or they may represent the product of a relaxation of the

processes which normally restrain branching to “ordinary” bifid conformations. This

relaxation might be driven by unusually rapid division of cells in the UB tips early in

development (Short et al. 2014) or by the generation of fields on the surface of the

organ in which branch suppressing signals, such as Sprouty 1 (Basson et al. 2006),

Fig. 9.4 Elaboration of the ureteric bud in the mouse visualised by optical projection tomography

(OPT) of organs stained with a marker to the ureteric epithelium (pan-cytokeratin). The period

depicted is between embryonic day 11.5 and E16.5 (a). Note the swelling in the earliest branches

marking the formation of the renal pelvis into which the single papillae of the mouse organ will

eventually project. The shape of the kidney is dictated to a considerable extent by the shape of the

field of metanephric mesenchyme. In mouse mutants in which ectopic ureteric buds form, such as

Asciz-/- (b, unpublished data), the shape of the organ remains largely unchanged, despite the

presence of multiple or bifid ureters
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are reduced. The latter scenario could be facilitated by rapid increases in the surface

area of the organ associated with organ or somatic growth. Interestingly, branch

morphologies suggesting de novo formation of new “buds” from established

branches are never observed—a finding which stands in contrast to observations of

branching in cultured organs (Watanabe and Costantini 2004). It seems likely that

events of this type are actively suppressed by the renal interstitium and that such

repression is not operant or is ineffective in culture, wherein the branches are

unusually arranged and tissue elements are abnormally juxtaposed.

Another interesting observation is that the extent of branching is not uniform

across the organ. Kidneys are longer in their rostral–caudal axis, and this elongation

is characterised (and to some extent possibly driven) by more branching along this

axis (Short et al. 2014). This raises the broader question as to the factors which

affect the shape of the kidney. This is something we will return to later in our

discussion of kidneys in other organisms, but it is likely that two major factors are at

play. Firstly, the shape of the organ is considerably influenced by the shape of the

field of induced metanephric mesenchyme into which the ureteric bud grows. As an

example, kidneys in which ectopic ureteric buds have contacted and grown into the

mesenchyme largely retain overall shape of the kidney, even though the ureteric

tree within this volume is effectively partitioned (Fig. 9.4b). Such findings suggest

that the shape of the MM field dictates, to a considerable extent, the shape of the

tree/organ. The rostro-caudal extension of branching might therefore reflect the

“exploration” of this field by the UB, associated with increases in branch complex-

ity. A second and important consideration is the size of the embryo which changes

very rapidly during this period which would conceivably offer a larger volume in

which the kidney could develop.

The computational advances provided by programmes like Tree Surveyor allows

for the analysis of individual generations of branching over time. Examination of

this type highlights the highly dynamic nature of the ureteric tree. Individual

branches change quite dramatically in their shape, size and organisation over this

time (Short et al. 2014). For the most part, branch generations become longer over

developmental time, and this is most true for branch generations 4–8. Branch

volumes also change, although less dramatically than length. Perhaps the most

striking alteration in branch form occurs during the formation of the renal pelvis.

This vault within the kidney serves as a collecting point for urine delivered from the

renal papilla, a finger-like structure which projects into it. The first evidence for the

formation of the renal pelvis comes in the form of a swelling of the ureter at the base

of the first bifurcation of the ureteric tree which over time becomes considerably

larger. Analysis of tip number versus branch number reveals a disconnect from

E15.5 to E16.5, suggesting that at least two and possibly more of the branch

generations nearest the ureter swell and fuse, forming a void which will become

the renal pelvis (Short et al. 2014). The renal papillae which fills this space typically

has 4–6 collecting ducts at its terminus (Phua et al. 2016), supporting the notion that

branch resorption/fusion drives the formation of this structures. The molecular basis

for this remodelling and the changes in tissue architecture which accompany it

remain largely unknown.
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The spatial relationship between different branches also changes over time and

the branch points themselves alter considerably in form. Initial branching events are

relatively large, often as high as 180� (essentially forming a “T” shape) but as

development progresses and as extra branches are added, these angles reduce

(Sampogna et al. 2015; Short et al. 2014; Cebrian et al. 2004). For branches

which have already formed, developmental progression sees a lessening of these

angles. Notably these changes are evident when considering the angle formed

between a branch point and its immediate offspring. However, when considering

the architecture of the branch itself (i.e. the angle at the branch point formed during

bifurcation, without reference to future branches), the angle stays notably fixed. A

second measure of a given branch is it’s rotation in 3D space. As we have discussed

in the context of lung development, there is some support for the existence of

branching programmes with fixed dihedral architecture—so-called planar or

orthogonal branching events in which the rotation between the planes of one

branching relative to its offspring is either 0� or 90�, respectively. In the kidney,

there is little to no evidence of such a rigid arrangement of branches, with most

dihedral rotation being around 65� (Short et al. 2014). Interestingly, despite the

changes in branch shape and size and the differentiation of nephrons, the dihedral

distribution of branches in the kidney remains relatively static across the develop-

mental period. This suggests that once the gross organisation of branches is fixed in

3D space, they remain in that confirmation for much of embryonic development.

Because of the links between the cap and tip cell niches during renal develop-

ment, the generation of nephrons is intimately associated with the elaboration of the

ureteric tree. The full endowment of nephrons in the mouse kidney is ~14,000

(Merlet-Benichou et al. 1999), and parallel cellular studies have found that the vast

majority of these nephrons are formed either in the later stages of organ develop-

ment or after birth (Short et al. 2014). Renal vesicles that are formed from the cap

mesenchyme reintegrate into the tip from which they are derived, but they are also

largely co-transported with that tip as the kidney grows over development. During

the period of most rapid branching from E11.5 to E15.5, the number of nephrons per

tip increases to two and then remains relatively constant until 2 days after birth, at

which point there is a rapid burst of new nephron formation (Short et al. 2014). The

emergence of these latter nephrons is distinct from earlier in development. Instead

of forming in the “armpits” of the branching tree, they arise from around the

un-dividing terminal UB ampullae, including on the distal side closest to the

renal capsule (Rumballe et al. 2011). The triggers for this change are unclear, but

may relate to an active signalling event triggered at birth and/or by a change in ratio

of cap and tip cells. The process of tubulogenesis associated with nephron differ-

entiation occurs as the ureteric bud continues to grow and divide. The impact of this

growth and elaboration is currently unclear, though we would envisage that this

process would reinforce the separation between different branches of the tree and

may in fact shape the capacity of a given tip to divide.
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9.7 What Happens in Humans?

Kidney development in humans appears to be driven by a similar process to mice

(outgrowth and ramification of the ureteric bud). There have been relatively few

studies of human kidney development and very few in the last 20–30 years.

Superficially at least, human kidney development looks different to mouse devel-

opment, principally because the human kidney has between 4 and 18 papillae

(where mice have one) which empty to minor and major calyces (Cullen McEwan

and Black 2015). As a consequence (and unlike the mouse), its surface is somewhat

lobulated. The renal calyces are thought to form through a process of branch

resorption, swelling and/or rearrangement which would appear to be analogous to

the remodelling which forms the renal pelvis in mice (Short et al. 2014). The

ureteric bud grows from the nephric duct at 4–5 weeks of gestation (E10.5–11.0

in mice) and, like the mouse kidney, it undergoes a period of very rapid branching

over the next 10 weeks. Nephron formation is thought to begin at around 8 weeks of

gestation, after the initial rounds of branching morphogenesis. Prior to 15 weeks of

gestation, nephron formation is associated with the bifurcating tips of the UB, and

nephrons remain connected to the tips from which they arose. However, following

this initial burst of nephron formation, a second round of generation (~15–21

weeks) occurs, during which nephrons are generated and often connected through

a common collecting duct in an arrangement known as an “arcade”. Osathanondh

and Potter contend that nephron formation in arcades occurs after branching ceases

(Osathanondh and Potter 1963), but the dissections of Oliver (1968) indicate that

this is not necessarily the case. In any event, the proportion of nephrons in this

conformation has been assessed as contributing ~1/6 of the total endowment of the

human kidney, and most of these elaborate structures reside at the cortico-

medullary boundary (Oliver 1968). Arcade formation has not been reported in

mice, although there are strong indications that it is a feature of organ development

in the rat and rabbit (Steer et al. 2004; Zent et al. 2001). The final period of kidney

development and nephron formation in humans is characterised by the formation of

nephrons with very little branching of the ureteric tree. This period spans from ~21

weeks until the cessation of renal development (at 36 weeks, although this has not

been well studied). It is entirely unclear as to how this process (nephron formation

without branching) occurs and in particular whether the same inductive interactions

with the cap dictate the formation of renal vesicles and the geometry/architecture of

these events.

9.8 Cell Movement and Reorganisation in the UB

It is clear that the process of branching morphogenesis is a dynamic one, but what is

known of the cellular events which drive this developmental mechanism? Consid-

erable experimental evidence indicates that branching per se does not require the
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presence of mesenchyme, but rather a small number of growth factors provide the

“inductive mechanism” identified decades ago by Grobstein (1953a). For example,

dissected UBs branch extensively in ECM-based culture systems supplemented

with factors like GDNF (Qiao et al. 1999). However, it is clear that the mesenchyme

is critically important in “tuning” the process of branching morphogenesis. This is

evident in the observation that UBs cultured in matrix do not form structures that

are particularly reminiscent of kidneys; however, UBs grown in complex with lung

mesenchyme (or kidney mesenchyme) form structures similar to lungs (or kidneys)

(Lin et al. 2003). Real-time studies of kidneys in culture have provided us with

considerable insights into how the process of branching occurs during foetal

development (Watanabe and Costantini 2004). It is clear based on morphological

and gene expression studies that different cell populations inhabit the branching

ureteric tree. In particular, there exists a population of Wnt11 expressing cells at the

most distal end of the branching tree (Majumdar et al. 2003) which represents a

persistent population of cells driving the branching process. Cells which exit this

progenitor cell pool contribute to the forming trunks, but cells do not appear to

move in the other direction (from trunk to tip) (Shakya et al. 2005). Studies in

culture suggest that trunk cells still have the capacity to initiate budding, but this

requires induction by factors produced by a transplanted mesenchymal source

(Sweeney et al. 2008). The decision as to whether a cell remains in the tip or

moves to the trunk is not an arbitrary one. Elegant cell mosaic studies in mice show

that cells lacking Ret, or its downstream effector Etv4, are less likely to remain in

the tip cell niche and move to the trunk, a pattern which importantly does not reflect

changes in cell proliferation (Riccio et al. 2016). These studies also recapitulate

similar work examining UB initiation and outgrowth in which cells lacking Ret are

evenly distributed in the nephric duct during early development but which segre-

gate away from the tips of the outgrowing UB at the expense of wild type cells upon

induction of metanephric kidney formation (Chi et al. 2009).

Cell proliferation in the branching ureteric tree is highest in the tips, though there

is no discernible pattern in the distribution of these cells (Fisher et al. 2001; Short

et al. 2014). Moreover, there is little evidence to suggest that alterations in prolif-

eration specifically drive the formation of new branches or initiate branching

events. Indeed, there is little experimental evidence to suggest that this is the case

in any branching system [reviewed in (Varner and Nelson 2014)]. However, cell

division in the tips is proportional to the rates of branching, with highest levels seen

during the period between E12.5 and E15.5 in mice when ramification of the tree is

accelerating fastest (Short et al. 2014). The cells of the UB tips surround a lumen

which features in one of the more remarkable cellular events in branching morpho-

genesis (Packard et al. 2013). Ordinarily, a cell dividing in an epithelial sheet

produces daughters which integrate into that sheet in adjacent positions. Instead

in the kidney (tips, not trunk), a dividing cell extends into the lumen (while

maintaining a basal attachment) and then divides to produce one “tethered” daugh-

ter which returns to its original position and a second daughter which reintegrates

into the sheet, apparently at random, up to 3 cells diameters away. While
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fascinating and unrecognised over decades of research, the relevance of this

“mitosis associated cell dispersal” is currently unclear.

Our understanding of the processes which drive the decision of ampulla to divide

or extend are also somewhat limited. It seems likely that changes in the actin

cytoskeleton of the UB are important, as mice carrying mutations in actin

depolymerising molecules like COFILIN1 and DESTRIN develop dysmorphic tip

morphologies with abnormal branch patterns (Kuure et al. 2010). In other organs

like the lung and submandibular glands, tip bifurcation is associated with (and/or

mediated by) the presence of cables of ECM or smooth muscle (Kim et al. 2015)

which act somewhat like a cheese cutter to divide an ampullae (Larsen et al. 2006).

However, little evidence exists for the presence of a similar mechanism in the

kidney. It is clear that the ECM plays a central role in regulating kidney develop-

ment and branching, as loss of many members of this protein family result in renal

agenesis [reviewed in (Kim and Nelson 2012)].

9.9 Stereotypy and Patterns in Branching

How similar is the pattern of branching between any two kidneys? Does the

programme of branching in the organ rigorously define the timing and position of

branching? These questions are largely prompted by the previously discussed

studies of lung branching (Metzger et al. 2008). This proposes a spatially and

architecturally defined programme which underlies the development of the organ,

such that individual branching events could be classified and were of defined

geometry. While some recent analysis has called this programme into question

(Short et al. 2013), it is worth considering whether such a programme operates in

the kidney. Attempts to manually or computationally overlay ureteric tree volumes

from different organs in 3D space have largely proven unsuccessful (our

unpublished data), but analysis of branching from several groups has established

a repeatable pattern of major branch lobes within the organ (Sampogna et al. 2015;

Short et al. 2014). Surprisingly, when these lobes are specified, it is possible to

almost perfectly superimpose the branch patterns of one kidney within another,

particularly if comparing a kidney with one incrementally younger in developmen-

tal age (Short et al. 2014; Lamberton et al. 2015). This finding indicates that

although elaboration within the 3D space occupied by the organ is not spatially

constrained or stereotypic (i.e. the same branching event does not occur in the same

3D space in different organs), it does indicate that the extent to which a clade of

branches can elaborate within the organ is much more strictly programmed. The

mechanisms by which this control are exerted remain unclear, but given that

branching in the organ occurs on its surface it seems likely that it is shaped to a

considerable extent by the interactions between tips. Tips do not collide or fuse,

suggesting strongly that physical interference or the actions of secreted factors

which mediate tip avoidance are likely at work. On the basis of organ culture

experiments, Bmp7 has been proposed as a tip avoidance cue in the kidney, as
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knockdown or interference with its actions results in tip collision and fusion

(Davies et al. 2014). The kidney stroma may also play a central role, in the same

way in which it appears to suppress branching of tips in the trunks of the

ureteric tree.

In considering kidney shape and form the morphological diversity that

characterises the organ in different species of animals is striking. Broadly speaking,

kidneys come in three types. The “unipapillary” kidney found in mice and in a

range of other organisms including dogs, horses, bats and rabbits (Sperber 1944).

This form of the organ also encompasses so-called “crest” kidneys. As the name

suggests, this type of kidney has a single papillae draining urine to the renal pelvis

and bladder. The other two renal forms have multiple papillae (multi-renculated).

These organs can assume the form of a single, “compound” organ with several

calyces (such as in humans, in which the multiple papillae contribute to the organs

uneven, lobular surface) (Oliver 1968). Alternately, the multiple calyces are “dis-

crete” and look much like a bunch of grapes (as in the whales or seals) (Sperber

1944). If such different organ forms reflected different developmental mechanisms,

one might expect them to appear in organisms related by phylogeny. That is to say a

“novel” organ form might have evolved in one branch of the mammalian lineage

and was then employed by other organs of related descent. However, this is not the

case. Instead, organ architecture is more or less randomly distributed amongst the

mammals (Sperber 1944). These observations suggest strongly that a single unify-

ing mode of development is employed in kidney development and that other

changes, perhaps in body size or the shape and size of the metanephric mesen-

chyme, dictate the overall structure of the organ. This concept is perhaps best

embodied by the whale’s kidney—a discrete multi-renculated organ (Cave and

Aumonier 1964)—in which many hundreds of individual “kidney-lets” each strik-

ingly similar to the uni-papillary organ or the mouse—are networked to form the

adult organ.

9.10 Role of Branching Morphogenesis in Kidney Disease

Given its central role in organ development, it is perhaps not surprising the defects

in the programme of branching morphogenesis can lead to kidney disease.

Malformations of this type contribute significantly to the disease spectrum known

as CAKUT—congenital malformations of the kidney and urogenital tract—which

affects ~1/500 births and is the leading cause of renal failure in infants (Wiesel et al.

2005; Nakanishi and Yoshikawa 2003). Defects particularly relevant to branching

include renal agenesis and ectopic kidney development which likely result from

defects in UB formation and/or growth. Renal hypoplasia is also commonly

reported and might be associated with factors involved in ongoing elaboration of

the ureteric tree. Indeed, mutations in a number of genes which drive both UB

outgrowth and elaboration have been found in CAKUT patients. These include

genes such as RET (Skinner et al. 2008), GATA3 (Van Esch et al. 2000), EYA1
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(Abdelhak et al. 1997), ITGA8 (Humbert et al. 2014), FRAS1 (Vrontou et al. 2003),
FREM1 (Alazami et al. 2009), FREM2 (Jadeja et al. 2005), GRIP1 (Vogel et al.

2012), PAX2 (Porteous et al. 2000), FGF20 (Barak et al. 2012), UPK3A (Jenkins

et al. 2005),WNT4 (Vivante et al. 2013), SIX1 (Ruf et al. 2004) and SIX2 and BMP4
(Weber et al. 2008). In addition to the striking developmental abnormalities asso-

ciated with CAKUT, nephron number is also known to vary dramatically between

individuals (Hughson et al. 2003). Although these individuals may be otherwise

healthy, there is an emerging consensus that low nephron endowment is associated

with predisposition to hypertension and chronic kidney disease (Luyckx et al.

2013). Although these links are relatively poorly understood and are largely

correlative, a number of studies, principally in animal models, have shown that

nephron number is considerably reduced in offspring of pregnant mothers with

compromised gestation. Maternal insults such as dietary protein restriction (Harri-

son and Langley-Evans 2009), alcohol consumption (Gray et al. 2010), maternal

hypoglycaemia (Hokke et al. 2013), placental insufficiency (Wlodek et al. 2007)

and vitamin A deficiency (Lelievre-Pegorier et al. 1998) (amongst others) have all

been linked to reduced nephron endowment, in many cases as a consequence of

reduced or abnormal branching morphogenesis.

9.11 Conclusions

Branching morphogenesis is a driving developmental mechanism which establishes

the basic architecture of the mammalian kidney and other organs such as the

mammary gland and the lungs. Its developmental association with the formation

of nephrons and the maintenance of nephron progenitor cells further highlight its

importance for the establishment of normal adult organ function. Recent advances

in imaging technologies and the ability to interpret these image datasets places us in

a unique position to analyse how the organ grows and changes in form. These

insights will be important for understanding the role of different genes or genetic

perturbations to kidney development. These advances will in turn be important for

better understanding the processes which lead to disease in the organ.
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Chapter 10

Genetic Syndromes Affecting Kidney

Development

Abhijeet Pal and Kimberly J Reidy

Abstract Renal anomalies are common birth defects that may manifest as a wide

spectrum of anomalies from hydronephrosis (dilation of the renal pelvis and

calyces) to renal aplasia (complete absence of the kidney(s)). Aneuploidies and

mosaicisms are the most common syndromes associated with CAKUT. Syndromes

with single gene and renal developmental defects are less common but have

facilitated insight into the mechanism of renal and other organ development.

Analysis of underlying genetic mutations with transgenic and mutant mice has

also led to advances in our understanding of mechanisms of renal development.

10.1 Introduction

Renal anomalies are among the most common congenital abnormalities. Although

the prevalence varies in different populations, congenital abnormalities of the

kidney and urinary tract (CAKUT) complicate on average approximately 1 in

500 pregnancies (Song and Yosypiv 2011; Stoll et al. 2014). CAKUT encompass

a broad spectrum of anomalies from hydronephrosis (dilation of the renal pelvis and

calyces) to renal aplasia [complete absence of the kidney(s)]. CAKUT also include

abnormalities of the ureters, bladder, and urethra, including ureteral obstruction at

the renal pelvis (UPJ) or entry into the bladder [uretero-vesicle junction (UVJ)],

vesicoureteral reflux (backup of urine in the ureters from bladder toward the

kidneys), and obstruction of the urethra (e.g., posterior urethral valves). Up to

30% of children with end-stage renal disease (ESRD) in the USA have underlying
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CAKUT, making it the leading cause of pediatric ESRD (North American Pediatric

Renal Trials and Collaborative Studies 2011).

Up to one-third of children with CAKUT may have associated extrarenal

manifestations (Stoll et al. 2014). Extrarenal manifestations appear to be most

frequent with the severest forms of CAKUT (e.g., renal agenesis) (Stoll et al.

2014). In one large European population-based study (Stoll et al. 2014), over half

of the extrarenal manifestations were part of known syndromes or chromosomal

abnormalities. The three most common syndromes were VACTERL (which is

comprised of vertebral defects, anal atresia, cardiac defects, tracheoesophageal

fistula, renal anomalies, and limb abnormalities), Meckel–Gruber syndrome [which

is comprised (Sadowski et al. 2015) of renal cystic dysplasia, occipital encephalocele/

holoprosencephaly, and postaxial polydactyly], and prune belly syndrome (which is

comprised of hydroureteronephrosis, defects in abdominal wall musculature, and

cryptorchidism) (Stoll et al. 2014). Chromosomal aneuploidies and mosaicism,

including Trisomy 18, 21, and 13, were the second most common likely to be

associated with renal anomalies. Collectively, genetic syndromes associated with

chromosomal microdeletions/duplications (e.g., DiGeorge) or single gene defects

(e.g., Simpson–Golabie–Behmel, Pallister–Hall, Beckwith–Wiedemann) and envi-

ronmental toxin-induced syndromes (e.g., fetal alcohol syndrome) accounted for the

rest of the renal anomalies with identifiable syndromes (Stoll et al. 2014).

The availability of gene sequencing and microarray studies has led to significant

advances in the genetics of renal anomalies (Song and Yosypiv 2011). They have

rapidly expanded our knowledge of the genes that affect renal and ureter develop-

ment. In addition, the ability to manipulate genes using transgenic and knockout mice

has revealed that a few key signaling pathways regulate multiple stages of kidney

development (Reidy and Rosenblum 2009). In particular, gene deletion with condi-

tional knockout mice has revealed cell- and time-specific effects of developmental

signaling pathways (Reidy and Rosenblum 2009). Interestingly, several of these key

signaling pathways play developmental roles in other organs. Thus, genetic defects

lead to both abnormal kidney development and extrarenal manifestations.

Here we will focus on a few key signaling pathways that regulate development in

multiple organs and their role in renal epithelial differentiation. In particular, we will

emphasize on how the identification of geneticmutations in syndromic renalmalformations

has advanced our insight into mechanisms of renal epithelial differentiation.

10.2 Manifestations of CAKUT Reflect the Impaired Stage

of Renal Development

First, it is important to briefly review the stages of renal development (see Chap. x

for a more detailed discussion). The mammalian kidney develops from the inter-

mediate mesoderm. There are three primitive kidneys that form sequentially during

human kidney development: the pronephros, mesonephros, and metanephros

(Fig. 10.1). The pronephros consists of simple tubules that form and involute.
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The mesonephros forms caudal to the pronephros and consists of glomeruli and

simple tubules that are able to form a filtrate. The mesonephric tubules then form

the mesonephric or Wolffian duct. The final adult kidney forms when the ureteric

bud grows from the mesonephric duct and invades the surrounding metanephric

mesenchyme (Table 10.1).

The reciprocal interactions between metanephric mesenchyme and ureteric bud

are required for ureteric bud branching and conversion of the metanephric mesen-

chyme to renal epithelial cells. The branching ureteric bud forms the collecting

ducts. The metanephric mesenchyme condenses and converts to epithelia of the

renal vesicle. The renal vesicle becomes a comma and then an S-shape body. The

portion of the S-shape closest to the ureteric bud tip forms the distal tubule, the mid

Fig. 10.1 Depiction of the three primitive kidneys

Table 10.1 Single gene defects, impaired stages of renal development, and human syndrome

associated with these defects

Impaired stage of renal

development

Genes

affected Human syndromes

Defects in UB formation,

branching, and elongation

FGFR2,
FGFR1

Craniosynostosis syndrome—Apert’s, Antley–
Bixler, Pfeiffer, and Beare–Stevenson syndromes

TRAP1,
FGF8

VACTERL

Defects in mesenchymal-

to-epithelial transformation

WNT4 SERKAL syndrome

RET, GDNF Hirschsprung’s disease with unilateral and bilat-

eral renal agenesis

HNF1B Renal cysts and diabetes syndrome

PAX2 Renal coloboma syndrome

EYA1, SIX1,
SIX5

Branchio-oto-renal syndrome

Defects in terminal

differentiation

JAG1,
NOTCH2

Alagille syndrome

WT1 Denys–Drash and Frasier syndromes

TSC1, TSC2 Tuberous sclerosis

10 Genetic Syndromes Affecting Kidney Development 259



portion forms the proximal tubule, and the portion furthest from the ureteric bud tip

will form the podocytes.

Genetic defects that impair any stage of the development from the outgrowth of

the ureteric bud until terminal differentiation into specialized cells of the nephron

segments can manifest as developmental renal disease. For example, both defects in

ureteric bud outgrowth or extra ureteric bud outgrowth are associated with CAKUT

(Fig. 10.2).

Defects in later stages of differentiation can result in renal dysplasia or hypo-

plasia. Renal dysplasia is the most severe and is classically characterized by

primitive ducts with a fibromuscular collar (Kakkar et al. 2006). Non-renal tissues

such as cartilage or hematopoietic cells may be present (Kakkar et al. 2006). Mouse

models with defective WNT4 signaling between the ureteric bud and metanephric

mesenchyme lead to disruptions in the mesenchymal-to-epithelial transition (MET)

(Stark et al. 1994). Histologically this appears as primitive ducts surrounded by

undifferentiated mesenchyme, analogous to human renal dysplasia (Stark et al.

1994). Supportive of this concept is the finding of dysplasia in a few families with

Fig. 10.2 Defects in the ureteric bud (UB) outgrowth lead to renal and ureteral abnormalities.

Complete failure of the ureteric bud to grow or to contact the surrounding metanephric mesen-

chyme leads to apoptosis of the metanephric mesenchyme and renal agenesis. Defects in ureteric

bud outgrowth can also result in vesicoureteral reflux (VUR). Outgrowth of multiple ureteric buds

is associated with duplication of kidney and/or ureters, which are often associated with obstruction

or VUR. With fully duplicated ureters, the upper ureter frequently inserts ectopically into the

bladder and may be associated with an obstructing ureterocele (an out-pouching of the ureter).

Obstruction at the level of the ureter entering the bladder is known as uretero-vesicular (UVJ)

junction obstruction. Duplicated kidney depicted with typical clinical scenario observed (an upper

pole with an ectopic, obstructed ureter, and lower pole ureter with VUR)
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mutations in WNT4, although the frequencies of these mutations have not been

assessed in larger studies (Vivante et al. 2013; Biason-Lauber et al. 2004, 2007).

Small kidneys with decreased nephron number and histologically normal nephron

structures are typical findings in renal hypoplasia (Blake and Rosenblum 2014). In

mouse models, defects in ureteric bud branching or premature loss of renal epithe-

lial progenitors lead to renal hypoplasia (Zubkov et al. 2015). Dysplasia and

hypoplasia may both be present in human CAKUT (known as hypo-dysplasia)

(Fig. 10.3).

10.3 Common Syndromes Associated with CAKUT

In genetics, syndromes are characterized by a set of associated signs and symptoms

where a genetic cause is known. In some cases, there is a suspected genetic cause of

associated characteristics, but the cause is unknown. These are referred to as genetic

associations (e.g., VATER and VACTERL). In contrast, sequences are anomalies

associated with a specific cause. For example, the Potter sequence (micrognathia,

Fig. 10.3 Defects in later differentiation result in renal dysplasia and hypoplasia. (a) Defects in

the mesenchymal-to-epithelial transition lead to renal dysplasia with primitive tubules surrounded

by a fibromuscular collar and metaplastic cartilage. (b) Defects in ureteric bud branching result in

renal hypoplasia
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clubbed feet, and pulmonary hypoplasia) are the result of low amniotic fluid. Potter

sequence may be associated with severe CAKUT, as decreased urine production for

any reason leads to low amniotic fluid.

VATER and VACTERL are genetic associations that have CAKUT as a com-

mon phenotype. They were first described in the 1970s, and the diagnosis requires

at least three of the following findings: vertebral anomalies (V), anal atresia (A),

cardiac defects (C), tracheoesophageal fistula and/or esophageal atresia (TE), renal

anomalies (R), or limb defects (L). In some studies, up to 80% of patients with

VACTERL have renal anomalies (Botto et al. 1997). Some have argued that

VACTERL results from defects in midline cell fate determination and morphogen

gradients, with modulation by genetic-environmental interactions (Lubinsky 2015;

Gillick et al. 2003). Genetic studies of patients with VACTERL have revealed a

variety of chromosomal micro-deletions and duplications, although none are con-

sistent. Mouse models with defects in sonic hedgehog (SHH) signaling (discussed

in more detail below) exhibit many VACTERL characteristics (Ngan et al. 2013;

Kim et al. 2001a, b); however, human mutations of SHH signaling in patients with

VACTERL have not been identified (Aguinaga et al. 2010). A rat model of

teratogen (adriamycin)-induced VACTERL demonstrated ectopic expression of

SHH (Gillick et al. 2003), supporting the concept that defects in SHH signaling

likely contribute to the pathogenesis of VACTERL.

Rarely, monogenic autosomal recessive mutations have been identified in famil-

ial VACTERL, including mutations in TRAP1 (a heat-shock protein 90-related

mitochondrial chaperone) and FGF8 (fibroblast growth factor 8) (Saisawat et al.

2014; Zeidler et al. 2014). FGFs will be discussed in further detail below.

10.4 Chromosomal Abnormalities in CAKUT

Chromosomal aneuploidies and mosaicism, including Trisomy 13, 18, and 21 as

mentioned before, are common causes of syndromic CAKUT. Of these, Trisomy

21 is the most common (1.5 in 1000 births) (Altug-Teber et al. 2007). A study of

over 700 cases of Trisomy 21 in Europe revealed 5% had CAKUT, including 2%

with obstructive defects of the urinary pelvis (Stoll et al. 2015). Trisomy 13 and

18 are less common (0.05 and 0.15 per 1000 live births, respectively). The exact

mechanisms by which trisomies alter renal development are unclear. An analysis of

transcripts from amniocytes and chorionic villous cells from trisomy infants sup-

ports a model in which there is increased transcription (increased gene dosage) from

the additional chromosome (Altug-Teber et al. 2007). The increased expression of

genes may itself be deleterious, but it also appears to disrupt expression of down-

stream genes (not on the trisomy chromosome), known as developmental instability

(Altug-Teber et al. 2007). Thus, contributions of both increased gene dosage and

developmental instability likely contribute to the observed phenotypes (Altug-

Teber et al. 2007).
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Smaller chromosomal abnormalities are also common causes of CAKUT.

Recently, it has been shown that copy number variants (CNVs) are present in

10–16% of isolated CAKUT (Caruana et al. 2015; Sanna-Cherchi et al. 2012; Xi

et al. 2016). Some of these CNVs affected known developmental genes, including

HNF1B. Mutations in HNF1B can manifest as syndromic or isolated CAKUT

(discussed in more detail below) (Caruana et al. 2015; Verbitsky et al. 2015).

CNVs also are rarely associated with VACTERL (see above) and other less

common syndromes (Brosens et al. 2013; Hilger et al. 2013; Materna-Kiryluk

et al. 2014; Handrigan et al. 2013). These CNVs affected multiple genes, likely

explaining the multiple organ systems affected.

10.5 Challenges of Genotype–Phenotype Correlation

It should be emphasized that both in the setting of CNVs and single nucleotide

variations (SNVs), environmental factors likely modify the phenotypic outcome. In

several studies, the identified CNVs were also present in siblings and parents of

affected children with CAKUT who were either asymptomatic or had mild mani-

festations (Xi et al. 2016; Handrigan et al. 2013). A large study of 75 patients

harboring HNF1B mutations revealed a broad spectrum of manifestations, from

echogenic kidneys to multi-cystic kidneys to renal hypoplasia/agenesis (Heidet

et al. 2010).

10.6 Genetics in HNF1B are Commonly Associated

with CAKUT and Extrarenal Manifestations

Genetic studies of large cohorts of children with CAKUT have revealed that the

most common mutations (identified in up to 15% of European or US Caucasian

patients) are in HNF1B (associated with renal cysts and diabetes syndrome) and

PAX2 (associated with renal-coloboma syndrome) (Hwang et al. 2014; Madariaga

et al. 2013; Weber et al. 2006). Less common but also identified in large cohorts of

patients with CAKUT were mutations in SALL1 (associated with Townes–Brocks

syndrome), EYA1, and SIX5 (associated with Branchio-oto-renal syndrome).

Hepatocyte nuclear factor beta (HNF1B) encodes a POU (PIT-1, OCT-1,

UNC-86) homeodomain containing transcription factor. Heterozygous mutations

in this gene are an important cause of developmental diseases of the kidney

(Madariaga et al. 2013; Thomas et al. 2011) and renal cysts (Heidet et al. 2010).

Also, patients with mutations in this gene are at an increased likelihood of devel-

oping maturity onset diabetes mellitus (MODY), secondary to pancreatic hypopla-

sia, which has led to the description of renal cyst and diabetes (RCAD) syndrome

(Bingham et al. 2001). Since initial reporting of the early cases of HNF1B-associ-
ated disease in 1997 (Iwasaki et al. 1998; Horikawa et al. 1997), it has become
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evident that additional clinical features also include pancreatic hypoplasia, genital

tract malformations, abnormal liver function, hypomagnesemia, hyperuricemia,

and early-onset gout (Clissold et al. 2014). HNF1B-associated disease is, therefore,
considered to be a multisystem disorder. It is a perfect example of a gene that is

involved in the development of more than one organ, with its mutations being a

cause of multiple phenotypes.

HNF1B shares >80% sequence homology with HNF1A, and they both bind to

the same DNA sequence (Mendel et al. 1991). HNF1A gene mutations are the most

common cause of MODY. More than 50 different HNF1B mutations have been

reported, including missense, nonsense, frameshift, and splicing mutations. No

correlation seems to exist between the type or position of the mutation and

particular clinical features (Edghill et al. 2006), and up to 50% are spontaneous

mutations not present in parents. HNF1A is most highly expressed in the liver.

HNF1B is predominantly expressed in the kidneys but is also expressed in the

gonads, thymus, and lungs. In situ hybridization studies using human tissue samples

have shown that HNF1B mRNA is highly expressed in the fetal collecting ducts,

with lower levels of expression in the metanephric mesenchyme (Kolatsi-Joannou

et al. 2001).

Renal-specific inactivation of Hnf1b in mice results in polycystic kidneys. This

phenotype is associated with a marked reduction in the transcriptional activation of

the cystic disease genes Umod, Pkhd1, and Pkd2, which contain DNA elements to

which HNF1B normally binds (Gresh et al. 2004). Hnf1b appears to act upstream of

WNT9B and alters WNT signaling and thereby impairs early renal development

(Carroll et al. 2005; Lokmane et al. 2010).

10.7 Identification of Syndromic Genes Reveals

Mechanisms of Renal Epithelial Differentiation

It is challenging to categorize genes as affecting only one aspect of kidney devel-

opment. However, many syndromic genes have helped to elucidate mechanisms of

renal epithelial differentiation.

10.7.1 Genetic Syndromes Affecting Early Renal Epithelial
Differentiation

Nephron progenitor cells are a self-renewing population of cells in the metanephric

mesenchyme that form the nephron (O’Brien et al. 2016). The progenitor cell

population is regulated by a complex network of transcription factors (Basta et al.

2014). The proper balance of these transcription factors is necessary to both induce

the transcriptional program of renal differentiation and maintain the progenitor

population during renal development. Studies of animal models indicate that some
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of the most common mutations in human CAKUT (PAX2, SALL1, EYA1, and SIX2)
likely affect nephron progenitor survival and/or self-renewal.

As indicated above, EYA1, SIX1, and SIX5 mutations are associated with

branchio-oto-renal syndrome (Weber et al. 2008; Hoskins et al. 2007; Ruf et al.

2004). SIX2 is a gene which belongs to the same family. Although SIX2 is not found
to be associated with branchio-oto-renal syndrome, its mutations are associated

with hypodysplasia of the kidney (Weber et al. 2008). The EYA1 protein consists of

an N-terminal transactivation domain and a C-terminal protein interaction domain.

In the kidney, the EYA1 protein interaction domain binds Six proteins, facilitating

EYA1 translocation from cytoplasm to the nucleus and DNA binding. Binding of

EYA1 to SIX proteins converts the SIX proteins from weak to strong transcriptional

activators (Xu et al. 1997; Chen et al. 1997; Pignoni et al. 1997) to specify nephron

progenitor population from the intermediate mesoderm. EYA1 coordinates with

SIX1 and PAX2 to induce GDNF expression in the metanephric mesenchyme

during ureteric bud branching (Sajithlal et al. 2005). EYA1 is also required to

induce SIX2 expression (Xu et al. 2014). EYA1 and SIX2 lead to phosphorylation

of MYC to prevent apoptosis and maintain the proliferative capacity of nephron

progenitors. Genetic deletion of Six2 leads to premature differentiation, depletion of

the nephron progenitor population, and hypoplasia (Park et al. 2012). Genetic

variants in EYA1 and SIX2 are associated with branchio-oto-renal syndrome (hear-

ing loss, branchial fistulae, preauricular pits or tags, and renal anomalies). Similar to

its actions in the nephron progenitor populations, EYA1 stimulates proliferation

and inhibits apoptosis in the ear (Li et al. 2010; Zou et al. 2006; Xu et al. 1999).

EYA1 regulates the growth of otic epithelium and interacts with PAX2 during the

development of all sensory areas in the inner ear (Zou et al. 2006). During

craniofacial development in mice, EYA1 is expressed in the cranial placodes. In

these placodes, EYA1 interaction domain binds and acts as a transcriptional

coactivator with two key proteins in craniofacial development, SIPL1 (Shank-

interacting protein-like 1) and RBCK1 (RBCC protein interacting with PKC1)

(Landgraf et al. 2010). EYA proteins are required for retinal development in

Drosophila, but due to functional redundancy, individual EYA mutant mice do

not exhibit a phenotype (Tadjuidje and Hegde 2013).

SALL1 autosomal dominant mutations result in Townes–Brock syndrome, which

includes imperforate anus, ear malformations and hearing loss, thumb

malformations (most often triphalangeal thumbs or preaxial polydactyly), and

renal anomalies (Kohlhase 1993). Some patients also have congenital heart disease

and genitourinary malformations. The renal phenotype includes abnormal rotation,

ectopic kidneys, horseshoe kidneys, polycystic kidneys, and vesicoureteral reflux.

Complete deletion of Sall1 in mice leads to failure of ureteric bud invasion,

resulting in aplasia or severe dysplasia (Nishinakamura et al. 2001). Conditional

knockout of Sall1 in the metanephric mesenchyme leads to ureteric bud branching

defects with dysregulation of WNT signaling (Kiefer et al. 2010). SALL1 has also

been shown to regulate the balance between differentiation and self-renewal in the
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metanephric mesenchyme by activating progenitor genes in SIX2-positive cells and

repressing progenitor genes in SIX2-negative cells (Basta et al. 2014; Kanda et al.

2014). SALL1 was also recently shown to maintain cardiac progenitor cells and

promote neurogenesis in mice (Harrison et al. 2008; Morita et al. 2016). Although

SALL1 is expressed in the limb bud, ear, anus, heart, and kidney, Sall1 knockout

mice only exhibited a renal phenotype. It is thought that SALL1mutations may lead

to truncated proteins that exert a dominant-negative effect by suppressing other

SALL proteins (Kiefer et al. 2003).

The conversion of metanephric mesenchyme to renal vesicle epithelia is another

key step in early nephrogenesis. Landmark work by Stark et al. identified WNT4 as

a major factor regulating mesenchyme-to-epithelial transition (Stark et al. 1994).

Human mutations in WNT4 are rare, but a consanguineous kindred was identified

with homozygous WNT4 mutations and a phenotype of female sex reversal and

dysgenesis of kidneys, adrenals, and lungs (SERKAL syndrome) (Mandel et al.

2008). Multiple WNTs are present in the developing kidney, and WNT signaling

functions at multiple stages of renal development (Vainio 2003). WNT signaling is

discussed in detail in Chap. X; thus, we will highlight here only its role in SERKAL

syndrome. Canonical WNT signaling occurs by binding of WNTs to Frizzled

receptors. This leads to an intracellular signaling cascade that ultimately results

in the stabilization of beta-catenin, which translocates to the nucleus to stimulate

downstream effectors. Studies suggest that both canonical and noncanonical

WNT/planar cell polarity contribute to kidney development (Carroll et al. 2005;

Bridgewater et al. 2008; Iglesias et al. 2007; Nishita et al. 2014). WNT9B is

secreted from the collecting duct and stimulates expression of Wnt4, as well as

FGF8, PAX8, and LHX1, thereby inducing nephron differentiation (Carroll et al.

2005). The gradient of WNT signaling also establishes proximal-distal patterning of

the nascent nephron (Schneider et al. 2015). As in the kidney, WNT signaling plays

a key role in regulation lung branching, proximal-distal patterning, and mesen-

chyme development (Volckaert and De Langhe 2015). Studies of conditional

knockout of beta-catenin in mouse adrenal glands indicate that canonical WNT

signaling is required for adrenal cortical cell renewal (Berthon et al. 2012). In the

ovary, WNT4/beta-catenin activation is required for oogonial differentiation and

entry into meiosis (Bernard and Harley 2007; Bernard et al. 2008; Chassot et al.

2011; Munger et al. 2013), likely explaining the sex-reversal phenotype of

SERKAL.

10.7.2 Genetic Syndromes Affecting UB Branching

UB branching establishes the radial architecture, and the number of branches

determines nephron number. This is clinically relevant because, in addition to

severe defects that result in hypoplasia, the low number of nephrons (even in

absence of overt renal disease in childhood) is associated with increased risk for

adult-onset chronic kidney disease.
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UB branching is regulated by multiple growth factors, many of which also

regulate lung branching and cardiac development. Many of the growth factors

that can affect branching are membrane-bound tyrosine kinase receptors.

RET-GDNF is one key pathway (Schuchardt et al. 1996). RET tyrosine kinase

receptors are concentrated at the tips of the ureteric buds (Riccio et al. 2016). GDNF

(stimulated by the transcription factors discussed above) is secreted by the meta-

nephric mesenchyme and binds to the RET receptor to activate intracellular sig-

naling pathways such as PI3 kinase and MAPK/ERK proliferation signaling

pathways (Shakya et al. 2005; Costantini and Shakya 2006; Costantini 2010).

This leads to ureteric bud cell division and branching (Costantini and Shakya

2006; Costantini 2010). A high concentration of RET at the tip of the ureteric

bud directs cell movements to regulate ureteric bud outgrowth (Riccio et al. 2016).

It is important to have a single ureteric bud in the proper location to induce

metanephric mesenchyme. As indicated above, extra ureteric buds or a ureteric

bud in the wrong location results in duplication of ureters that may not properly

drain in the bladder and become obstructed or have vesicoureteral reflux. A tyrosine

kinase inhibitor, Sprouty, opposes tyrosine kinase activity to specify outgrowth of a

single ureteric bud (Basson et al. 2006).

RET mutations have been associated with unilateral and bilateral renal agenesis,

vesicoureteral reflux, renal hypodysplasia, and ureteropelvic junction obstruction

(Hwang et al. 2014; Chatterjee et al. 2012; Jeanpierre et al. 2011). Loss-of-function

GDNF and RET mutations have also been associated with Hirschsprung’s disease
(congenital megacolon), which is characterized by an absence of enteric nervous

system (ENS) ganglion cells in the distal intestine (Martucciello et al. 2000). In

mice, GDNF and RET are required for enteric neural crest cell survival and

differentiation (Natarajan et al. 2002; Taraviras et al. 1999). In addition, GDNF

expressed in the developing gut acts as a chemo-attractant for ENS progenitors, and

thus, mutations in GDNF or RET result in defective migration of ENS progenitors

from the neural crest into the intestine (Natarajan et al. 2002). As in the kidney,

PI3K and MAPK/ERK pathways appear to mediate GDNF/RET’s effects on ENS

neural crest cell differentiation, survival, and migration (Natarajan et al. 2002). Ret-
deficient mice exhibit Hirschspung’s disease and renal agenesis. Interestingly,

studies indicate between 15 and 25% of Hirschsprung’s patients may have associ-

ated CAKUT (often hydronephrosis or hypoplasia) (Hofmann et al. 2014; Pini Prato

et al. 2009).

Other tyrosine kinases may contribute to ureteric bud outgrowth. In particular, in

mice, fibroblast growth factors (FGF) can stimulate ureteric bud formation in the

absence of GDNF and Sprouty (Michos et al. 2010). Elegant studies of ureteric bud

and metanephric mesenchyme-specific knockout mice of FGF receptors 1 and

2 have revealed time and spatial specific roles for the FGF receptors (Bates

2011). Knockout of both Fgfr1 and Fgfr2 in the metanephric mesenchyme led to

renal dysgenesis due to the failure of the ureteric bud to elongate and branch

(Poladia et al. 2006). In the ureteric bud, FGFR2 is the key receptor, and deletion

in the ureteric bud leads to branching defects and hypoplasia (Bates 2011; Zhao

et al. 2004). FGFs are also key factors in bone growth and remodeling (Chen and
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Deng 2005; Su et al. 2014). Mutations in FGFR1 and FGFR2 are associated with

craniosynostosis syndromes such as Apert’s syndrome, Antley–Bixler, Pfeiffer,

Beare–Stevenson syndromes (Marie et al. 2005; Passos-Bueno et al. 1999).

FGFR 1 or 2 mutations may cause craniosynostosis via effects of FGFs on osteo-

blast differentiation and apoptosis, although differences between humans and

mouse models have made understanding the pathophysiology challenging.

CAKUT has been described in association with craniosynostosis syndromes,

including solitary kidneys, hydroureter, and vesicoureteral reflux (Seyedzadeh

et al. 2008; Hains et al. 2010).

Closely related to GDNF/RET and the FGFs are Fraser syndrome FRAS1 and

FRAS1-related extracellular matrix (ECM) gene 2 (FREM2) (Pavlakis et al. 2011).
Fraser syndrome is characterized by CAKUT (often uni- or bilateral renal agene-

sis), eye anomalies (Cryptophthalmos), embryonic skin blistering, and cutaneous

syndactyly and results from autosomal recessive mutations in FRAS1, FREM2, or
GRIP1 (a scaffolding protein that links to FRAS1 and FREM2). Autosomal reces-

sive mutations in Fraser syndrome genes are also associated with isolated CAKUT

(Kohl et al. 2014). FRAS1 and FREM2 are extracellular matrix proteins that line

the ureteric bud epithelia, and mouse models of mutant FRAS1 develop renal

agenesis due to the failure of ureteric bud outgrowth (Pitera et al. 2008). Impaired

GDNF expression likely contributes to the failure of ureteric bud outgrowth. Fras1
mutant mice can be rescued by decreased Sprouty activity, likely via FGF-mediated

ureteric bud induction (Pitera et al. 2012). Fras1/Frem contribute to epithelial

integrity and mutations lead to disrupted dermal-epidermal attachment in the

plane of sublamina densa likely leading to the embryonic skin blistering (Pavlakis

et al. 2011). Syndactyly likely results from downregulation of Msx2, a transcription

factor that stimulates apoptosis and interdigital cell death (Hines et al. 2016).

10.7.3 Genetic Defects Affecting Renal Patterning

Several developmental patterning signaling pathways including Hox and Sonic

Hedgehog (SHH) contribute to renal development (Reidy and Rosenblum 2009).

As indicated above, defects in Sonic Hedgehog (SHH) signaling may contribute to

VACTERL associated with CAKUT. Genetic mutations in SHH signaling compo-

nent GLI3 are associated with Pallister–Hall syndrome, which is characterized by

polydactyly, imperforate anus, hypothalamic hamartoma, and CAKUT (Hill et al.

2007). SHH is a secreted morphogen that binds the Patched receptor. The Patched

receptor constitutively inhibits Smoothened, and binding of SHH allows Smooth-

ened to stimulate translocation of GLI1 and 2 effectors to the nucleus. In the kidney,

GLI1 and 2 induce transcription of cell cycle proliferative proteins MYC and

CYCLIND1 as well as nephron differentiation factors PAX2 and SALL1. The

GLI3 mutations associated with Pallister–Hall syndrome lead to the expression of

a truncated GLI3 that inhibits GLI1 and GLI2. In the hand, GLI3 restricts regulators

of cell cycle entry and also promotes differentiation into chondrocytes (Lopez-Rios
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et al. 2012). A gradient of SHH also establishes the anteroposterior limb axis and

digit identities, and defects in GLI3 lead to polydactyly in mice (Hill et al. 2007).

10.7.4 Genetic Defects Affecting Nephron Segmentation

NOTCH signaling is a highly conserved evolutionary pathway that is important for

cell–cell signaling and determines cell fate and differentiation during renal devel-

opment. To date, five NOTCH ligands (delta-like protein [DLL]-1, DLL-3, DLL-4,

Jagged1, and Jagged2) and four NOTCH receptors (NOTCH 1–4) have been

identified in mammals. Both the receptors and their ligands are single-pass type I

membrane proteins. NOTCH ligands consist of an extracellular N-terminal region

called as the delta/serrate/LAG2 (DSL) domain which is required for their binding

to the receptors (Kamath et al. 2013). NOTCH receptors consist of an extracellular

segment, formed of multiple EGF-like repeats, a transmembrane domain, and an

intracellular domain. Once the receptor–ligand interaction has occurred, the intra-

cellular domain of the NOTCH receptor undergoes a series of cleavages that allows

the intracellular domain to translocate to the nucleus, where it regulates the

transcription of downstream genes, such as HES1 and HEY2 (transcription factors

that are NOTCH effectors) (Kopan 2012).

In developing kidneys, receptors NOTCH2 and NOTCH1, along with ligands,

Jagged1 and DLL-1, are expressed. Both receptors and ligands are expressed in

pretubular aggregates. In later stages of glomerular development, the NOTCH

receptors are expressed in podocytes and Bowman’s capsule, whereas the ligands

are expressed in endothelial cells (McCright 2003). This change in expression

pattern over development suggests that NOTCH signaling is operating via inductive

signaling and lateral inhibition to control cell-fate determination. In inductive

signaling, the ligand-expressing cell induces differentiation in receptor-expressing

cell. In lateral inhibition, the ligand-expressing cell differentiates and interacts with

receptor expressing cell and inhibits it from adopting a differentiated state. The

developing kidney may use both types of NOTCH signaling (McCright 2003). This

process is comparable to the commitment of hepatoblasts to a biliary cell fate that

occurs within the ductal plate of the developing liver, which is also dependent on

NOTCH signaling (Si-Tayeb et al. 2010).

Various models of Jag1 and Notch2 mutations in mice have been developed to

study the role of NOTCH signaling during renal development. Mice homozygous

for a hypomorphic allele of Notch2 die shortly after birth owing to a lack of

functional nephrons (McCright et al. 2001). The early stages of kidney develop-

ment (ureteric bud migration and mesenchymal aggregate formation) occur nor-

mally in these mice; however, podocytes and proximal tubules do not form, and the

developing glomerulus has vascularization defects. This phenotype is consistent

with the known role of NOTCH signaling in tissue specification and the formation

of major arteries and veins (Krebs et al. 2000; Uyttendaele et al. 2001; Xue et al.
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1999). Mouse metanephrons cultured in the presence of an inhibitor of NOTCH

intracellular signaling have a severe deficiency of proximal tubules and glomerular

podocytes (Cheng et al. 2003). In the collecting duct, NOTCH acts by lateral

inhibition to determine cell fate (Guo et al. 2015). Collecting duct-specific deletion

of the ADAM10 metalloproteinase that cleaves the intracellular domain of NOTCH

led to a reduction of principal cells and increase of intercalated cells in the

collecting duct (Guo et al. 2015).

In humans, abnormalities in NOTCH signaling present as Alagille syndrome, an

autosomal dominant disorder with variable multisystem organ involvement that is

caused by mutations in one of two genes in the NOTCH signaling pathway, JAG1 or
NOTCH2. The diagnosis is based on the presence of intrahepatic bile duct paucity

in liver biopsy samples in association with at least three of the following major

clinical features: chronic cholestasis, cardiac disease (most often peripheral pul-

monary stenosis), skeletal abnormalities (typically butterfly vertebrae), ocular

abnormalities (primarily posterior embryotoxon), and characteristic facial features.

JAG1 mutations have been identified in 94% of patients with clinically defined

Alagille syndrome (Warthen et al. 2006). Renal anomalies, such as impaired

function and structural abnormalities, have been documented in almost 40% of

patients with Alagille syndrome who carry JAG1 mutations. Renal dysplasia

(58.9%) is the most common renal abnormality. Other common renal anomalies

include renal tubular acidosis (9.5%), ureteropelvic or vesicoureteral urinary

obstruction (8.2%), and VUR (also 8.2%). Since renal involvement is common in

Alagille syndrome, it has been suggested to be included as the sixth diagnostic

criteria for this syndrome (Kamath et al. 2012, 2013).

10.7.5 Genetic Syndromes Affecting Terminal Epithelial
Differentiation of Podocytes

Over 40 genes have now been associated with nephrotic syndrome (Sadowski et al.

2015). Some of these gene defects affect podocyte differentiation and are also

associated with extrarenal manifestations (Sadowski et al. 2015). Genetic defects in

the nuclear transcription factor WT1 associated with Denys–Drash and Frasier

syndrome are perhaps some of the best-understood examples (Morrison et al.

2008). Denys–Drash is associated with autosomal dominant missense mutations

in the zinc finger region of exons 8 or 9 of the WT1 gene (Patek et al. 2003). These

mutations lead to decreased nuclear expression of WT1, which allows for abnormal

persistent expression of PAX2, likely leading to diffuse mesangial sclerotic lesion.

The WT1 zinc finger mutations alter DNA binding and may act as a dominant-

negative fashion during genitourinary development. In contrast, mutations in a

WT1 splice site lead to Frasier syndrome (Lefebvre et al. 2015). The splice site

mutations lead to loss of the most common WT1 isoform that includes three amino

acids (known as +KTS). The WT1 isoform that lacks those three amino acids
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(-KTS) has a different DNA binding and nuclear localization patterns (Lefebvre

et al. 2015). Thus, loss of this +KTS isoform likely leads to gonadal dysgenesis,

male–female sex reversal, progressive podocyte damage, and focal

glomerulosclerosis (Lahiri et al. 2007).

10.7.6 Genetic Syndromes with Progressive Defects
in Tubular Epithelial Differentiation

Tuberous sclerosis complex (TSC) is an autosomal dominant genetic disorder

characterized by the growth of dysgenic lesions in multiple organs including the

brain, skin, kidney, heart, lungs, and retina. TSC arises from inactivating mutations

of either TSC1 (chromosome locus 9q34.3) or TSC2 (16p13.3), which encode

hamartin and tuberin, respectively. These proteins are believed to function as

tumor suppressors by forming a complex that regulates cellular proliferation

(Plank et al. 1998; van Slegtenhorst et al. 1998).

Hamartin and tuberin, together with a third protein, TBC1D7 (Dibble et al.

2012), form the TSC protein complex, which regulates multiple cellular processes

and importantly acts as a critical negative regulator of the mechanistic target of

rapamycin (mTOR) complex 1 (mTORC1) (DiMario et al. 2015; Inoki et al. 2002;

Tee et al. 2002), a serine/threonine kinase that is central to many cell functions

including cell growth and proliferation. RHEB (RAS homolog enriched in brain) is

a specific GTPase downstream of the TSC protein complex that functionally links

TSC1/TSC2 to mTORC1. The TSC1/TSC2 complex functions as a GTPase-

activating protein (GAP) for Rheb and stimulates the conversion of RHEB-GTP

to a GDP-bound state, thereby inactivating RHEB signaling and thus removing its

stimulatory effect on mTORC1. Conversely, loss-of-function mutations in either

TSC1 or TSC2 lead to enhanced RHEB-GTP signaling and mTORC1 activation.

Constitutively, active mTORC1 signaling thus constitutes the molecular basis of

TSC and responsible for the dysgenic lesions. When in its active state, mTORC1

phosphorylates the translational regulators 4E-BP1 (eukaryotic translation initia-

tion factor 4E-binding protein 1) and S6K1 (S6 kinase 1), which, in turn, stimulate

protein synthesis. Active mTORC1 stimulates the biosynthesis of ribosomes, lipid

biogenesis, glucose metabolism, nucleotide synthesis, mitochondrial and lysosomal

biogenesis, ATP, and amino acid production. mTORC1 also functions as a negative

regulator of autophagy, another key cellular pathway that has been implicated in

TSC. mTORC1 inhibitors have proven efficacy in TSC and are now the first line of

therapy in growing angiomyolipomas of the kidney and in surgically unresectable

symptomatic giant cell tumors of the brain (Kingswood et al. 2016; Krueger et al.

2010).

TSC most often presents with neurologic symptoms, and approximately 90% of

affected individuals experience seizures and about half of patients experience

cognitive impairment, autism, or other behavioral disorders. Renal manifestations

are the second most common findings associated with TSC, with angiomyolipomas
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occurring in up to 55–75% and renal cystic disease in 30–45% of patients (Crino

et al. 2006; Rakowski et al. 2006).

Angiomyolipomas are the prototype of a family of lesions called perivascular

epithelioid cell tumors or PEComas which exhibit immunoreactivity for both

melanocytic markers (as detected by the HMB-45 and melanin-A antibodies) and

smooth-muscle markers (actin and desmin). All components of angiomyolipomas,

including the vascular cells, immature smooth-muscle-like spindle cells, epithelioid

cells, and fat cells, contain somatic mutations that, combined with their germline

mutation, render the cells deficient in either tuberin or hamartin. Presumably, this

deficiency disrupts the integrated control of cell growth leading to the

angiomyolipoma (Siroky et al. 2011; Dixon et al. 2011).

Renal cysts are also a common complication of TSC. Fifty percent of the patients

with TSC develop renal cysts. New insight has been gained into the different

mechanisms by which TSC pathway interacts with polycystin-1 (PC-1). PC-1 is a

protein encoded by PKD1 which is the gene involved in adult-onset polycystic

kidney disease (ADPKD). Two percent of patients with TSC have a contiguous

germline deletion of TSC2 and PKD1 (chromosome 16p13.3) and develop severe

infantile polycystic kidney disease (Brook-Carter et al. 1994), suggesting a func-

tional cooperation between their gene products. ADPKD is discussed in more detail

in another chapter and is caused secondary to defects in PKD1 (81% of the cases)

and PKD2 (19% of the cases) (Mao et al. 2016). It has been recently shown that

mTORC-1 upregulation in TSC-1 mutant mice causes decreased protein

neo-synthesis of PC-1 which cystogenesis in TSC (Pema et al. 2016). There are

other studies in Tsc1+/- Tsc2+/- mice that have shown the presence of early cysts

with no evidence of mTOR activation measured by phosphorylated S6K staining,

suggesting that many TSC-associated renal lesions initially develop via mTOR-

independent pathways. Primary cilia are anchored to the cell via the basal body.

Hamartin has been localized to the basal body (Hartman et al. 2009), and tuberin

interacts with PC-1 (Shillingford et al. 2006), which has been localized to the

primary cilium (Yoder et al. 2002). Similarities between TSC and polycystic kidney

disease have been demonstrated by showing how hamartin, tuberin, and polycystin-

1 defects affect primary cilia length (Bonnet et al. 2009). Primary cilia is also an

organelle important for cell polarity and is thought to underlie numerous disorders

associated with cystic kidney disease, as discussed in detail elsewhere in the

volume (Hartman et al. 2009). Further defects in apicobasal cell polarity and

misoriented dividing tubular cells have been seen, pointing out another possible

mechanism for cystogenesis (Bonnet et al. 2009).

10.8 Conclusions

CAKUT is a common feature of many syndromes. The clinical manifestations of

CAKUT depend on the stage at which renal development is impaired. Aneuploidies

and mosaicisms are the most common syndromes associated with CAKUT. Single
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gene defects are less common but have facilitated insight into the mechanism of

renal and other organ development. Analysis of underlying genetic mutations with

transgenic and mutant mice has also led to advances in our understanding of

mechanisms of renal development.
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Chapter 11

Primary Cilia in Cystic Kidney Disease

Prachee Avasthi, Robin L. Maser, and Pamela V. Tran

Abstract Primary cilia are small, antenna-like structures that detect mechanical

and chemical cues and transduce extracellular signals. While mammalian primary

cilia were first reported in the late 1800s, scientific interest in these sensory

organelles has burgeoned since the beginning of the twenty-first century with

recognition that primary cilia are essential to human health. Among the most

common clinical manifestations of ciliary dysfunction are renal cysts. The molec-

ular mechanisms underlying renal cystogenesis are complex, involving multiple

aberrant cellular processes and signaling pathways, while initiating molecular

events remain undefined. Autosomal Dominant Polycystic Kidney Disease is the

most common renal cystic disease, caused by disruption of polycystin-1 and

polycystin-2 transmembrane proteins, which evidence suggests must localize to

primary cilia for proper function. To understand how the absence of these proteins

in primary cilia may be remediated, we review intracellular trafficking of

polycystins to the primary cilium. We also examine the controversial mechanisms

by which primary cilia transduce flow-mediated mechanical stress into intracellular

calcium. Further, to better understand ciliary function in the kidney, we highlight

the LKB1/AMPK, Wnt, and Hedgehog developmental signaling pathways medi-

ated by primary cilia and misregulated in renal cystic disease.
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11.1 Functions and Features of Primary Cilia

Almost all mammalian cells have an apical protrusion that is used to sense the

extracellular environment. This protrusion, the cilium (also known as the flagel-

lum), is an ancient organelle thought to be present on the last eukaryotic common

ancestor (Mitchell 2007). Mammalian primary cilia were first reported in 1898 on

various iron hematoxylin-stained epithelia, and at that time, primary cilia extending

into renal tubules were speculated to sense fluid flow (Zimmermann 1898). Fol-

lowing detailed electron microscopic analyses of embryonic and adult cell types,

cilia were further proposed to serve as conserved structures that receive and

transduce extracellular cues (Poole et al. 1985). Indeed, the primary cilium func-

tions as an antenna to receive light and mechanical and chemical signals. The

ciliary membrane, while topologically continuous with the plasma membrane, is

distinct in its composition of membrane and protein components. The increase in

cell surface area provided by the ciliary membrane protrusion allows for a concen-

tration of receptors that can transduce extracellular signals. Cilia can also shed or

lose membrane from their distal tips in order to release materials to the extracellular

environment (Hogan et al. 2009; Wood et al. 2013), signal to adjacent organisms

(Wang et al. 2014), or turn over its spent protein, including molecular and mem-

brane components (Young 1971; Young and Bok 1969), demonstrating their capac-

ity for two-way communication.

11.1.1 Cilium Assembly

The cilium is composed of a cylindrical arrangement of nine microtubule doublets

(A and B tubules) termed the axoneme, which is ensheathed by the cellular plasma

membrane (Fig. 11.1). While motile cilia also contain a central pair of microtubules

along with accessory structures such as dynein arms and radial spokes for force

generation, nonmotile primary cilia lack these structures. Cilia extend and are

maintained via intraflagellar transport (IFT), the bidirectional movement of motor

and cargo proteins along the microtubular axoneme. IFT was first discovered in the

green alga, Chlamydomonas, by differential interference contrast (DIC) visualiza-

tion of particle movement along flagella (Kozminski et al. 1993). Trafficking of

proteins from the base to the tip of the cilium in anterograde IFT is powered by

motor proteins in the kinesin-2 family (Cole et al. 1998). This anterograde motor

sedimented with a large group of proteins could be biochemically purified as two

complexes, complex B and complex A (Cole et al. 1998). Complex B proteins are

associated with the anterograde kinesin motor and complex A with retrograde

transport from the tip to the ciliary base mediated by the cytoplasmic dynein

motor (Pazour et al. 1998, 1999; Porter et al. 1999; Signor et al. 1999). Mutations

in the complex B IFT proteins or IFT motors result in stunted cilia and flagella,

suggesting their requirement for ciliary assembly (Brazelton et al. 2001; Deane
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et al. 2001; Follit et al. 2006; Fujiwara et al. 1999; Haycraft et al. 2003; Huangfu

et al. 2003; Ishikawa et al. 2014; Pazour et al. 2000; Qin et al. 2007; Sun et al.

2004). Accumulation of complex B proteins in swollen ciliary distal tips and

impaired retrograde IFT in complex A mutants indicate that complex A proteins

are required for retrograde IFT (Blacque et al. 2006; Iomini et al. 2001, 2009;

Perkins et al. 1986; Qin et al. 2011; Tran et al. 2008). Additionally, complex A

proteins have also been shown to be required for ciliary entry of G-protein coupled

receptors in mammalian cells (Mukhopadhyay et al. 2010).

While each type of cilium is specialized to receive appropriate signals within a

certain tissue, proteins common to most cilia include tubulins, comprising the

structural units of the axoneme, microtubule motors and IFT complexes, the

Bardet–Biedl Syndrome-related protein complex (BBsome), which traffics cargo

in and out of the cilium, and vesicular trafficking-related small GTPases (ARFs,

Fig. 11.1 Structure of primary cilium. Multi-protein complexes at the transition zone, basal body,

and along the axoneme are required for building and maintaining the primary cilium
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ARFs, Rabs). As we will discuss in more detail below, mutant proteins common to

several types of cilia result in pleiotropic phenotypes due to ciliary dysfunction in

multiple tissues.

11.1.2 Basal Bodies, Early Cilium Formation, and Cilium
Disassembly

Cilia are anchored at their base by centriole-derived basal bodies (Fig. 11.1). The

basal body is composed of nine microtubule triplets (A, B, and C tubules). The A

and B tubules extend from the basal body during cilium formation and become the

ciliary axoneme. The basal body is the mother centriole of the pair that forms the

centrosome at spindle poles during cell division. During G1 or G0, the basal body

acquires accessory structures (distal and subdistal appendages), migrates, and docks

to the apical plasma membrane. Docking occurs by attachment of the distal

appendages to Golgi-derived vesicles (Sorokin 1962) that fuse to one another

and, subsequently, to the apical plasma membrane for cilium extension. This

process is mediated by membrane-deforming proteins, EH-domain containing

1 (EHD1) and EHD3 for fusion of distal appendage vesicles into a ciliary vesicle,

and by recruitment of GTPase and GTP exchange factors Rab11 and Rabin8 for

activation of Rab8 in ciliary vesicle biogenesis (Knodler et al. 2010; Westlake et al.

2011). The basal body then matures through loss of centrosomal protein

110 (CP110) and recruitment of IFT proteins and those of the transition zone

(Deane et al. 2001; Lu et al. 2015; Rosenbaum and Witman 2002), a compartment

distal to the basal body that is proposed to act as a ciliary gate, regulating ciliary

entry of proteins.

Just as there is a mechanism for maturation of centrioles to nucleate cilia, there is

also a mechanism to disassemble cilia and release sequestered basal bodies for

mitotic progression. Several proteins have been implicated in this process, most

notably the Aurora A kinase (Pugacheva et al. 2007), which activates mitotic

spindle assembling CDK1-Cyclin-B. Growth factors activate a pathway that stim-

ulates Aurora A kinase and, subsequently, the histone deacetylase, HDAC6, respon-

sible for tubulin deacetylation and cilium destabilization. Another group of kinases,

the NIMA-related kinases (NEK), are also involved in ciliary resorption (Hilton

et al. 2013; Wloga et al. 2006). Nek2, involved in centrosome separation, is basal

body localized and activates a microtubule depolymerizing kinesin, kif24, for

ciliary resorption in the G2/M transition (Kim et al. 2015; Spalluto et al. 2012).

In Chlamydomonas, another microtubule depolymerizing kinesin, kinesin-13, is

also required for flagellar disassembly (Piao et al. 2009).
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11.1.3 Cilium Length Control

Another fundamental discovery made in Chlamydomonas that expanded our under-
standing of how cilia are maintained was that tubulin continuously turns over at

flagellar tips (Marshall and Rosenbaum 2001; Song and Dentler 2001; Stephens

1997). This, along with evidence that flagella exhibit a rapid initial growth that

slows as they approach steady state (Rosenbaum and Child 1967) and that flagella

disassembly occurs at a constant rate independent of length (Kozminski et al. 1995;

Marshall et al. 2005; Marshall and Rosenbaum 2001; Parker and Quarmby 2003),

forms the basis of the balance point model of flagellar maintenance (Marshall et al.

2005; Marshall and Rosenbaum 2001). In this model, flagella reach their steady-

state length when the assembly and disassembly rates are equal. The length

dependence of flagellar assembly is based upon the variable quantity of IFT

material entering the flagellum at different lengths (Craft et al. 2015; Engel et al.

2009; Ludington et al. 2013) as well as the variable quantity of IFT material

accumulating at basal bodies prior to trafficking into flagella (Ludington et al.

2013). Cilia in different cell types have a characteristic length, which presumably

are well suited for their function. A few examples of characteristic ciliary lengths

are shown in Table 11.1.

Chemical and genetic screens (Avasthi et al. 2012; Kim et al. 2010, 2016a) along

with single gene perturbation have identified many regulators of ciliary length. In

addition to IFT motors, proteins, and cargo that are required for proper cilium

assembly, proteins involved in tubulin modification (Pugacheva et al. 2007;

Sanchez de Diego et al. 2014) and actin dynamics (Abdul-Majeed et al. 2012;

Avasthi et al. 2014; Bershteyn et al. 2010; Kim et al. 2010; Oishi et al. 2006;

Sharma et al. 2011) also regulate cilium length. A variety of cell surface receptors

have also been identified as modulators of cilium length such as dopamine receptors

D1, D5, and other G-protein coupled receptors (Abdul-Majeed et al. 2012; Abdul-

Majeed and Nauli 2011; Avasthi et al. 2012). Regulators of protein phosphorylation

Table 11.1 Mammalian ciliary lengths

Cell/tissue type Cilium length (μm) Citation

Embryonic neural tube 0.97 � 0.17 He et al. (2014)

Rat tail tendon fascicles 1.35 � 0.11 Lavagnino et al. (2013)

Mouse embryonic node 2–2.5 Alten et al. (2012)

Mouse olfactory bulb 22 Ying et al. (2014)

Rat cholangiocytes (large bile ducts) 7.35�1.32 Masyuk et al. (2008)

Rat cholangiocytes (small bile ducts) 3.58�1.12 Masyuk et al. (2008)

Pancreatic duct 2 Cano et al. (2004)

Pancreatic islet 2.5 Ait-Lounis et al. (2007)

Kidney 3–3.5 Pazour et al. (2000)

N1 hypothalamic neurons 2–2.5 Han et al. (2014)

Hypothalamic arcuate nucleus 5.5 � 0.44 Han et al. (2014)

Ventromedial hypothalamus 5.3 � 0.39 Han et al. (2014)
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such as GSK3β, MAP kinases (LF4, Dlk-1, DYF-5), cell cycle-related kinases

(Nek1, Nek4, Nek8, Nrk2, Nrk17, Nrk30, Cdc42, Cnk2, LF2, LF5, AurA), and

phosphatases (cdc14b) also modulate cilia length (Berman et al. 2003; Burghoorn

et al. 2007; Coene et al. 2011; Pugacheva et al. 2007; Tam et al. 2013; Tam et al.

2007; Thiel et al. 2011; van der Vaart et al. 2015; White and Quarmby 2008; Wloga

et al. 2006; Zuo et al. 2011). In addition to all of these, cilia respond to second

messengers such as calcium, cAMP, inositol 1,4,5-trisphosphate, and associated

enzymes protein kinase C, adenylate cyclase III, and inositol polyphosphate

5-phosphatase E, respectively (Abdul-Majeed et al. 2012; Besschetnova et al.

2010; Hatayama et al. 2011; Luo et al. 2012; Ou et al. 2009). Clearly, many

different genes are involved in the response of cilia to external signals as well as

in coordination with the cell cycle. Additional genes regulating cilium structure and

length have been previously reviewed (Avasthi and Marshall 2012; Broekhuis et al.

2013; Keeling et al. 2016), and much is still unknown about how these pathways

work together or, indeed, which of them are utilized concurrently. Along with

axoneme structure, ciliary membrane must also be regulated for proper assembly,

maintenance, and protein composition (Bloodgood 2012). Ciliary formation

requires trafficking of Golgi-derived vesicles regulated by small GTPases including

Rab8, Rab11, Arf4, and Arl3 (Kim et al. 2014; Knodler et al. 2010; Mazelova et al.

2009; Schwarz et al. 2012; Westlake et al. 2011) as well as membrane regulating

proteins EHD1/3 (Lu et al. 2015). In mammalian photoreceptors and

Chlamydomonas flagella, ciliary membrane is continuously renewed (Dentler

2013; Young 1971; Young and Bok 1969) and membrane/proteins can be shed

via ectosome release (Avasthi and Marshall 2013; Hogan et al. 2009; Wang et al.

2014; Wood et al. 2013; Wood and Rosenbaum 2015). While these studies high-

light mechanisms of membrane regulation, how ciliary membrane and axoneme

dynamics are coordinated remains largely a mystery.

Within the kidney, cilium length increases during development, being shortest in

renal vesicles and longest in mature fetal nephron segments (Saraga-Babic et al.

2012). Renal ciliary length is also modulated in response to various endogenous and

extracellular factors, including hormones and changes in urinary shear stress, which

are thought to alter the sensitivity of the ciliated cell to external cues (Besschetnova

et al. 2010; Upadhyay et al. 2014). Alterations in length of primary cilia are also

observed in response to renal injury and during regeneration/repair processes

(Verghese et al. 2008, 2009; Han et al. 2016).

11.2 Ciliopathies: Linking Ciliary Dysfunction to Renal

Cystogenesis

The discovery that the Oak Ridge polycystic kidney disease (orpk) mouse model

resulted from a defect in Tg737/IFT88 marked a major breakthrough linking

dysfunction of primary cilia to human disease (Pazour et al. 2000). Soon afterward,
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an explosion of discoveries followed demonstrating that mysterious disorders

affecting multiple organ systems including the retina, kidney, skeletal system,

reproductive systems, and others could be traced to defects in a single ciliary

gene. These syndromic diseases, termed ciliopathies, include Meckel–Gruber Syn-

drome (MKS), Bardet–Biedl Syndrome (BBS), Joubert Syndrome, Jeune Syn-

drome, Nephronophthisis (NPHP), and others (Table 11.2). These pediatric

diseases range in severity, causing death in infancy of individuals with MKS or

during late teenage years in some individuals with NPHP, and have overlapping but

varying degrees of clinical manifestations, including kidney cysts, intellectual

disabilities, craniofacial and skeletal defects, polydactyly, retinal degeneration,

hypogonadism, and obesity. Many of these diseases, such as MKS and NPHP,

Table 11.2 Ciliopathies

Ciliopathy Organ systems affected References

Alstr€om Syndrome Visual, auditory, cardiovascular, endo-

crine, hepatic, renal, skeletal, neural

Hearn et al. (2005)

Bardet–Biedl Syndrome Skeletal, neural, visual, renal,

reproductive

Ansley et al. (2003)

Birt–Hogg–Dubé

Syndrome

Renal (carcinoma and cysts), lung,

integumentary

Luijten et al. (2013)

Ellis van Creveld

Syndrome

Skeletal, cardiac Ruiz-Perez and

Goodship (2009)

Jeune Syndrome Skeletal, renal Beales et al. (2007)

Joubert Syndrome Renal, visual, neural Louie and Gleeson

(2005)

Juvenile cystic kidney

disease

Renal Smith et al. (2006)

Kartagener Syndrome/Pri-

mary ciliary dyskinesia

Respiratory, neural, laterality,

reproductive

Afzelius (1976),

Camner et al. (1975)

Leber congenital amaurosis Visual den Hollander et al.

(2007)

Meckel–Gruber Syndrome Renal, neural, hepatic Dawe et al. (2007)

Nephronophthisis Renal Otto et al. (2003)

Orofaciodigital Syndrome

1

Skeletal Romio et al. (2004)

Polycystic kidney disease Renal, hepatic, cardiovascular Pazour et al. (2000)

Retinitis pigmentosa Visual Hong et al. (2001)

Senior–Loken Syndrome Renal, visual Otto et al. (2005)

Sensenbrenner Syndrome Skeletal Walczak-Sztulpa

et al. (2010)

Tuberous sclerosis Neural, integumentary, cardiovascular,

renal, respiratory

Hartman et al.

(2009)

Usher Syndrome Visual, auditory Bonneau et al.

(1993)

Von Hippel–Lindau Tumors in blood vessels and adrenal

glands, renal (carcinoma and cysts)

Esteban et al. (2006)
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result from disruption of proteins at the transition zone, a proposed hotspot for

disease gene networks (Chih et al. 2012; Garcia-Gonzalo et al. 2011; Williams et al.

2011). Disruption of these proteins alters cilia structure, resulting in cilia that are

abnormally short, absent, or, less commonly, elongated (Williams et al. 2011). BBS

is caused by mutations in one of the 21 genes (Bujakowska et al. 2015; Heon et al.

2016; Lindstrand et al. 2014; Schaefer et al. 2016; reviewed in Khan et al. 2016),

most of which encode proteins comprising or facilitating formation or trafficking of

the BBSome complex, which has been demonstrated to be a cargo of IFT in

Chlamydomonas flagella (Lechtreck et al. 2009) and to transport signaling mole-

cules to membrane compartments and within the ciliary membrane (Guo et al.

2016; Guo and Rahmouni 2011). The BBS core is an 8-subunit complex composed

of BBS1, BBS2, BBS4, BBS5, BBS7, BBS8, BBS9, and BBS18/BBIP1 (Nachury

et al. 2007; Scheidecker et al. 2014). Additionally, BBS3/ARL6 and BBS17/

LZTFL1 regulate ciliary trafficking of the BBSome (Liew et al. 2014; Marion

et al. 2012; Seo et al. 2011), while BBS6, BBS10, and BBS12 form a

BBS-chaperonin complex together with BBS7 to promote BBSome assembly

(Seo et al. 2010; Zhang et al. 2012). Causative mutations in IFT genes have also

been identified in BBS patients. IFT27/BBS19 (Aldahmesh et al. 2014) facilitates

ciliary exit of the BBSome (Eguether et al. 2014; Liew et al. 2014), and while

IFT172/BBS20 (Bujakowska et al. 2015; Schaefer et al. 2016) has been shown to

regulate IFT particle turnaround at the ciliary distal tip in Chlamydomonas (Peder-
sen et al. 2005), its connection to the BBSome remains to be explored. While

disruption of some BBS proteins impairs ciliogenesis (Marion et al. 2009), muta-

tions of other BBS proteins do not overtly affect cilia structure, but impede ciliary

entry or exit of signaling molecules (Berbari et al. 2008; Zhang et al. 2011).

Of the many clinical features of ciliopathies, a major hallmark is renal cystic

disease (Quinlan et al. 2008). Renal cystic diseases are mostly inherited and can be

classified as Polycystic Kidney Disease (PKD) or as non-PKD, depending on the

mutated gene. While the non-PKD diseases comprise the ciliopathies mentioned

above, PKD results from mutations in Polycystic Kidney Disease 1 (PKD1), PKD2,
or Polycystic Kidney and Hepatic Disease 1 (PKHD1) genes. Mutations of PKD1 or
PKD2 cause approximately 90% of cases of Autosomal Dominant Polycystic

Kidney Disease (ADPKD), the most common fatal genetic disease, affecting

1:400–1:1000 adults worldwide. Renal cysts can initiate in the fetus and progres-

sively grow, compressing and compromising surrounding parenchyma and causing

end-stage renal disease in the 6th decade of life. Mutations in PKHD1 cause

Autosomal Recessive PKD, which affects 1:20,000 children. The PKD1, PKD2,
and PKHD1 gene products, polycystin 1 (PC1), PC2, and fibrocystin/polyductin

(FPC), localize to various subcellular compartments, including the primary cilium

(Barr and Sternberg 1999; Yoder et al. 2002). Ciliary localization of polycystin-

GFP fusion proteins in C. elegans provided the first demonstration of a link between

renal cystic disease and primary cilia (Barr and Sternberg 1999). The ciliary

localization of mammalian PKD gene products together with evidence that ciliary

defects cause renal cysts led to the proposal that ciliary dysfunction may present a

unifying etiological mechanism for renal cystic diseases. Recently, mutations in
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Glucosidase Alpha; Neutral AB (GANAB), which catalyzes a step in the N-glyco-
sylation pathway in the endoplasmic reticulum (ER), have been reported in

ADPKD patients, reflecting a critical role for the ER protein maturation process

for functional PC1 and its localization to the primary cilium (Porath et al. 2016),

discussed in more detail in Sect. 3.

Multiple cellular processes are disrupted in renal cystogenesis that result in cell

dedifferentiation, increased cell proliferation, increased fluid secretion of renal

epithelial cells, and increased tubular cell apoptosis (reviewed in Calvet and

Grantham 2001; Torres and Harris 2006; Zhou 2009). Studies using ADPKD

primary renal cells revealed that the combination of high intracellular cAMP levels

and low intracellular calcium (Ca2+) drives cell proliferation and fluid secretion of

cyst-lining epithelial cells (Calvet 2008; Wallace 2011). In human ADPKD cells,

low homeostatic intracellular Ca2+ enables aberrant cAMP-mediated activation of

Protein Kinase A (PKA) and ERK, which, in turn, activates both cystic fibrosis

transmembrane conductance regulator (CFTR) and ERK signaling pathways, caus-

ing fluid secretion by epithelial cells into the cyst lumen and increased proliferation

of cyst-lining epithelial cells, respectively (Yamaguchi et al. 2004). Addition of a

Ca2+ ionophore rescued these aberrant responses, and conversely, addition of a Ca2+

channel blocker to normal human kidney (NHK) cells caused ADPKD cellular

responses, demonstrating the pivotal role of intracellular Ca2+ in influencing cellu-

lar phenotype (Yamaguchi et al. 2006). Elevated intracellular cAMP is common to

cystic kidneys of both orthologous Pkd and ciliary mouse models: the former

including Pkd1 (Hopp et al. 2012) and Pkd2 (Torres et al. 2004) mutant mice and

the Pkhd1-mutant Polycystic Kidney (PCK) rat (Wang et al. 2008), while the latter

group including pcy (Yamaguchi et al. 1997), cpk (Tao et al. 2015), jck (Smith et al.

2006), Kif3a (Choi et al. 2011), and Thm1/Ttc21b (Tran et al. 2014b). Such

observations suggest that increased cAMP may be a universal and fundamental

mechanism originating from ciliary dysfunction. Another unifying phenomenon is

that loss of PKD or ciliary proteins during kidney development leads to severe,

rapidly progressing renal cystic disease, while loss of these proteins after kidney

maturation (P12–P14) causes a mild, slowly progressing disease, demonstrating

that the developmental state of the kidney strongly influences renal cystogenesis

(Piontek et al. 2007). A role for the primary cilium and PC1 in sensing tubular

injury and in regulating the repair–regeneration–redifferentiation response has been

proposed, and dysfunction of this adaptive mechanism in mutant kidneys may

provide a trigger for cyst formation in the adult kidney (Weimbs 2007).

Yet, differences are evident between PKD and non-PKD renal cystic diseases. In

PKD, growth of renal cysts greatly enlarges kidney size, while in non-PKD

diseases, such as NPHP, kidney size tends to decrease due to abundant fibrosis.

Another contrast between PKD and non-PKD diseases is that while most non-PKD

proteins have a fundamental role in ciliogenesis, PC1, PC2, and FPC do not. This is

also reflected by the majority of studies that do not report altered ciliary length in

Pkd1/Pkd2 mutants, with the exception of two. In renal epithelia of the PC1RC/RC

mouse model, which carries an ADPKDmutation (Hopp et al. 2012) and in cultured

Pkd1�/� and Pkd2�/� derived mouse renal epithelial cells (Jin et al. 2014b), cilia
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were lengthened. This may relate to the role of PC1/PC2 in modulating intracellular

cAMP and Ca2+, since pharmacological manipulation of intracellular cAMP and Ca2+

in mouse inner medullary collecting duct (IMCD) cells showed that low Ca2+

lengthens cilia, while high Ca2+ shortens cilia (Besschetnova et al. 2010).

Although loss of proteins required for ciliary structure usually causes NPHP in

the human population, IFT mouse models and the Nek8 mutant, jck, manifest

PKD-like disease with enlarged kidneys. Moreover, heterozygosity for both Pkd1
and the Nek8jck/+ mutation, which in the homozygous form causes longer cilia and

an ADPKD phenotype (Smith et al. 2006), caused renal cysts in mice, while single

heterozygosity did not, suggesting that molecular mechanisms stemming from

deficiency of PC1 and jck mutant NEK8 protein may converge (Natoli et al.

2008). Intriguingly, despite that ablation of Kif3a, and in turn primary cilia, results

in renal cysts, combined loss of primary cilia and PC1/2 ameliorated PC-mediated

renal cystogenesis and decreased renal epithelial cell proliferation in mice,

suggesting the presence of an as yet unidentified ciliary-mediated signaling path-

way that is crucial for PC1/2 cyst development (Ma et al. 2013). Corroborating and

extending these data, reduced ciliary length through inhibition of Cyclin Dependent

Kinase 5 (CKD5) also ameliorated the renal cystic disease in jckmice (Husson et al.

2016). These data underscore the need to define the role of ciliary proteins indi-

vidually and in PKD to understand mechanisms that exacerbate or attenuate PKD.

Disease variability observed among ADPKD patients may be due to mutations/

polymorphisms in genes affecting ciliary function.

11.3 Ciliary Localization of Polycystins Is Interdependent

and Important for Their Function

Analysis of several ADPKD missense mutations in either PKD1 or PKD2 showed

that they resulted in the absence of polycystins in cilia (Cai et al. 2014). One of

these mutations, PC2W414G, present in the first extracellular loop, retained channel

activity, suggesting that functional PC2 in the endoplasmic reticulum (ER) is

insufficient to prevent cystic disease and that ciliary localization of polycystins is

essential for this function. Thus, understanding ciliary-targeting mechanisms of

polycystins is important for understanding PKD biology and finding therapeutic

targets.

Several ciliary targeting sites have been uncovered in the PC1 C-terminal

cystosolic tail, including a KVHPSST sequence (Ward et al. 2011) and sites within

and upstream of the coiled-coiled domain required for interaction with PC2

(Su et al. 2015). An RVxP ciliary targeting sequence in the PC2 N-terminus has

also been identified (Geng et al. 2006). Accumulating evidence suggests that ciliary

localization of PC1 and PC2 is interdependent (Freedman et al. 2013; Gainullin

et al. 2015; Kim et al. 2014; Nauli et al. 2003; Su et al. 2015). In ADPKD-derived,

PKD1-mutant induced pluripotent stem cells and in Pkd1�/� MEFs, PC2 ciliary
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localization was reduced or undetectable, respectively, while in Pkd2�/� MEFs,

ciliary PC1 was lacking (Freedman et al. 2013; Gainullin et al. 2015; Kim et al.

2014). Conversely, overexpression of PC2 enhanced both WT and mutant PC1

ciliary targeting, while increasing levels of WT PC1, but not of a PC1 construct

lacking its C-terminus, promoted PC2 ciliary localization in mouse IMCD3 cells

(Freedman et al. 2013; Su et al. 2015), consistent with a requirement for the PC1

C-terminus in ciliary localization.

To reach the primary cilium, PC1 protein must undergo maturation, which has

also been shown to depend on PC2 (Gainullin et al. 2015; Kim et al. 2014). PC1

maturation involves N-linked core glycan addition and cleavage at its G-protein

coupled proteolysis site (GPS), which generates extracellular N-terminal (NTF) and

membrane-embedded C-terminal (CTF) fragments that remain non-covalently

associated, and occurs within the ER prior to subsequent trafficking and N-glycan

modification in the Golgi (Wei et al. 2007). PKD1missense mutations that interfere

with GPS cleavage prevent PC1 maturation and ciliary localization (Cai et al. 2014;

Chapin et al. 2010; Kurbegovic et al. 2014). PC1–PC2 association occurs before

GPS cleavage of PC1 (Gainullin et al. 2015) and is required for the PC complex to

reach the trans-Golgi (Kim et al. 2014). In Pkd2�/� mouse embryonic fibroblasts

(MEF), cleaved PC1 remained endoH sensitive, suggesting that PC1 must complex

with PC2 to traffic through the Golgi. Further, cleavage of PC1 is essential for

transport through the Golgi, since a non-cleavable PC1 mutant co-precipitated with

PC2 remained endoH sensitive (Kim et al. 2014). Pkd1RC/RC hypomorphic mutant

mice carrying various Pkd2-mutant alleles of differing deficiency revealed that

renal cystic disease severity was determined by levels of mature PC1, which in turn

correlated with PC2 levels, demonstrating the dependence of PC1 maturation on

PC2 in vivo (Gainullin et al. 2015).

11.3.1 Polycystin Transport from the Golgi Apparatus
to the Cilium

Golgi-derived vesicles convey proteins to the base of the primary cilium, a process

termed polarized vesicle trafficking (reviewed by (Hsiao et al. 2012). This transport

is essential for ciliogenesis and is mediated by the Rab and Arf families of small

GTPases, which recruit vesicle coating complexes during vesicle budding, docking,

and fusion. At the centrosome, Rab11 is essential in vesicular targeting of Rabin8 to

recruit and activate Rab8 for ciliary targeting of cargo proteins (Knodler et al.

2010). Two 8-subunit protein complexes, the exocyst and the BBSome, are required

for post-Golgi vesicular membrane trafficking and for ciliary entry and exit of

signaling proteins, respectively. Within cilia, trafficking of the BBSome and its

cargo is mediated by IFT.

Evidence suggests that multi-protein complexes involving the Rab and Arf

GTPases, the exocyst, and the BBSome mediate post-Golgi intracellular and ciliary

11 Primary Cilia in Cystic Kidney Disease 291



trafficking of polycystins (Fig. 11.2). In photoreceptors, a protein complex

consisting of Arf4 and the ArfGAP with SH3 domain, ankyrin repeat, and PH

domain 1 GTPase-activating protein (ASAP1) traffics membrane proteins from the

Golgi to the base of the modified cilium (Mazelova et al. 2009). Hypothesizing a

role for such a complex in trafficking polycystins, Ward et al. (2011) found that via

its KVHPSST ciliary targeting sequence, PC1 interacts with Arf4 and ASAP1 in a

complex with Rab6 and Rab11 in the Golgi membranes of primary renal cortical

epithelial (RCTE) cells (Ward et al. 2011). The RVxP ciliary targeting sequence of

PC2 also allowed binding of PC2 to Arf4, which is localized in the trans-Golgi,

suggesting that PC2 also passes through the Golgi network. In another study, a yeast

two-hybrid screen identified RAB GTPase Binding Effector Protein 1 (Rabep1) to

interact with PC1 in a region containing the coiled-coiled domain within the

C-terminal tail (Kim et al. 2014). This interaction was confirmed in primary

collecting duct (CD) cells of mouse postnatal kidneys and also occurred in

Pkd2�/�- MEF. Since this study showed that PC1 exits the ER in a complex

with PC2, the presence of PC1-Rabep1 complex in Pkd2�/� MEF indicates this

interaction occurs in a pre-Golgi compartment. Subsequently, Rabep1 was found to

bind to Golgi-localized, gamma adaptin ear-containing, ARF-binding protein

1 (GGA1) in CD cells, an interaction that had been shown previously in trans-

Golgi vesicles (Mattera et al. 2003). GGA1 was subsequently found to bind to

Arf-like 3 (Arl3), which facilitates ciliary localization of cargo proteins (Wright

et al. 2011). Taken together, binding of Rabep1 to PC1 in a pre-Golgi compartment

links the PC1/PC2 complex to GGA1 at the trans-Golgi, where GGA1 then interacts

with Arl3. In contrast to findings of Ward et al. (2011), PC1 did not

co-immunoprecipitate with Arf4 in CD cells (Kim et al. 2014), which may point

to differences between cell types and requires further investigation.

In contrast to these two studies, glycosylation analysis of PC2 in whole cell

lysates of porcine renal proximal tubular epithelial LLC-PK1 cells, together with

live-imaging and electron microscopy, suggested that PC2 destined for primary

cilia is trafficked to the cis-Golgi and, subsequently to the cilium, bypassing the

mid- and trans-Golgi membranes (Hoffmeister et al. 2011). Supporting this, ciliary

protein fractions of RCTE cells contained endoH-resistant PC1 that co-precipitated

with endoH-sensitive PC2 (Gainullin et al. 2015). These data imply that PC2

vesicular trafficking is independent of that of PC1. Thus, two possible routes for

trafficking of PC2 to the primary cilium are suggested by these studies.

PC1 also interacted with Rab8 (Ward et al. 2011), which is directed to the ciliary

base by Abelson Helper Integration Site 1 (AHI1) and targets cargo to the primary

cilium. Expression of a dominant-negative Rab8 prevented ciliary localization of

PC1 (Ward et al. 2011) and also of PC2 (Hoffmeister et al. 2011). Rab8 is activated

by Rab11, which is stimulated by Class II phosphoinositide 3-kinase-C2α (PI3K-

C2α), which localizes to pericentriolar recycling endosomes (PRE) near the ciliary

base (Franco et al. 2014). shRNA knockdown of PI3K-C2α in IMCD3 cells

shortened cilia and resulted in a marked reduction of cells with PC2 ciliary

localization, which was rescued upon expression of a constitutively active Rab8

(Franco et al. 2016). Pi3k-C2α+/� mice were sensitized to cyst formation on a
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Fig. 11.2 Intracellular trafficking of polycystins to primary cilium. Intracellular and ciliary

trafficking of polycystins involves the following steps: (1) PC1 and PC2 interact in the ER (Kim

et al. 2014; Gainullin et al. 2015); (2) PC1 is cleaved (Kim et al. 2014; Gainullin et al. 2015);

(3) PC1/PC2 complex interacts with Rabep1 in pre-Golgi complex (Kim et al. 2014); (4a) Rabep1

bridges PC1/PC2 complex to GGA1, which binds to Arl3 at the trans-Golgi (Kim et al. 2014);

(4b) PC1 in a complex with Arf4, ASAP1, Rab6, and Rab11 in Golgi (Ward et al. 2011); (5) PC2

interacts with exocyst, in a complex with IFT88 and IFT20, which facilitates ciliary entry of PC2

(Fogelgren et al. 2011); (6) PI3K-C2α in the pericentriolar recycling endosome (PRE) activates

Rab8 (Franco et al. 2014), which interacts with PC1 and also PC2 and (7a) facilitates ciliary entry

of PC1 and also of PC2 (Ward et al. 2011; Hoffmeister et al. 2011; Franco et al. 2016);

(7b) Binding of PC1 to BBS1 and the BBSome facilitates ciliary entry of PC1 (Su et al. 2014);

(7c) PC1 and PC2 complex in the cilium (Nauli et al. 2003); (7d) PC2 is in a ciliary complex with

AKAP150, AC5/6, PDE4, and PKA (Choi et al. 2011); (8) BBS4 and BBS5 mediate ciliary

removal of PC2 (Xu et al. 2015); (9) PC2 is degraded in the lysosome (Hu et al. 2007; Xu et al.

2015)

11 Primary Cilia in Cystic Kidney Disease 293



Pkd1+/� or Pkd2+/� genetic background or when subjected to ischemia/reperfu-

sion-induced renal injury, substantiating the importance of PC ciliary localization

for PC function in vivo.

Both the exocyst and BBSome appear to mediate ciliary entry of polycystins.

Deficiency of Sec10, an exocyst subunit, which localizes to the cilium and controls

ciliogenesis (Zuo et al. 2009), resulted in undetectable ciliary localization of PC2

(Fogelgren et al. 2011). Morpholino knockdown of Sec10 in zebrafish phenocopied

the PC2 morpholino mutant, resulting in a tail curled upwards, left–right laterality

defects, and glomerular abnormalities. Sec10 was also shown to co-precipitate with

PC2, IFT88, and IFT52, suggesting that the exocyst together in a complex with IFT

proteins mediates ciliary entry of PC2. Using a yeast two-hybrid screen and GST

pull-down experiments, BBS1, BBS4, BBS5, and BBS8 were identified as

interacting with the PC1 C-terminus, although only loss of BBS1 and expression

of a dominant-negative form of BBS3/Arl6 in IMCD cells shortened cilia and

prevented PC1 ciliary localization (Su et al. 2014). Since Rab11 interacts with

the exocyst and also promotes association of BBS1 with Rabin8 (Knodler et al.

2010), PC-BBSome and PC-exocyst complexes may form at the base of the cilium

in connection with Rab11. The BBSome is also implicated in ciliary removal of

PC2. In RPE cells deficient for both BBS4 and BBS5, PC2 accumulated in the

primary cilium, although overall PC2 protein levels were unaffected, suggesting

that BBS4 and BBS5 together mediate removal of PC2 from the primary cilium

(Xu et al. 2015). PC2 further undergoes ubiquitination and lysosomal degradation

(Hu et al. 2007). Treatment of RPE cells with a lysosomal inhibitor, chloroquine,

increased ciliary localization of PC2, similar to the combined deficiency of BBS4

and BBS5 (Xu et al. 2015).

Most of these trafficking studies examined PC1 or PC2 alone. Further examina-

tion of whether PC-Rab/Arf, PC-BBSome, or PC-exocyst complexes consist of

PC1/PC2 together would help ascertain whether PC1 and PC2 traffic independently

or as a complex from the Golgi to the primary cilium. If the polycystins traffic

independently, such experiments would further determine at what point of traffick-

ing, e.g., prior to or following ciliary entry, the PC1/PC2 complex is formed.

11.4 Primary Cilium is a Mechanosensory Organelle

After more than 100 years, Zimmermann’s hypothesis that primary cilia lining the

renal tubules act as flow sensors (Zimmermann 1898) was demonstrated. Fluid flow

causes primary cilia of cultured renal epithelial cells to deflect and intracellular Ca2+

levels to increase via a mechanism that requires extracellular Ca2+ influx and

ensuing release of intracellular Ca2+ stores (Praetorius and Spring 2001). In cells

deciliated by chloral hydrate, Ca2+ response was abrogated, demonstrating that

primary cilia are essential in flow-mediated elevation of cystosolic Ca2+ (Praetorius

and Spring 2003). A role for cilia was further made evident by the absence of a

luminal flow-induced Ca2+ response in microperfused collecting ducts of 2-week-

294 P. Avasthi et al.



old orpk mutant mice, which harbor an IFT88 hypomorphic mutation causing

shortened cilia (Liu et al. 2005b). This abrogated response occurred in tubular

segments that were not yet dilated, suggesting defective mechanotransduction

might mark tubules sensitized to cystogenesis. In addition, magnitude of the Ca2+

response was observed to be twofold higher at P14 than at P7 in wild-type mice, an

increase that was not observed in orpk mice. This suggests that the cilia-mediated,

flow-induced intracellular Ca2+ response matures at P14. Interestingly, this time

point coincides with the developmental window that influences renal cystic disease

severity (Piontek et al. 2007).

Absence of PC1 or PC2 function in renal cells also obliterated flow-mediated

intracellular Ca2+ increase (Nauli et al. 2003). This led to the proposal that ciliary

PC1 senses flow and activates the Ca2+ channel activity of ciliary PC2, causing Ca2+

influx into the cilium, which, in turn, results in increased intracellular Ca2+. FPC,

TRPV4, and NEK8 also complex with PC2 at the primary cilium, and cells deficient

in these proteins have shown impaired mechanotransduction (Kottgen et al. 2008;

Manning et al. 2013; Wang et al. 2007). Yet, the variable development of renal

tubular cysts among various Pkhd1 mutant mouse models, with some displaying

absence of cysts (Gallagher et al. 2008; Moser et al. 2005) and others presence of

cysts (Garcia-Gonzalez et al. 2007; Woollard et al. 2007), the presence of glomer-

ular but not tubular cysts in Nek8-null mice, which die at birth (Manning et al.

2013), contrasting with the Nekjck/jck mutant adults, which show a phenotype

resembling human ADPKD (Smith et al. 2006), along with the lack of renal cyst

formation in Trpv4-deficient mice and zebrafish, has questioned the contribution of

impaired mechanotransduction to renal cystogenesis (Kottgen et al. 2008). In

Pkhd1-mutant PCK rats, which model ARPKD and develop renal cysts, TRPV4

mechanosensory function was reduced in cyst-lining epithelial cells and TRPV4

activation attenuated the renal cystic disease (Zaika et al. 2013), demonstrating that

impaired fluid flow-induced intracellular Ca2+ generation can modulate renal cystic

disease, even if it may not be sufficient to initiate renal cystogenesis. Since

mutations in PKHD1 cause ARPKD in humans and rats, but show variable effects

in mice, these varying influences of FPC on renal cystogenesis across different

species may reflect differential regulation of fluid flow-induced Ca2+ responses in

mouse, rat, and human kidneys. Likewise, the requirement of TRPV4 in fluid flow-

induced Ca2+ generation may be cell line or tubule segment specific as illustrated by

the lack of involvement of TRPV4 in fluid flow-mediated, PC2- and calcium-

dependent induction of endothelin-1 expression in IMCD cells (Pandit et al. 2015).

Dysfunctional flow sensing or mechanotransduction may contribute to renal

cystogenesis via aberrant calcium-mediated or calcium-independent mechanisms.

Collecting duct cells derived from the orpk mouse mutant exhibit blunted primary

cilia, increased apical calcium entry in response to fluid flow (Siroky et al. 2006)

and to epidermal growth factor (EGF) treatment, and an augmented PC2- and

TRPV4-dependent proliferative response to EGF (Zhang et al. 2013). PC1

undergoes mechano-regulated cleavages within its C-terminal tail (CTT), generat-

ing fragments (CTT, P30, P15) that translocate to the nucleus, interact with various

transcription transactivators (CHOP, TCF, STAT3, STAT6), and modulate
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proliferative, apoptotic, or cytokine-stimulated pathways. Cleavage of the CTT is

stimulated by loss of mechanostimulation, as in MDCK cultures under static

(no-flow) conditions (Low et al. 2006) or in wild-type mouse kidneys subjected

to unilateral obstruction of the ureter, and by loss of mechanosensory function, as in

Kif3a-null kidneys which lack primary cilia (Chauvet et al. 2004). PC2 influences

cleavage and subsequent stabilization of PC1 CTT via a calcium-independent

mechanism. Membrane-localized (non-cleaved) CTT binds and sequesters

STAT6 and its coactivator P100 to prevent their nuclear activity (Low et al.

2006), or maintains canonical (JAK-activated, SOCS inhibitable) signaling via

STAT1 and STAT3, thought to modulate cytokine-mediated STAT signaling

(Talbot et al. 2011, 2014). Cleavage and nuclear translocation of CTT can be

anti-cystogenic, by binding to CHOP, TCF, or β-catenin to prevent interaction

with p300, thus inhibiting apoptosis or proliferative Wnt-signaling (Lal et al.

2008; Merrick et al. 2012), or can exacerbate cystic disease via Src-mediated or

augmented cytokine-mediated STAT3 activation (Talbot et al. 2011, 2014). Obser-

vations of CTT fragments and nuclear staining with antibodies directed to the

C-terminus of PC1 in human ADPKD kidneys (Talbot et al. 2011), along with

the abilities of leflunomide and pyrimethamine, inhibitors of STAT6 and STAT3,

respectively, to ameliorate cystic disease in PKD mouse models (Olsan et al. 2011;

Takakura et al. 2011), support the relevance of these CTT-mediated functions

in PKD.

For more than a decade, Ca2+ influx into the cilium could only be speculated

until strategies to visualize Ca2+ in the primary cilium were pioneered. Genetically

encoded Ca2+ indicators were fused to a ciliary targeting sequence of ciliary

localized proteins (Delling et al. 2013; Jin et al. 2014a; Su et al. 2013). Jin et al.

(2014a) showed that upon mechanical bending of a primary cilium, Ca2+ increased

in the cilium, which was followed by increased Ca2+ in the cytosol, at last providing

experimental evidence that primary cilia convert fluid flow shear stress into ciliary

Ca2+ signals (Fig. 11.3a). Additionally, Pkd2 siRNA knockdown impeded the

increased ciliary Ca2+ response, supporting the role of PC2 in mediating flow-

induced Ca2+ response. This sequence of events has been supported in vivo in the

nonmotile cilia of zebrafish Kupffer’s vesicle, which is orthologous to the mam-

malian node. In the node, leftward fluid flow generated by nodal cilia elevates

cytosolic calcium in cells on the left side of the node, triggering asymmetric gene

expression which is required for left–right asymmetry. In response to leftward fluid

flow, Ca2+ was shown to increase in nonmotile cilia and, subsequently, in the

cytoplasm, supporting that primary cilia transduce mechanical forces into ciliary Ca
2+ (Yuan et al. 2015). pkd2 and its putative partner pkd1-like1 were identified as the
molecules required for mechanotransduction in Kupffer’s vesicle.

However, by patch clamping the cilium, DeCaen et al. (2013) showed that ciliary

ion currents were generated by the gene products of Pkd1L1 and Pkd2L1, while
PC1 and PC2 activities were undetectable (DeCaen et al. 2013). In addition, laser

disruption of the ciliary tip increased ciliary Ca2+, but caused only small increases

in Ca2+ at the ciliary base, which did not significantly alter cytosolic Ca2+ levels

(Delling et al. 2013) (Fig. 11.3b). By developing a transgenic mouse expressing a
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ratiometric genetically encoded Ca2+ indicator in primary cilia and using swept-

field confocal microscopy capturing up to 500–1000 frames/s to image cells and

tissues derived from this mouse, fluid flow was not observed to induce Ca2+ changes

in primary cilia of cultured kidney epithelial cells nor in the renal thick ascending

limb of loop of Henle, in crown cells of the embryonic node, or in kinocilia of inner

ear hair cells (Delling et al. 2016). In incidences when ciliary Ca2+ increased, Ca2+

was observed first to increase in the cytoplasm and subsequently to diffuse into the

cilium. At supraphysiological flow velocities, ciliary tips were observed to rupture,

which was followed by extracellular Ca2+ entry. Collectively, these results chal-

lenge the notions that primary cilia and the polycystins transduce mechanical strain

into ciliary Ca2+ and, moreover, that ciliary Ca2+ regulates intracellular Ca2+.

Mathematical modeling of ciliary deflection and cellular response has provided

additional perspectives (Fig. 11.3c). By integrating data from measurements of

shear stress-induced intracellular Ca2+ generation in microperfused and split-open

rabbit cortical collecting ducts with theoretical modeling, Liu et al. (2003) proposed

that activation of increased intracellular Ca2+ initiates at the base of the cilium

where the cilium transfers mechanical forces to the cytoskeleton (Liu et al. 2003).

Fig. 11.3 Models of fluid flow shear stress-induced intracellular Ca2+ generation. (a) Fluid flow

induces ciliary Ca2+ influx, which releases intracellular Ca2+ stores (Jin et al. 2014a; Yuan et al.

2015). (b) Ciliary Ca2+ influx induced by ciliary membrane rupture increases Ca2+ at ciliary base

but does not release intracellular Ca2+ stores (Delling et al. 2013). (c) Bending of primary cilium

induced by fluid flow causes strain at base of cilium, which induces Ca2+ influx via apical and

basolateral membranes and, subsequently, release of intracellular Ca+2 stores (Liu et al. 2003;

Rydholm et al. 2010; Khayyeri et al. 2015)
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Consistent with the ciliary base having an important role in mechanotransduction,

another mathematical model suggested that ciliary deflection causes strain to build

up at the base of the primary cilium and in the surrounding cell membrane

(Rydholm et al. 2010). This strain buildup occurred approximately 30 s following

induction of fluid flow coinciding with the 30 s time delay observed to generate a

flow-induced intracellular Ca2+ response in MDCK cells (Praetorius and Spring

2001). In addition to strain accumulating at the ciliary base, results of another

computational study showed that deflection of primary cilia causes strain to accu-

mulate also at the nucleus and Golgi apparatus (Khayyeri et al. 2015). Thus,

analysis of transcriptional or posttranslational changes upon fluid flow may merit

investigation.

Taken together, the data suggest that the intermediary steps between ciliary

deflection and increased intracellular Ca2+ require further study. Differences in cell

lines, imaging techniques, use of cell monolayers versus perfused or split-open

tubules, and species may contribute to the discrepancies. The debate on the role of

the primary cilium as a mechanotransducer of ciliary Ca2+ continues (Tran and

Lechtreck 2016). Super-resolution imaging and additional in vivo studies may be

important in defining the mechanosensory role of primary cilia.

11.5 Primary Cilium is a Signaling Organelle

Multiple signaling pathways are disrupted in ADPKD (reviewed in Song et al.

2009; Torres and Harris 2006), and accumulating evidence suggests that a number

of these are mediated by primary cilia. We discuss Ca2+/cAMP, LKB1/AMPK, and

Wnt signaling, which play important roles in PKD. In addition, we review Hedge-

hog (Hh) signaling, whose regulation at the primary cilium is the most character-

ized, and thus, ciliary mechanisms learned from this pathway may enable ideas that

can be applied to other signaling molecules relevant to PKD.

11.5.1 Ca2+/cAMP

Ca2+ levels are fivefold higher in the cilium than in the cytosol demonstrating that

the cilium is a separate Ca2+ compartment (Delling et al. 2013). Additionally,

studies by Choi et al. (2011) indicate that PC2 is integral to the formation of a

complex that regulates cAMP and Ca2+ at the primary cilium. The PC2 C-terminus

interacts with A-kinase anchoring protein 150 (AKAP150), which creates a scaffold

for binding of protein kinase A (PKA); adenylyl cyclases 5 and 6 (AC5/6), which

synthesize cAMP; and phosphodiesterase 4C (PDE4C), which catabolizes cAMP

(Choi et al. 2011). Loss of PC2 in Pkd2�/� derived renal epithelial cells resulted in

the absence of ciliary AC5/6 and PDE4C and elevated intracellular cAMP levels.

Expression of wild-type PC2, but not of a PC2 mutant lacking Ca2+ channel
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activity, decreased cAMP levels, suggesting that the PC2 Ca2+ channel activity

specifically regulates cAMP levels. Using proximity labeling, Mick et al. (2015)

also detected the ciliary presence of PKA and AC5/6 in IMCD3 cells (Mick et al.

2015). Collectively, these data suggest that cilia are distinct Ca2+/cAMP signaling

organelles. The influence of ciliary Ca2+ in modulating ADPKD has been demon-

strated genetically in mice (Jin et al. 2014b). The voltage-dependent L-type calcium

channel, CaV1.2, localizes to primary cilia, but is absent from cilia in Pkd1�/� and

Pkd2�/� derived renal epithelial cells. Deletion of CaV1.2 in Pkd1 heterozygous

mice caused the growth of few but extremely large renal cysts, while cysts did not

occur in single Pkd1 heterozygotes.

Although mechanisms linking ciliary Ca2+/cAMP to cytosolic pools require

further investigation, targeting cAMP formation in preclinical models of ADPKD

has proven extremely effective (Gattone et al. 2003; Torres et al. 2004; Wang et al.

2005, 2008). Intracellular cAMP formation can be attenuated by inhibiting arginine

vasopressin receptor 2 (AVPR2), which stimulates AC6, or activating the somato-

statin receptor, which inhibits AC6. Administration of Tolvaptan, an inhibitor of

AVPR2, together with pasireotide, an activator of somatostatin receptors in the

Pkd1RC/RCmouse, resulted in lower renal cystic and fibrotic volumes than treatment

with either Tolvaptan or pasireotide alone, demonstrating that targeting both

receptors simultaneously is more effective than targeting one alone (Hopp et al.

2015). Knockout of Pde1a, Pde1c, or Pde3a, which catabolize cAMP, in a Pkd2
-/WS25 mouse model exacerbated renal cystogenesis, suggesting that activating these

enzymes may also be beneficial (Ye et al. 2015).

The Tolvaptan Efficacy and Safety in Management of Autosomal Dominant

Polycystic Kidney Disease and its Outcomes (TEMPO) 3:4 study was a 3-year

phase III clinical trial, in which early-stage ADPKD patients anticipated to have

rapid renal cyst growth were randomly assigned to either a Tolvaptan or a placebo

treatment group (Torres et al. 2011). ADPKD patients administered Tolvaptan

showed reduced kidney volume and reduced symptoms of kidney malfunction,

including flank pain, hypertension, and albuminuria, compared to patients admin-

istered a placebo (Torres et al. 2012). Tolvaptan has been approved for ADPKD

patients in Japan, Canada, and Europe. In the USA, the Food and Drug Adminis-

tration considered the side effects, such as polyuria, excessive thirst, and risk of

liver injury, to outweigh the benefits. However, an open-label extension study

(TEMPO 4:4) is ongoing (https://clinicaltrials.gov/ct2/show/record/

NCT01214421).

11.5.2 LKB1/AMPK

The mammalian target of rapamycin (mTOR) pathway is aberrantly activated in

cyst-lining epithelial cells of human ADPKD tissue (Shillingford et al. 2006), and

administration of mTOR inhibitor, rapamycin, has attenuated renal cystogenesis in

most PKD rodent models tested (Shillingford et al. 2006; Tao et al. 2005; Wahl
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et al. 2006; reviewed in Ibraghimov-Beskrovnaya and Natoli 2011). mTOR signal-

ing is essential for cell metabolism and growth and is mediated by two multi-protein

complexes, mTOR complex 1 (mTORC1) and mTORC2. mTORC1 phosphorylates

and activates p706S kinase (S6K) and inhibits 4E-BP1 to stimulate protein synthe-

sis, enabling cell growth. While nutrient and amino acid availability stimulates

mTORC1, energy stress and the “energy sensor” molecule, AMP-activated protein

kinase (AMPK) inhibits mTORC1 in a ciliary-dependent manner (Boehlke et al.

2010).

Upon fluid flow, the ciliary-localized liver kinase B1 (LKB1) tumor suppressor

kinase phosphorylates AMPK, which accumulates at the ciliary base and suppresses

mTORC1 and, in turn, cell growth (Boehlke et al. 2010). Kif3a cko mice were

shown to have larger collecting duct cells, demonstrating the ciliary role in regu-

lating mTOR signaling and cell growth. Further, MDCK cells deficient for Kif3a or

Ift88 showed larger cell size only when subjected to fluid flow, demonstrating the

importance of fluid shear stress as a stimulus. In LKB1-deficient cells, fluid flow

also resulted in larger cells, and while P-AMPK levels of whole cell lysates were

not altered, P-AMPK specifically at the basal body was reduced. Pkd2 kd MDCK

cells subjected to fluid flow did not show larger cell size nor elevated levels of

P-S6K, suggesting that fluid flow stimulation of LKB1/AMPK signaling is inde-

pendent of flow-mediated intracellular Ca2+ generation.

In addition to flow-mediated suppression of mTOR signaling, other regulators of

mTOR signaling have been identified. Lack of ubiquitination of the hepatocyte

growth factor (HGF) receptor, c-Met, also activates mTOR signaling in a PKD

mouse model, and administration of a c-Met inhibitor attenuated renal cystogenesis

in Pkd1-null mutant embryos (Qin et al. 2010). Additionally, treatment of MDCK

cells with metformin, which activates AMPK, suppressed mTOR signaling and

CFTR activity, and administration of metformin to Pkd1mouse mutants either prior

to or during renal cyst formation attenuated renal cystic disease (Takiar et al. 2011).

Despite the success of mTor inhibitors in attenuating cystic disease in most

preclinical models of PKD, clinical trials of sirolimus (rapamycin) and its deriva-

tive, everolimus, in ADPKD patients have not shown the same efficacy (Ruggenenti

et al. 2016; Serra et al. 2010; Walz et al. 2010). In an 18-month study, no difference

in total kidney volume was observed in patients treated with sirolimus compared to

patients receiving standard care (Serra et al. 2010). In a 24-month study, ADPKD

patients receiving everolimus showed a lower total kidney volume increase, but

also a lower parenchymal volume increase, and kidney function was not better than

those of patients receiving a placebo (Walz et al. 2010). In another study, ADPKD

patients at stages 3b and 4 of chronic kidney disease received sirolimus for 1 year

but showed greater decline in glomerular filtration rate (GFR), increased protein-

uria, and higher total kidney volume than patients receiving conventional care

(Ruggenenti et al. 2016). The study concluded that sirolimus was unsafe and

ineffective in ADPKD patients. Another study is ongoing to determine if pulsed

administration of sirolimus will be more effective (https://clinicaltrials.gov/ct2/

show/NCT02055079). Rapamycin acts mostly on mTORC1, and feedback mecha-

nisms may result in elevated mTOR signaling via mTORC2. A new mTOR
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inhibitor that inhibits both complexes has shown efficacy in a rat model of PKD

(Ravichandran et al. 2015). Alternatively, targeting the pathway upstream of

mTORC1/2 at the level of AMPK or cMet might also be more effective. Addition-

ally, administration of lower doses of mTOR inhibitors as part of a combination

therapy may also yield more beneficial results. Finally, targeting drug delivery to

the kidney may be most effective at reducing toxicity and increasing therapeutic

efficacy (Shillingford et al. 2012). Folate receptors are expressed at high levels in

the kidney, and thus, folate receptor-mediated endocytosis may be exploited to

target compounds to the kidney. Indeed, administration of folate-conjugated

rapamycin (FC-rapamycin) to adult mice reduced mTOR signaling in the kidney

and not in the spleen. FC-rapamycin also attenuated PKD in bpk (BALB/c polycystic
kidneys) mice, mutant for Bicaudal C Family RNA-binding protein 1 (Bicc1)
(Cogswell et al. 2003), which regulates Pkd2 via microRNA miR-17 (Tran et al.

2010).

11.5.3 Wnt

Wnt signaling is activated upon binding of Wnt ligand to a Frizzled (Fz) receptor.

Downstream of this, Wnt signaling partitions into canonical and noncanonical

pathways, determined by the presence of co-receptors. While canonical Wnt sig-

naling regulates cell proliferation, differentiation, and cell fate, noncanonical sig-

naling directs tissue organization and morphogenesis and causes transient increases

in intracellular Ca2+. For the purpose of this review, we will focus predominantly on

the canonical pathway. For a review on noncanonical signaling and ADPKD, see

Tran et al. (2014a).

In the canonical pathway, in the absence of ligand, a destruction complex

comprised of scaffolding protein, Axin2, adenomatous polyposis coli (APC), casein

kinase 1 (CK1), and glycogen synthase kinase 3β (GSK3β) phosphorylates and

targets β-catenin for degradation. In the presence of ligand, binding of Wnt to Fz

recruits the low-density lipoprotein (LDL)-related protein 6 (LRP6) co-receptor,

cytoplasmic Dishevelled (Dvl), Axin2, and GSK3β concomitantly disassembling

the destruction complex. Stabilized β-catenin translocates to the nucleus and

dimerizes with the T-cell factor/lymphoid enhancer factor (TCF/LEF) transcription

factors to activate target genes, such as Lef1, Axin2, and c-myc, promoting cell

proliferation (reviewed in Oh and Katsanis 2013).

Two studies show that fluid flow can regulate Wnt signaling. Fluid flow across

IMCD cells increased the expression of inversin, which is mutated in NPHP2, and

downregulated β-catenin (Simons et al. 2005). While experiments in Xenopus
laevis embryos and mammalian renal epithelial cells suggested that inversin antag-

onizes canonical Wnt signaling while promoting the noncanonical Wnt/Planar Cell

Polarity pathway (Simons et al. 2005), kidneys of inversin-null mouse mutants

showed normal regulation of canonical Wnt signaling (Sugiyama et al. 2011),

suggesting regulation of the balance between mammalian canonical and
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noncanonical Wnt branches may be more intricate in vivo. Fluid flow in the mouse

embryonic node has also been shown to regulate Wnt signaling via feedback loops

with Cerl2 (Nakamura et al. 2012). An early event in establishing left–right

asymmetry is the decay of Cerl2 mRNA on the left side of crown cells in the

mouse node induced by fluid flow. Wnt3 promotes Wnt3 expression and further

Cerl2 mRNA degradation, and conversely, Cerl2 promotes Wnt3 degradation.

These data suggest that flow-mediated decay of Cerl2 enables asymmetric Wnt

signaling around the node. This contrasts with the effect of fluid flow over IMCD

cells, which leads to downregulated β-catenin.
Pathway components, such as β-catenin, APC, and Dishevelled 3, localize to the

ciliary axoneme, while P-β-catenin, which is targeted for degradation, is present at

the basal body (Corbit et al. 2008; Mick et al. 2015). In Kif3a�/� embryos and in

Wnt3a ligand-stimulated cells derived from Kif3a�/�, IFT88orpk/orpk, and Ofd1�/
� mice harboring the Batgal Wnt reporter, reporter activity increased, suggesting

that cilia act as a “brake” in canonical Wnt signal transduction (Corbit et al. 2008).

In vitro studies suggest that Jouberin (Jbn), encoded by AHI1, which is mutated in

Joubert Syndrome, facilitates nuclear translocation of β-catenin and that the pri-

mary cilium acts to sequester Jouberin and β-catenin away from the nucleus

(Lancaster et al. 2011).

Yet, the functionality of primary cilia in mediating Wnt signaling has been

unclear. IFT mutant embryos show Hedgehog (Hh) mutant phenotypes and not

phenotypes characteristic of misregulated Wnt signaling (reviewed in

Eggenschwiler and Anderson 2007). Additionally, although Kif3a�/�; Batgal
and Ift88�/�;Batgal embryos showed increased Wnt reporter activity (Corbit

et al. 2008), Thm1aln/aln; Batgal and Ahi�/�;Batgal embryos, which have short-

ened and absent cilia, respectively, showed normal reporter activity (Lancaster

et al. 2011; Stottmann et al. 2009). Interestingly, Dnchc2�/�;Batgal embryos

showed decreased reporter activity in the kidney but increased activity in the

midbrain (Lancaster et al. 2011). This varying effect of Dnchc2 deficiency was

demonstrated in vitro. Moderate inhibition of Dnchc2, which did not affect cilia

structure, dampened Wnt response, while greater inhibition of Dnchc2, which
shortened cilia, increased Wnt response. Thus, ciliary regulation of Wnt signaling

is context dependent; some organs, such as the brain, are more sensitive to dosage

of a particular ciliary gene. These data also suggest that deficiency of different

ciliary genes differentially influences Wnt signaling output.

The correct balance of Wnt signaling is critical for maintaining renal tubular

integrity, and both inappropriate activation and inhibition of the pathway can lead

to renal cysts. Renal-specific overexpression of active β-catenin or loss of APC,

which negatively regulates β-catenin, caused renal cysts in mice (Qian et al. 2005;

Saadi-Kheddouci et al. 2001). Additionally, enhancing canonical Wnt signaling by

ablating Aquaporin 1 (Aqp1) in a mouse model of PKD exacerbated renal

cystogenesis (Wang et al. 2015). AQP1 interacts with β-catenin, GSK3β, LRP6,
and Axin1, and deficiency of AQP1 increased the levels of stabilized β-catenin.
Finally, in an Mks1 knockout mouse model of Meckel Syndrome with shortened

cilia, canonical Wnt signaling was upregulated prior to cysts forming in embryonic
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mutant kidneys (Wheway et al. 2013). Conversely, in Ahi�/� mice, which model

NPHP, canonical Wnt signaling was reduced at 5 months of age, and renal

microcysts and tubular dilations ensued at 12 months of age (Lancaster et al. 2009).

However, misregulated Wnt signaling does not precede cystogenesis in all

mouse models of cystic kidney disease. In mice with renal-specific deletion of

Kif3a, Ift20, Ift140, or Tmem67, upregulation of canonical Wnt signaling was

detected after renal cysts were formed, suggesting that other mechanisms underlie

initiation of renal cystogenesis (Jonassen et al. 2008, 2012; Leightner et al. 2013;

Lin et al. 2003). A direct role for loss of polycystins onWnt signaling in vivo is also

controversial. Pkd1�/�; TCF-lacZ embryonic kidneys and Pkd2/WS25; TCF-lacZ
adult kidneys showed normal reporter activity in cyst-lining epithelia and normal

levels of β-catenin in whole kidney lysates, even after cysts had formed (Miller

et al. 2011). In direct contrast, canonical Wnt signaling was upregulated in cyst-

lining epithelial cells of E17.5 Pkd1�/�; TCF-lacZ kidneys, and levels of total and

active β-catenin of whole kidney lysates were also elevated (Qin et al. 2012).

Varying expression levels and patterns by different Wnt reporter lines and the

absence of Wnt reporter activity in sites of known canonical Wnt signaling have

been reported. Different background strains may also possibly account for the

discrepancies observed in reporter activity as well as β-catenin levels.

Recently, PC1 has been shown to bind various Wnt ligands. Binding of WNT9B

resulted in increased intracellular Ca2+ via Ca2+ influx, and WNT9B and WNT3A

induced whole-cell currents in WT MEFs but not in Pkd2�/� MEFs (Kim et al.

2016b). Combined morpholino knockdowns of dvl2 and pkd1 or of wnt9a and pkd1

in Xenopus showed synergistic effects on inducing a pronephric cystic phenotype,

indicating these molecules function in the same pathway. These data are the first to

identify ligands of PC1 and indicate that misregulated Wnt/Ca2+ signaling is

causative in ADPKD.

11.5.4 Hedgehog

The first signaling pathway discovered to occur at the primary cilium was the

mammalian Hh pathway. The first major discovery was made when

ethylnitrosourea (ENU)-mutagenized mouse embryos with Hh signaling pheno-

types, such as neural tube patterning defects and polydactyly, were found to have

mutations in Ift genes (Huangfu et al. 2003). Hh signaling is essential for patterning
and development of most vertebrate organs and is also critical for tissue homeo-

stasis (reviewed in Ingham et al. 2011). Hh ligands initiate signaling by binding the

transmembrane receptor, Patched (PTCH1), at the cilium. Once bound, PTCH1

diminishes from the cilium, and concomitantly, the transmembrane signal trans-

ducer, Smoothened (SMO), is enriched in the cilium and activated (Corbit et al.

2005; Rohatgi et al. 2007). A series of dephosphorylation and phosphorylation

events activate full-length Glioblastoma transcription factors, GLI2 and GLI3

(Niewiadomski et al. 2014), which accumulate at the ciliary distal tip (Haycraft
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et al. 2005). In the absence of ligand, full-length GLI3 protein is processed into

GLI3 repressor, which also requires the primary cilium. GLI transcription factors

translocate to the nucleus, and the balance of GLI activators (GLIA) to GLI3

repressor determines the level of Hh signaling output (Christensen and Ott 2007;

Eggenschwiler and Anderson 2007).

IFT, the BBSome, ciliary Ca2+, and the phospholipid content of the ciliary

membrane tune this developmental pathway by ultimately regulating ciliary local-

ization of Hh signaling components. In mice, loss of all IFT proteins misregulates

Hh signaling (Nozawa et al. 2013). Loss of most complex B proteins, which

mediate anterograde IFT, causes the absence of cilia and inability to transduce

the Hh signal (Huangfu and Anderson 2005; Huangfu et al. 2003; Liu et al. 2005a).

In contrast, loss of IFT complex A proteins, THM1 and IFT122, which largely

mediate retrograde IFT, sequesters proteins in bulb-like structures at the distal tip of

shortened cilia and causes inappropriate activation of the Hh pathway due to

enhanced GLI2A and GLI3A activities (Qin et al. 2011; Tran et al. 2008). In

addition to cilia compartmentalizing the Hh signaling cascade, IFT is integral to

Hh transduction by trafficking signaling components within cilia. Unlike most

complex B proteins, IFT25 and IFT27 are not essential for ciliogenesis but form

a subcomplex that is critical for ciliary import of GLI2 and ciliary export of the

BBSome and its cargoes, PTCH1, SMO, and Gpr161, a negative regulator of the

pathway (Eguether et al. 2014; Keady et al. 2012; Liew et al. 2014). As a result, loss

of IFT25 or IFT27 does not alter cilia structure but disrupts activation of the

pathway. Ca2+ modulates IFT (Collingridge et al. 2013), and treatment of MEF

with Smoothened Agonist (SAG) resulted in elevated ciliary Ca2+ after 24 h

(Delling et al. 2013). Delling et al. (2013) propose that rather than SAG directly

activating Ca2+ channels, SAG recruits PC2-L1 to primary cilia to “tune” Ca2+

levels for proper function of IFT proteins, such as IFT25, which has a Ca2+ binding

site. Delling et al. (2013) further propose that other Hh signaling molecules be

examined for Ca2+ dependence. More recently, the phospholipid content of the

ciliary membrane has also been shown to be a critical regulator of the pathway.

Phophoinositide phosphatase, INPP5E, in which mutations cause ciliopathies

(Jacoby et al. 2009), creates a distinct phosphoinositide distribution in the ciliary

membrane, whereby phosphoinositide 4-phosphate (PI(4)P) is present in the mem-

brane that ensheathes the axoneme and phosphoinositide 4,5-bisphosphate (PI(4,5)

P2) comprises the membrane at the ciliary base (Chavez et al. 2015; Garcia-

Gonzalo et al. 2015). Loss of INPP5E caused mislocalization of PI(4,5)P2 to the

ciliary membrane enclosing the axoneme, which increased ciliary localization of

Hh negative modulators, PI(4,5)P2-binding Tulp3, Gpr161, and IFT140, resulting

in inactivation of the pathway.

Like the Wnt pathway, regulation of Hh signaling has been studied mostly in

cells that do not undergo shear stress. However, Hh signaling also has a role in

chondrocytes, which do undergo mechanical strain. In embryonic chondrocytes, Hh

signaling is essential for proliferation and differentiation in the growth plate, while

in adult chondrocytes, aberrant activation of Hh signaling leads to degeneration of

chondrocytes in osteoarthritis. Chondrocytes subjected to cyclic tensile strain

304 P. Avasthi et al.



(CTS) showed increased Ihh transcription and increased Hh activity as assessed by

levels of Gli1 transcripts (Thompson et al. 2014). In Ift88orpk/orpk cells subjected to

CTS, Ihh transcription increased but Gli1 transcription did not, demonstrating that

the primary cilium is not required for Ihh transcription but for transduction of the

pathway. Thus, in chondrocytes, Hh signaling is regulated in a mechanosensitive

manner (Shao et al. 2012; Thompson et al. 2014).

Evidence that Hh signaling is increased in renal cystogenesis is emerging. In a

genome-wide transcriptome analysis of human ADPKD renal cystic tissue, expres-

sion of Hh signaling components, including Gli2, was upregulated (Song et al.

2009). Additionally, several mouse models of renal cystic disease show increased

Hh signaling. Mutation of the Glis2 transcription factor, a member of the Kruppel-

like C2H2 zinc finger protein subfamily, including the GLI proteins, causes NPHP

in humans and mice, and transcriptome analysis of Glis2�/� kidneys revealed an

upregulation of Gli1, a direct target of the Hh pathway (Attanasio et al. 2007). In

vitro, Glis2 repressed the Hh pathway and Glis2 knockdown resulted in transfor-

mation of renal epithelial cells to a fibroblast appearance, suggesting that reduced

levels of Hh signaling may maintain renal tubular epithelial cells in a differentiated

state (Li et al. 2011). Conditional deletion of IFT140, a complex A protein, resulted

in cystic kidney disease and increased expression of Gli transcripts in cystic

kidneys, suggesting increased Hh signaling (Jonassen et al. 2012). Similarly,

perinatal deletion of Thm1, which also encodes a complex A protein (Tran et al.

2008) and is mutated in patients with ciliopathies (Davis et al. 2011), also caused

cystic kidney disease in mice and increased expression of Gli transcripts in cystic

kidneys (Tran et al. 2014b). Further, Gli transcripts were also increased in jck and
Pkd1 cko cystic kidneys.

In a study examining the effects of corticosteroid overexposure on kidney

development, addition of Hh inhibitor, cyclopamine, reduced hydrocortisone-

induced cysts without affecting organ growth, implicating increased Hh signaling

in this mechanism of cystogenesis (Chan et al. 2010). Hh inhibitors also prevented

cyst formation in cultured embryonic kidneys of Thm1, jck, and Pkd1 mutant mice

(Tran et al. 2014b). Downregulating Hh signaling in orthologous PKD mouse

models in vivo will help determine a functional role for increased Hh signaling in

PKD-mediated renal cystogenesis.

11.6 Perspectives

While aberrant regulation of multiple signaling pathways has been implicated in

ADPKD, this complexity is not unique to ADPKD but occurs also in cancer and

correlates with more advanced disease. This emphasizes the need to understand the

molecular mechanisms of early disease and, ultimately, those that initiate disease

processes. In ADPKD-derived, PKD1-mutant iPS cells, only the absence of ciliary

PC1 and PC2, and not abnormalities in cell proliferation, apoptosis, or ciliogenesis,

was observed, suggesting that ciliary mislocalization of proteins may be early
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events (Freedman et al. 2013). Thus, determining the proteins resident in cilia in

healthy and disease states may help reveal initiating mechanisms. Advances in

proteomics and imaging technologies may facilitate such investigations. Recently,

proximity labeling of primary cilia using APEX technology was demonstrated to

successfully uncover novel proteins in wild-type and Ift27�/� primary cilia (Mick

et al. 2015). APEX technology provides remarkable sensitivity to allow temporal

“snapshots” of both transient and stable residents of the dynamic ciliary proteome.

Performing similar experiments in PC1/PC2-deficient cells, which also have pri-

mary cilia, seems feasible. Proximity labeling may also be applied to examining

proteins at the ciliary base, the ER, and Golgi apparatus in response to fluid flow

and in PKD1/2mutant cells to further analyze the cellular events important in PKD

biology.

Super-resolution imaging has refined the localization of proteins at the ciliary

base. Combining stimulated emission depletion (STED) super-resolution imaging

with transmission electron microscopy has provided a nanometer-scale view of the

spatial distribution of seven proteins at the transition zone and distal appendices in

mammalian cells (Yang et al. 2015). This level of resolution can be applied to

proteins uncovered using proteomics technology in the axoneme, ciliary base, ER,

and Golgi apparatus. Live imaging of renal proximal tubules of CiliaGFP mice that

express ciliary-localized somatostatin receptor 3 (Sstr3)::GFP shows that fluid flow

causes cilia to bend and lie almost parallel to the apical cell surface (O’Connor et al.
2013). These experiments can be extended to analyzing cilia behavior at various

stages of renal cystogenesis and correlating with fluid flow-induced intracellular Ca
2+ generation. The achievement of imaging ciliary Ca2+ in vivo can also be applied

to possibly other organelles and possibly other pathways.

Thus far, targeting cAMP levels by administration of Tolvaptan has proven most

effective in treating patients with ADPKD. Still this therapy can be ameliorated to

improve efficacy and reduce side effects. Targeting other pathways in combination

with Tolvaptan and directing drug delivery to the kidney may potentiate therapeutic

benefits. Alternatively, targeting the PC protein defect and ciliary mislocalization

has been proposed as a more proximal therapy (Cai et al. 2014; Trudel et al. 2016).

Approximately, 30% of mutations are missense mutations for which the protein

defect may be potentially targeted. Since ciliary localization of Hh signaling

components is regulated by phospholipid content of ciliary membrane, investiga-

tions into the role of the ciliary membrane lipid content on PC ciliary localization

may also be warranted. Glycosphingolipid metabolism modulates ADPKD in

mouse models (Natoli et al. 2010) and is involved in the formation of apical

membrane and primary cilia of differentiated MDCK cells (Pescio et al. 2012).

Thus, the future of ADPKD research promises exciting discoveries toward finding

effective therapies and ultimately a cure.
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Chapter 12

Inflammation and Fibrosis in Polycystic
Kidney Disease

Cheng Jack Song, Kurt A. Zimmerman, Scott J. Henke,
and Bradley K. Yoder

Abstract Polycystic kidney disease (PKD) is a commonly inherited disorder

characterized by cyst formation and fibrosis (Wilson, N Engl J Med

350:151–164, 2004) and is caused by mutations in cilia or cilia-related proteins,

such as polycystin 1 or 2 (Oh and Katsanis, Development 139:443–448, 2012;

Kotsis et al., Nephrol Dial Transplant 28:518–526, 2013). A major pathological

feature of PKD is the development of interstitial inflammation and fibrosis with an

associated accumulation of inflammatory cells (Grantham, N Engl J Med

359:1477–1485, 2008; Zeier et al., Kidney Int 42:1259–1265, 1992; Ibrahim, Sci

World J 7:1757–1767, 2007). It is unclear whether inflammation is a driving force

for cyst formation or a consequence of the pathology (Ta et al., Nephrology

18:317–330, 2013) as in some murine models cysts are present prior to the increase

in inflammatory cells (Phillips et al., Kidney Blood Press Res 30:129–144, 2007;

Takahashi et al., J Am Soc Nephrol JASN 1:980–989, 1991), while in other models

the increase in inflammatory cells is present prior to or coincident with cyst

initiation (Cowley et al., Kidney Int 43:522–534, 1993, Kidney Int

60:2087–2096, 2001). Additional support for inflammation as an important con-

tributor to cystic kidney disease is the increased expression of many

pro-inflammatory cytokines in murine models and human patients with cystic

kidney disease (Karihaloo et al., J Am Soc Nephrol JASN 22:1809–1814, 2011;

Swenson-Fields et al., Kidney Int, 2013; Li et al., Nat Med 14:863–868, 2008a).

Based on these data, an emerging model in the field is that disruption of primary

cilia on tubule epithelial cells leads to abnormal cytokine cross talk between the

epithelium and the inflammatory cells contributing to cyst growth and fibrosis

(Ta et al., Nephrology 18:317–330, 2013). These cytokines are produced by

interstitial fibroblasts, inflammatory cells, and tubule epithelial cells and activate

multiple pathways including the JAK-STAT and NF-κB signaling (Qin et al., J Am

Soc Nephrol JASN 23:1309–1318, 2012; Park et al., Am J Nephrol 32:169–178,

2010; Bhunia et al., Cell 109:157–168, 2002). Indeed, inflammatory cells are
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responsible for producing several of the pro-fibrotic growth factors observed in

PKD patients with fibrosis (Nakamura et al., Am J Nephrol 20:32–36, 2000; Wilson

et al., J Cell Physiol 150:360–369, 1992; Song et al., Hum Mol Genet

18:2328–2343, 2009; Schieren et al., Nephrol Dial Transplant 21:1816–1824,

2006). These growth factors trigger epithelial cell proliferation and myofibroblast

activation that stimulate the production of extracellular matrix (ECM) genes

including collagen types 1 and 3 and fibronectin, leading to reduced glomerular

function with approximately 50% of ADPKD patients progressing to end-stage

renal disease (ESRD). Therefore, treatments designed to reduce inflammation and

slow the rate of fibrosis are becoming important targets that hold promise to

improve patient life span and quality of life. In fact, recent studies in several

PKD mouse models indicate that depletion of macrophages reduces cyst severity.

In this chapter, we review the potential mechanisms of interstitial inflammation in

PKD with a focus on ADPKD and discuss the role of interstitial inflammation in

progression to fibrosis and ESRD.

12.1 Introduction

Polycystic kidney diseases (PKD) are a group of genetically inheritable disorders

that are characterized by the formation of cysts in the kidney and other organs

(Wilson 2004). Two forms of autosomal PKD exist, depending on their underlying

genetic mutation. Autosomal dominant PKD (ADPKD) affects approximately 1 in

1000 people and is caused by a mutation in either PKD1 or PKD2, which encode the
polycystin-1 (PC1) or polycystin-2 (PC2) protein, respectively (Wilson 2004).

Autosomal recessive PKD (ARPKD) affects 1 in 20,000 individuals and is caused

by a mutation in PKHD1, which encodes the protein fibrocystin/polyductin (Wilson

2004). For both forms of the disease, the affected proteins localize to the primary

cilia although both proteins are also found in regions outside of the primary cilium

(Wilson 2004; Oh and Katsanis 2012). While the function of primary cilia in the

kidney remains uncertain, it has been proposed that they are involved in

mechanosensation to detect fluid flow through the tubule lumen, in regulation of

cell proliferation and oriented cell divisions, as well as in cell-to-cell and cell-to-

matrix signaling (Yoder 2007; Yoder et al. 2002; Zimmerman and Yoder 2015;

Kotsis et al. 2013; Basten and Giles 2013). In ADPKD, cyst growth is associated

with changes in epithelial cell proliferation and differentiation, fluid secretion, and

basement membrane abnormalities (Wilson 2004). Expansion of cysts leads to

obstruction and compression of surrounding nephrons that can significantly reduce

kidney function (Grantham et al. 2011). During late stages of disease progression,

cyst formation is accompanied by ECM deposition and fibrosis, further reducing

glomerular filtration and eventually leading to ESRD (Wilson 2004; Wilson and

Goilav 2007; Wilson and Falkenstein 1995). Importantly, disruption of primary

cilia or the polycystins using a variety of mouse models causes cyst formation in the
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kidney and liver along with associated fibrosis in both organs (Yoder et al. 1995;

Ma et al. 2013). Recently, in vivo studies using conditional cilia and polycystin

mutant mice showed that the rate of cyst formation depends on the timing of gene

deletion. Disruption of cilia or polycystin proteins prior to postnatal day 12–14

caused rapid cyst formation. In contrast, deletion of these proteins after postnatal

day 14 caused slow focal cyst formation (Davenport et al. 2007; Piontek et al. 2007;

Lin et al. 2003). However, the protracted rate of cyst formation in the adult-induced

mutants can be greatly exacerbated by injury (Sharma et al. 2013; Takakura et al.

2009; Patel et al. 2008). Expression profiling data indicated there is an increased

response to injury with marked elevation of innate immune response genes in cilia

or polycystin mutant samples, leading to the idea that inflammatory cells are

involved in PKD progression (Mrug et al. 2008). This is further supported by

data showing reduced cystic pathology and improved renal function in mouse

PKD models in which macrophages were depleted (Karihaloo et al. 2011;

Swenson-Fields et al. 2013). The involvement of other inflammatory cell types in

PKD is less understood. Inflammatory cells can serve as potent producers of

pro-inflammatory, pro-mitotic, and pro-fibrotic cytokines; therefore, understanding

the involvement of inflammatory cells in cyst formation and fibrosis and their

relationship with signaling pathways regulated by the primary cilia located on the

epithelium will provide innovative insights into the mechanism of disease progres-

sion. More important, this understanding will open new targets for therapeutic

intervention to slow the progression of cystic kidney disorders in humans.

12.2 Inflammation in the Pathogenesis of PKD

12.2.1 Immune Cells in PKD

Accumulation of inflammatory cells in the renal interstitial space is becoming

appreciated as a hallmark of human and animal models of PKD (Fig. 12.1a, b)

(Ta et al. 2013; Grantham 2008). One of the most studied inflammatory cells is the

macrophage. Macrophages are involved in innate immunity and in tissue develop-

ment, repair, and homeostasis (Ginhoux et al. 2015; Wynn et al. 2013). In kidney,

they express surface markers including F4/80, CD11b, and Ly6c in mice and CD14

and CD16 in humans, which are used to identify different subtypes of macrophage

(Nelson et al. 2012). An interesting feature of macrophages is their ability to

become polarized and express either pro-inflammatory or anti-inflammatory cyto-

kines in response to signals found in the tissue microenvironment. This paradigm is

supported by data showing two distinct responses to treatment with cytokines

in vitro (Gordon and Taylor 2005; Mantovani et al. 2002). Macrophages stimulated

with LPS or interferon-gamma demonstrate a pro-inflammatory Th1-like pheno-

type with potent antimicrobial and antitumor activity. This macrophage is referred
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to as the classically activated or M1-like macrophage. M1 macrophages are char-

acterized by expression of iNOS, TNF-α, and IL-1β amongst others and have a

pro-inflammatory function (Sica and Mantovani 2012; Benoit et al. 2008). On the

other hand, naı̈ve macrophages treated with interleukin-4 or 13 produce an anti-

inflammatory response and are referred to as alternatively activated or M2-like

macrophages (Adams and Hamilton 1984). These M2 macrophages express argi-

nase 1 and IL-10 and have anti-inflammatory and wound healing functions (Sica

and Mantovani 2012; Benoit et al. 2008). However, several in vivo studies dem-

onstrated that macrophages cannot be clearly defined into either M1- or M2-like

states, but have a wide degree of plasticity depending on their environment (Helm

Injury Normal
Repair

Myofibroblasts

Cyst

Altered Flow

Cystogenesis
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Fig. 12.1 Proposed model focused on the involvement of macrophages following renal injury

under normal conditions and in the presence of ciliary or polycystin dysfunction. (a) During steady
state, primary cilia protrude into the lumen of renal tubules. Macrophages (M2 like) are present in

the interstitial space surrounding the renal tubules. (b) Following injury, there is increased

accumulation of macrophage populations (M1-like) or (M2-like) in the interstitial space of the

kidney. Furthermore, cilia length initially increases following injury followed by cilia regression

during stages of rapid epithelial cell proliferation. (c) During the repair phase in the normal mouse

kidney, the injured tubules proliferate, downregulate inflammatory cell accumulation, reform

primary cilia, and fully repair the injured epithelium. (d) However, in the cilia or PKD mutant

mouse kidney, there is an increased accumulation of macrophage populations (M1 and M2) which

fail to properly resolve following injury. The persistent increase in macrophage number leads to

enhanced secretion of pro-inflammatory and pro-fibrotic cytokines which causes transition of

fibroblasts to a myofibroblast phenotype. These myofibroblasts produce large amounts of extra-

cellular matrix proteins leading to deposition of collagen into the extracellular matrix and fibrosis

in the PKD kidney
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et al. 2014; Kratochvill et al. 2015; Stables et al. 2011; Xue et al. 2014; Ginhoux

and Jung 2014; Lavin et al. 2014). It is now believed that macrophages which are

present in vivo display a range of phenotypes that fall somewhere in between the

M1 and M2 spectrum and that they are able to rapidly switch these phenotypes

based on external cues. Intriguingly, evidence suggests that M1 macrophages can

transition to an M2-like polarization following phagocytosis of necrotic or apopto-

tic cells (Huen and Cantley 2015; Fadok et al. 1998) or when cultured with renal

epithelium demonstrating the importance of the tissue microenvironment on mac-

rophage polarization (Swenson-Fields et al. 2013).

The origin of macrophages in specific tissues is an area of intense debate. The

old model regarding macrophage origin suggests that all macrophages present in

tissue can be maintained from a constant supply of bone marrow-derived circulat-

ing monocytes (van Furth and Cohn 1968; Katz et al. 1979). However, the new

model of macrophage origin has demonstrated that there are two distinct

populations of macrophages that can be distinguished by their progenitors, devel-

opmental history, and renewal mechanisms (Schulz et al. 2012). One subtype of

macrophage is derived from bone marrow progenitor cells and is referred to as

monocytes or infiltrating macrophages (in mice F4/80lo and Cd11bhi) once they

reach their destination organ (Schulz et al. 2012; Merad et al. 2002; Ginhoux et al.

2010). In contrast, tissue-resident macrophages (in mice F4/80hi and Cd11blo)

develop in the yolk sac, enter tissues early during development, and originate

from embryonic progenitors (Schulz et al. 2012). The yolk sac-derived macro-

phages persist in some adult tissues (e.g., epidermis, liver) independent of bone

marrow-derived hematopoietic stem cells (HSCs) (Schulz et al. 2012; Ginhoux

et al. 2010). They can self-proliferate in response to growth factors such as CSF-1

and other proliferative cytokines (Ginhoux and Jung 2014). In normal kidney, about

half of the resident macrophages are derived from the yolk sac and maintained

through self-renewal while the remainders are derived from the hematopoietic

lineage (Schulz et al. 2012). Resident renal macrophages have important develop-

mental roles influencing ureteric bud branching, producing cytokines, and moni-

toring surrounding cells for abnormal cell death (Rae et al. 2007; Pollard 2009). The

second distinct population of renal macrophage, the infiltrating macrophage, rap-

idly accumulates in the kidney in response to injury (e.g., following renal ischemia–

reperfusion injury; IRI), produces large amounts of pro-inflammatory cytokines,

and is associated with worsened kidney injury and fibrosis. Bone marrow-derived

infiltrating macrophages can be further classified based on expression of the surface

marker Ly6c (Ly6chi, Ly6cint, Ly6clo) (Clements et al. 2015; Lin et al. 2009).

Following IR injury, Ly6chi infiltrating macrophages present in the kidney and

produce pro-inflammatory cytokines (Clements et al. 2015). Several days after

infiltration, these Ly6chi macrophages downregulate expression of Ly6c (Ly6clo)

associated with kidney repair and production of extracellular matrix genes (Lin

et al. 2009). Despite functional similarities to M1 and M2 macrophages, gene

expression analysis comparing Ly6chi, Ly6cint, and Ly6clo macrophages to M1-

and M2-like macrophages indicates that these populations do not fit into the

canonical M1/M2 classification (Clements et al. 2015).
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Both infiltrating and resident macrophage numbers increase in PKD. While data

indicate that macrophages impact the rate of cyst formation based on depletion

studies in mice, it is not clear whether inflammation is important for cyst initiation

or is simply a consequence of the pathology (Ta et al. 2013). In the Lewis polycystic

kidney (lpk) and pck rats, data indicate cysts are present prior to the increase in

inflammatory cells (Phillips et al. 2007; Takahashi et al. 1991); however, in Han:

SPRD rats inflammatory cells are present prior to or coincident with cyst initiation

(Cowley et al. 1993, 2001). Furthermore, using a heterozygous ADPKD mouse

model exposed to IRI, two groups demonstrated an increased number of neutro-

phils, macrophages, and pro-inflammatory cytokines prior to cyst formation (Bastos

et al. 2009; Prasad et al. 2009). The functional importance of macrophages in cystic

disease progression was demonstrated by depletion of macrophages using liposo-

mal clodronate (LC), a phagocytic poison that leads to macrophage death. Treat-

ment of mice with LC improved cystic indices and renal function compared to

controls, suggesting that macrophages do have a role in promoting cyst formation

(Karihaloo et al. 2011; Swenson-Fields et al. 2013).

The overlap between resident and infiltrating macrophage populations in mice

and humans remains uncertain as many of the macrophage surface markers are not

shared between species. In human PKD, CD68-positive macrophages, which

resemble M2-like or resident macrophages in mice, are present in the renal

interstitium of ADPKD patients at both early and advanced stages of kidney disease

(Zeier et al. 1992). More recently, HAM56 (a marker for human macrophages)-

positive macrophages were shown to be distributed throughout the interstitium of

kidneys from ARPKD and ADPKD patients including sites adjacent to cysts.

However, the ratio of M2-like macrophages out of total macrophages was similar

between control and PKD kidneys (Swenson-Fields et al. 2013), suggesting that the

markers used in this study were not specific for human M2-like macrophages or that

the ratio of M2-like macrophages was unaltered in the cystic kidneys. Interestingly,

epithelial cells derived from control and cystic human kidneys produced soluble

factors which induced polarization of macrophages to an M2-like phenotype

in vitro (Swenson-Fields et al. 2013). However, marker characterization studies

of the M2-like macrophages found within ADPKD kidneys have not revealed the

origins of these macrophages (yolk sac or bone marrow derived). The M2-like

macrophage response in mice was first noted in a rapidly progressive model of

ARPKD, the Cys1-cpk mouse (Mrug et al. 2008); however, when these macro-

phages enter the kidney remains controversial. In contrast, CD-68 (ED-1)-positive

macrophages have been detected in heterozygous Han:SPRD-Cy rats when cystic

dilatations were initiating, suggesting a possible causal rather than a responsive role

for macrophages in cyst development (Cowley et al. 2001). Subsequent studies

using the PKD1fl/fl; Pkhd1-Cre mouse also demonstrated the presence of alterna-

tively activated macrophages based on expression of surface markers (F4/80+,

CD45+, CD11c-) and low levels of Ly6C (Ly6Clo) (Karihaloo et al. 2011).

The involvement of other immune cells such as T lymphocytes, mast cells, and

neutrophils has been reported in human PKD patients and rodent models (Zeier

et al. 1992; Ibrahim 2007; Takahashi et al. 1991; Vogler et al. 1999; Kaspareit-
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Rittinghausen et al. 1989; McPherson et al. 2004; Bernhardt et al. 2007). Currently,

there is significant debate about the presence of dendritic cells in the kidney.

Several groups have shown that dendritic cells are present in the kidney based on

their surface expression of CD11b, F4/80, and CD11c (Li et al. 2008b; Hochheiser

et al. 2013; Hull et al. 2015). However, CD11c has also been reported to be

expressed by tissue-resident macrophages, raising the possibility that resident

macrophages and dendritic cells may be overlapping populations (Cao et al.

2015). In addition to macrophages, the number of CD4-positive T cells is increased

in the interstitial space of ADPKD patients and in animal models of PKD (Zeier

et al. 1992; Takahashi et al. 1991; Vogler et al. 1999; Kaspareit-Rittinghausen et al.

1989). Furthermore, it is believed that mast cells may be involved in PKD progres-

sion through production of pro-inflammatory molecules including chymase and

AngII (McPherson et al. 2004; Nadel 1991; Dell’Italia and Husain 2002). Finally,

an elevated number of neutrophils have been reported in human and canine cystic

kidney disease models (Bernhardt et al. 2007; O’Leary et al. 1999). However,

conclusions about the contribution of neutrophils to disease pathogenesis are

limited as the markers used for neutrophils in those studies have subsequently

been shown to be non-neutrophil specific. While a wide variety of immune cells

are increased in cystic models, their importance in cyst formation remains to be

determined. Future studies should be directed at better defining these populations

and their respective roles in cyst formation and fibrosis.

12.2.2 Dysregulation of Chemokines and Cytokines in PKD

Chemokines are important for immune cell infiltration, activation, and polarization

and in regulating immune cell behavior (Fig. 12.2b, c). Therefore, determining the

involvement of chemokines and cytokines in mouse models of PKD will provide

insight into their role in modulating immune cells and inflammation associated with

cystic disease.

One of the best studied chemokines is MCP-1 (Ccl2), which binds to its cognate

receptor, CCR2. CCR2 is a member of the CC chemokine family of G-protein

coupled receptors and is typically expressed on the surface of monocytes or T cells

(Li et al. 2008b; Bruhl et al. 2004). CCR2 mediates cell infiltration in renal

inflammatory states such as diabetic nephropathy, glomerulonephritis, and

ischemia–reperfusion injury. More important, MCP-1 is markedly elevated in the

cyst fluid of ADPKD patients, and increased levels of MCP-1 are associated with

worsened renal function and cystic disease outcome (Zheng et al. 2003). The

increased expression of MCP-1 in mouse and rat models of PKD appears to parallel

that observed in humans. In Han:SPRD rats, MCP-1 mRNA was elevated in

homozygous mutant rats compared to wild-type controls (Cowley et al. 2001).

Interestingly, heterozygous Han:SPRD cy/+ males displayed higher MCP-1 levels

compared to females, which correlates with observations in humans that males

often experience higher MCP-1 concentration in urine and serum than females
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(Cowley et al. 2001). In vitro models suggest that MCP-1 is produced by tubule

epithelial cells as PKD1-/- tubule cells have significantly higher expression of

MCP-1 compared to control cells. However, in a mouse adriamycin nephropathy

model, data suggest that renal F4/80+ CD11c+ mononuclear phagocytes in kidney

are also a major source of MCP-1 (Cao et al. 2015). Based on the increased MCP-1

expression across multiple cystic models and human patients, MCP-1 has been

proposed as a biomarker for PKD. However, there is no evidence demonstrating a

direct causative role for MCP-1 in disease progression as inhibition of MCP-1

signaling using Bindarit did not affect cyst formation (Zoja et al. 2015). Neverthe-

less, Bindarit treatment did reduce the renal accumulation of ED-1-positive inflam-

matory cells, suggesting that CCR2-mediated inflammatory cell infiltrates are not a

critical component of PKD.

In addition to MCP-1, expression of several other chemokines/cytokines is

increased in cystic kidney disease models. This includes osteopontin, IL-1beta,

CCL6, CX3CL1, colony-stimulating factor 3 (CSF3), CXCL1, CSF1, CCL28,

IL33, IL8, IL6, and IL17D and CXCL8 that function in the recruitment of

myeloid-derived cells (macrophages, mast cells, neutrophils) into the cystic kidney.

The importance of these chemokines in disease progression still needs to be

thoroughly evaluated.

In contrast to the above cytokines, TNF-α appears to have a significant role in

cyst formation (Fig. 12.2b, c). In human ADPKD cyst fluid, levels of TNF-α were

dramatically increased compared to controls (Li et al. 2008a; Gardner et al. 1991).

Using the cpk mouse model, Nakamura et al. demonstrated that cystic mice had

increased expression of TNF-α mRNA compared to wild-type controls (Nakamura

et al. 1993). Furthermore, TNF-α expression increased with age and cyst severity,

suggesting that TNF-α accumulation is associated with cyst progression (Li et al.

2008a; Nakamura et al. 1993). Addition of TNF-α to cultured PKD2+/- and wild-

type embryonic kidney explants induced cystogenesis that could be blocked by the

TNF-α inhibitor etanercept (Li et al. 2008a). Inhibition of TNF-α-converting
enzyme (TACE) led to a significant reduction in cystic index, serum creatinine,

and BUN levels in the bpk mouse model of PKD (Dell et al. 2001). Taken together,

these data implicate TNF-α as a key contributor to cyst formation.

⁄�

Fig. 12.2 (continued) serves as a co-activator of the STAT signaling pathway. The NF-κB
pathway is also activated through ligands, such as TNF-α, binding to their cognate receptors on

the cell surface. Collectively, activation of the NF-κB and JAK-STAT signaling pathways induces

transient activation of pro-inflammatory genes such as MCP-1, TNF-α, and CSF-1. These cyto-

kines rapidly recruit macrophages to the site of injury leading to production of pro-inflammatory

(IL-1β, TNF-α, iNOS) and anti-inflammatory cytokines (IL-10, Wnt7b) that feed back to the

injured epithelium leading to tissue repair. (c) In injured PKD or cilia mutant epithelial cells, there

is persistently increased NF-κB and JAK-STAT pathway activation. The persistent activation of

NF-κB and JAK-STAT signaling leads to enhanced production of pro-inflammatory, pro-fibrotic,

and chemoattractant cytokines and increased macrophage accumulation. Accumulated macro-

phages produce cystogenic cytokines such as TNF-α or Wnt7b that may be responsible for driving

cyst formation
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12.2.3 Inflammatory Pathways in PKD

Recent studies in PKD disease models demonstrate that disruption of ciliary pro-

teins specifically in the tubule epithelium causes cyst formation that is associated

with an altered inflammatory response (Ta et al. 2013). Importantly, immune cells

do not possess cilia, raising the possibility that cilia on tubule epithelium have a role

in regulating inflammatory responses and that dysregulation of signals between the

epithelium and inflammatory cells contributes to cyst development (Fig. 12.2) (Qin

et al. 2012; Dinsmore and Reiter 2016; Wann and Knight 2012; Wann et al. 2014;

Low et al. 2006). The signaling pathway involved and the potential role for either

PC1 or PC2 in the inflammatory response are unknown although mice heterozygous

for PC1 or PC2 show enhanced inflammation following renal injury compared to

their wild-type littermates (Bastos et al. 2009; Prasad et al. 2009). The global gene

analysis of human PKD1 kidneys found that many inflammatory pathways are

activated in PKD including the JAK-STAT pathway and the NF-κB signaling

pathway (Song et al. 2009). NF-κB is an important inflammatory pathway activated

in response to a variety of cytokines including TNF-α, IL-1β, IL6, and MCP-1 (Pahl

1999). Following ligand binding, phosphorylation of the NF-κB inhibitor, IκB,
results in its degradation and subsequent activation and nuclear translocation of

NF-κB. Data from several studies support a role for NF-κB in cyst formation (Qin

et al. 2012). PKD1 knockout epithelial cells have increased NF-κB-induced lucif-

erase reporter activity and enhanced phosphorylation of the NF-κB subunit P65

compared to control cells (Qin et al. 2012). Furthermore, Park et al. demonstrated

there is an increase of NF-κB protein and that it is phosphorylated in epithelial cells

from PKD2 knockout mice, but not in the control mice (Park et al. 2010). Collec-

tively, these data indicate that upregulation of NF-κB pathway activity occurs in

animal models of PKD. Wnt7b may function downstream of NF-κB as studies by

Qin et al. showed that increased NF-κB signaling results in overexpression of

Wnt7b, which is also present in PKD1 mutant mice. Importantly, inhibition of

NF-κb or Wnt7b results in a significant decrease in cyst severity in the PKD1
mutant mouse and in organ culture models (Qin et al. 2012).

The JAK-STAT pathway is activated during inflammation and is believed to

contribute to cyst formation as demonstrated by increased STAT3 activity in cyst-

lining epithelial cells of PKD mutant animals (Fig. 12.2c) (Weimbs and Talbot

2013). In vitro and In vivo studies have shown that PC1 and PC2 are required for

JAK1/2 activation and that the c-terminal tail of PC1 regulates STAT3 activation

through the src tyrosine kinase (Talbot et al. 2014; Bhunia et al. 2002). The

JAK-STAT pathway is also regulated by the suppressor of cytokine signaling

(SOCS-1) which limits the inflammatory activity of macrophages. SOCS-1 knock-

out leads to the development of renal cysts in mice, but it is unknown whether this

effect is mediated by inflammation or other contributions of the JAK-STAT sig-

naling pathway (Metcalf et al. 2002).
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12.3 Fibrosis in PKD

12.3.1 Extracellular Matrix in PKD

The hallmark of tubule interstitial fibrosis is the accumulation of extracellular

matrix (ECM) proteins such as collagen I and III (Zeisberg and Neilson 2010).

Similar to many renal disorders, abnormalities in ECM accumulation were also

found in kidneys from PKD patients and from orthologous animal models of PKD

(Wilson et al. 1992; Wilson and Falkenstein 1995; Wilson and Sherwood 1991;

Geng et al. 1999; Wilson and Burrow 1999; Guay-Woodford 2003; Wilson 2008).

While ECM accumulation was often described in end-stage kidney disease (ESRD),

abnormal ECM composition and increased basement membrane thickness were

also observed in early-stage, pre-dialysis ADPKD patients (Wilson et al. 1992).

This suggests that tissue remodeling and ECM deposition may be an essential

component of cyst progression rather than simply being the result of cyst formation

and inflammation. The ADPKD-associated changes include abnormalities in ECM

production, composition and turnover, and differences in content of collagen

types I, III, and basement membrane collagen type IV, fibronectin, and heparin

sulfate proteoglycan (HSPG) (Wilson et al. 1992). These abnormalities were most

commonly noted in regions surrounding cysts and interstitial fibroblasts (Norman

2011). While many factors may regulate the activity of pro-fibrotic pathways,

recent studies in animal models indicate that polycystins may control production

of ECM more directly and that inadequate regulation of this process is responsible

for PKD-associated vascular abnormalities (Liu et al. 2014). Importantly,

upregulation of the major pro-fibrotic growth factor, transforming growth factor β
(TGF-β), was observed in PKD1 haploinsufficient mice and loss of PKD1 leads to

increased responsiveness of the cystic epithelium and fibroblasts to TGF-β (Wilson

et al. 1992; Song et al. 2009; Hassane et al. 2010). These observations may explain

enhanced Smad2/3 nuclear localization observed in PKD patients and animal

models (Hassane et al. 2010). Similarly, loss of polycystins is associated with

notochord collagen overexpression in zebrafish that is thought to contribute to

their body axis curvature defects (Mangos et al. 2010). Together, these data suggest

that the PKD-associated changes in ECM composition may be a direct consequence

of polycystin mutation.

12.3.2 Dysregulation of ECM Turnover in PKD

Development of fibrosis in PKD and other fibrotic models is dependent on both the

amount of ECM that is produced and the extent of matrix turnover which occurs

during disease progression (Norman 2011; Catania et al. 2007). Among the many

factors that influence ECM turnover, matrix metalloproteinases (MMPs) and tissue

inhibitors of metalloproteinases (TIMPs) are perhaps the most extensively studied

12 Inflammation and Fibrosis in Polycystic Kidney Disease 333



in PKD (Nakamura et al. 2000; Hassane et al. 2010; Catania et al. 2007; Schaefer

et al. 1996; Obermuller et al. 2001; Rankin et al. 1996). Despite the clear evidence

that MMPs are dysregulated in PKD, the importance and cause of these changes

remains controversial. Schaefer and colleagues showed that MMP2 was present in

proximal tubule cells from normal rat kidney but significantly decreased in the

cystic Han:SPRD rat (Schaefer et al. 1996). This group also demonstrated that

TIMP-1 and TIMP-2 mRNA levels were increased in the mutant rat (Schaefer et al.

1996). Paradoxically, MMP14 mRNA was increased in cyst-lining epithelia and

distal tubules in the Han:SPRD rat (Obermuller et al. 2001). Inhibition of MMP

activity with batimastat reduced cyst number and kidney weight suggesting a

detrimental role for MMPs in cyst progression (Obermuller et al. 2001). Likewise,

conditioned media from kidney tubule cells isolated from the cpk mouse contained

elevated amounts of MMP-2, MMP-3, MMP-9, and TIMP1 (Rankin et al. 1996).

The increased expression of MMPs in PKD models was recently confirmed by

Hassane et al. who showed increased expression of MMP-2 using a PKD1 mouse

model of cyst formation (Hassane et al. 2010). In human ADPKD, patient serum

contains increased levels of multiple MMPs, TIMPs, and plasminogen activator

inhibitors (PAI) in both pre-dialysis and end-stage ADPKD kidneys (Nakamura

et al. 2000). Data demonstrating an important role of the plasminogen activators

and inhibitors in PKD are limited, although increased expression of PAI-1 has been

reported in both mouse and human PKD samples (Norman 2011; Eddy 2009). It is

believed that PAI are pro-fibrotic due to their ability to recruit macrophage and

myofibroblasts to the tubulointerstitial area rather than their inhibitory effects on

the serine proteases tPA and uPA (Norman 2011; Eddy 2009). Together, these data

suggest that MMP expression is dysregulated in PKD and may lead to cyst

progression by promoting ECM turnover and allowing expansion of cystic epithe-

lial cells.

The functional consequences of changes in ECM-degrading enzymes in PKD are

not fully understood. However, they likely include changes in cellular function and

immune regulation. One mechanism of immune regulation may occur through

breakdown of collagen I into a PGP fragment. PGP is a key regulator of inflamma-

tory neutrophil accumulation, a process that is central to the pathogenesis of chronic

obstructive pulmonary disease (Snelgrove et al. 2010). Since one of two MMPs that

participate in generation of PGP is increased in ADPKD (MMP-9), PGP or other

ECM collagen fragments may exert important immunoregulatory functions in PKD

kidneys.

The interactions of cells with ECM or its breakdown products are mediated by

matrix receptors including integrins and syndecans (Geiger et al. 2001). Following

binding of ECM to these receptors, focal adhesion complexes form allowing for

intracellular signaling to occur through a variety of pathways (Ehrhardt et al. 2002;

Wozniak et al. 2004). To date, it has been demonstrated that several ECM receptor

components are increased in PKD patients including various integrins, syndecan-4,

as well as the integrin-associated focal adhesion kinase (Geng et al. 1999; Wilson

and Burrow 1999; Zeltner et al. 2008; Wallace et al. 2014; Joly et al. 2003).

Mitigation of renal cyst formation in response to disruption of these pathways
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(e.g., by genetic targeting of integrin in mice) points to functional relevance of the

cell–ECM interactions in the pathogenesis of PKD (Lee et al. 2015). Of note, a

hypomorphic mutation in the laminin alpha5 gene was sufficient to drive renal cyst

formation (Shannon et al. 2006).

12.3.3 Fibrotic Cells in PKD

Myofibroblasts are specialized cells that can exert large contractile forces, mediate

wound healing, and substantially contribute to the expansion of ECM and devel-

opment of renal tubulointerstitial fibrosis (Fig. 12.1d) (Qi et al. 2006). A hallmark

of myofibroblasts is expression of cytoskeletal alpha smooth muscle actin (αSMA)

which is incorporated into stress fibers. While αSMA expressing interstitial cells

were found in focal areas during early-stage ADPKD, they were found in abundance

in end-stage ADPKD kidneys (Hassane et al. 2010). αSMA-positive cells were also

found in kidneys from PKD1-deficient mice (Hassane et al. 2010) and end-stage PKD

kidneys from Han:SPRD-Cy rats (Song et al. 2009; Schieren et al. 2006). Cells

expressing high amounts of αSMA are potent producers of ECM proteins including

type I and III collagen. Production of excess ECM proteins leads to interstitial

fibrosis, tubule and nephron loss, a decline in glomerular filtration rate, and eventual

end-stage renal disease. Although the origin of renal PKD myofibroblasts remains

unknown, it appears that these cells can differentiate from several different pre-

cursors, including resident interstitial fibroblasts, or pericytes (Kuo et al. 1997).

Such transformation may be regulated by TGF-β or perhaps by PKD-related alter-

ations in calcium flux (Follonier Castella et al. 2010). Targeting of αSMA-positive

cells for anti-fibrotic therapy to help reduce scarring and retain renal function is an

attractive idea, although, to date, no such treatment exists.

The origin of myofibroblasts in the kidney of PKD mouse models remains

unknown; however, in a UUO model of renal fibrosis, it was shown that a majority

of myofibroblasts in the kidney were derived through proliferation of resident

fibroblasts although bone marrow-derived fibrocytes also contributed (~35%) to

the myofibroblast population (LeBleu et al. 2013). Using fate mapping studies, this

group concluded the vascular pericytes likely do not contribute to renal fibrosis. In

contrast, Humphreys and colleagues determined that resident pericytes were major

contributors to renal myofibroblasts following UUO-induced injury (Humphreys

et al. 2010). While the exact reasoning for the discrepancy is unknown, both groups

showed that epithelial-to-mesenchymal transition (EMT) was a minor contributor

to the SMA+ myofibroblast population following UUO-induced renal injury. Inter-

estingly, EMT may be enhanced in PKD through factors such as TGF-β, platelet-
derived growth factor (PDGF), FGF-1, and Insulin-like growth factor (IGF) I and II,

all of which are upregulated in cystic disease (Norman 2011; Kuo et al. 1997).

Togawa et al. showed that expression of E-cadherin and beta-catenin, components

important for epithelial adhesion, was significantly attenuated in tubules from PCK

rats (Togawa et al. 2011). Furthermore, cystic epithelial cells found in fibrotic
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regions showed increased mesenchymal markers including vimentin and fibronec-

tin (Togawa et al. 2011). Gene expression analysis from human ADPKD samples

showed significant alterations in the expression of genes related to smooth muscle

which led the authors to speculate on a possible EMT in these patients (Schieren

et al. 2006). However, a recent study concluded that EMT provides only a minor

contribution to the SMA-positive population in PKD kidneys using a PKD1 mouse

model (Hassane et al. 2010). Despite evidence that EMT plays an important role in

the formation of myofibroblasts in the kidney (Zeisberg and Neilson 2010), the

extent of EMT and its importance for the pathogenesis of cysts and fibrosis in PKD

patients is unknown.

The involvement of macrophages in promoting accumulation and degradation of

extracellular matrix proteins is well established. Macrophages secrete growth

factors and cytokines that induce myofibroblast activation and extracellular matrix

production leading to fibrosis (Fig. 12.1d) (Vernon et al. 2010). The most well-

defined macrophage-secreted growth factor is TGF-β, which drives extracellular

matrix production and fibrosis through binding to the TGF-β receptor present on

myofibroblasts (Wynn and Barron 2010). In addition to TGF-β, macrophages are

major producers of PDGF and drive extracellular matrix production and fibrosis in a

bleomycin model of idiopathic pulmonary fibrosis (Bonner 2004). Macrophages

also produce other pro-fibrotic growth factors including galectin-3, insulin-like

growth factor-I, IL-4, and IL-13, factors that are potent inducers of extracellular

matrix production and fibrosis (Wynn and Barron 2010). Specifically, galectin-3 is

critical for activation of renal fibroblasts and knockout of galectin-3 reduced

fibrosis following unilateral ureteric obstruction (UUO) (Henderson et al. 2008).

Despite extensive studies demonstrating that macrophages promote fibrosis, other

data indicate that macrophages produce several matrix-degrading proteases includ-

ing MMP1, MMP2, MMP8, MMP9, and MMP13 and TIMPs (Wynn and Barron

2010). For example, overexpression of MM9 in alveolar macrophages significantly

reduced fibrotic lesions and hydroxyproline content compared to controls (Cabrera

et al. 2007). Furthermore, adoptive transfer of bone marrow-derived macrophages

into leukocyte-depleted mice significantly attenuated fibrosis following

UUO-induced injury (Nishida et al. 2005). Collectively, these data suggest that

different macrophage subtypes are responsible for promoting or regressing fibrosis

through production of matrix promoting or degrading factors although this concept

has not been extensively studied in PKD models.

12.3.4 Fibrotic Cytokines and Signaling Pathways

A number of intracellular signaling pathways are activated in cyst-lining epithelial

cells in ADPKD, many of which are also activated in fibrosis (Norman 2011).

TGF-β, a major fibrogenic cytokine, is highly expressed in cystic epithelia in

human, rat, and mouse models of PKD. Studies in rodent models suggest that

increased TGF-β expression and signaling correlate with later stages of the disease
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and that TGF-β is important in cyst progression and fibrosis rather than cyst

initiation (Hassane et al. 2010). Activin A is a cytokine that belongs to the TGF-β
family of growth factors. During development, activin A is produced by the ureteric

bud (UB) and negatively regulates its branching; furthermore, activin A is also

involved in kidney regeneration following injury, suggesting an important role for

this cytokine during kidney formation/regeneration (Maeshima et al. 2003; Ritvos

et al. 1995). More important, inhibition of activin A signaling slows the progression

of PKD (Leonhard et al. 2016). Additionally, activin A expression is increased in a

PKD1 mouse, model raising the possibility that altered activin A expression has a

role in renal cystic disease (Hassane et al. 2010). Its expression is also associated

with conditions wherein loss of cilia or polycystins causes rapid cyst formation

(e.g., after injury or in juvenile ages). These studies indicate that activin A is a

critical cytokine in cyst progression and ESRD since it is involved in epithelial

regeneration and is a member of the TGF-β family of pro-fibrotic growth factors

capable of inducing ECM gene expression in renal cells (Yamashita et al. 2004).

In addition to TGF-β, several other pro-fibrotic growth factors were associated

with ECM production in PKD including epithelial growth factor (EGF), fibroblast

growth factor-1 (FGF-1), and hepatocyte growth factor (HGF). Levels of these

pro-fibrotic cytokines increased in PKD over time and their highest levels were

often found in end-stage or near-end-stage PKD kidneys (Kuo et al. 1997; Du and

Wilson 1995). Furthermore, overexpression of the bone morphogenic protein

receptor (ALK-3) or knockout of Bmp-7 triggers cyst formation in mice

(Hu et al. 2003; Jena et al. 1997). Importantly, in complementary studies, BMP-7

treatment attenuated renal cystic disease progression in a jck mouse model of PKD

(Leonhard et al. 2016). Similarly, EGF is another important regulator of cystic

epithelial cell proliferation and inhibition of this pathway is being targeted for

therapeutic development (Du andWilson 1995). It could be presumed that targeting

multiple pro-fibrotic pathways may be an effective means of intervention for

patients progressing toward ESRD. Overall, upregulation of multiple pro-fibrotic

growth factor components suggests that these cytokines work in conjunction to

increase extracellular matrix during PKD progression. However, the specific path-

ways involved in fibrosis associated with ADPKD remain to be defined.

12.3.5 Anti-Fibrotic Therapies in PKD

Slowing cyst expansion and the development of fibrosis is key to prolonging patient

life span and improving palliative care. Although progress has been made (Boor et al.

2007; Fine and Norman 2008; Vilayur and Harris 2009; Albaqumi et al. 2008; Grgic

et al. 2009), development of effective anti-fibrotic strategies in PKD patients is very

limited. Therefore, it is imperative that we better understand the mechanisms under-

lying the initiation and progression of fibrosis. Identifying key molecular mechanisms

that are impacted during the development of cysts and how they ultimately contribute

to ESRD should provide novel targets for anti-fibrotic therapies.
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Chapter 13

Epithelial to Mesenchymal Transition (EMT)

and Endothelial to Mesenchymal Transition

(EndMT): Role and Implications in Kidney

Fibrosis

Ana S. Cruz-Solbes and Keith Youker

Abstract Tubulointerstitial injury is one of the hallmarks of renal disease. In

particular, interstitial fibrosis has a prominent role in the development and progres-

sion of kidney injury. Collagen-producing fibroblasts are responsible for the ECM

deposition. However, the origin of those activated fibroblasts is not clear. This

chapter will discuss in detail the concept of epithelial to mesenchymal transition

(EMT) and endothelial to mesenchymal transition (EndMT) in the context of

fibrosis and kidney disease. In short, EMT and EndMT involve a change in cell

shape, loss of polarity and increased motility associated with increased collagen

production. Thus, providing a new source of fibroblasts. However, many contro-

versies exist regarding the existence of EMT and EndMT in kidney disease, as well

as its burden and role in disease development. The aim of this chapter is to provide

an overview of the concepts and profibrotic pathways and to present the evidence

that has been published in favor and against EMT and EndMT.

Chronic renal disease is associated with marked tubulointerstitial injury. This is

independent of the primary process or etiology. The tubulointerstitial injury is

usually in the form of tubular dilation or interstitial fibrosis (Liu 2004; Nath

1992). The focus of this chapter is a controversial contributor to renal fibrosis:

epithelial to mesenchymal transition (EMT).

Elizabeth Hay is one of the first women to receive a medical degree from John

Hopkins Hospital. She described an epithelial–mesenchymal shift using chick

primitive streak formation in the late 1960s. Her life’s work was devoted to

collagen production, extracellular matrix, and EMT. Her discoveries would later

be recognized as a new source of fibroblasts.
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Many novel findings have been published since Dr. Hay initially described

EMT. The most relevant one is the actual definition of EMT; initially, EMT

stood for epithelial to mesenchymal transformation, and now the T stands for transi-

tion. Although this might seem like a small detail, the modification from trans-

formation to transition grants the phenomenon more progressive and reversible

characteristics than the definitiveness of transformation. In addition, the existence

and relevance of a reverse transition (mesenchymal to epithelial) has also been

introduced to the scientific community.

EMT is a controversial subject, especially in kidney disease. Some scientists

dedicate their professional life to it, while some others are skeptical about its

presence and role of myofibroblasts transitioning from epithelial and endothelial

cell types in fibrotic diseases. Even more so when the lack of consistency in the

results is taken into account.

This chapter discusses several issues regarding EMT and endothelial to mesen-

chymal transition (EndMT). It includes the basics of EMT, EndMT, and MET; the

types of EMT; identification markers and pathways; its implications with fibrosis in

end-stage disease; EMT in kidney disease; EndMT in kidney disease; and contro-

versies associated with this topic.

13.1 Epithelial to Mesenchymal Transition—The Basics

EMT is a phenomenon where inherent epithelial markers are lost and mesenchymal

characteristics are gained. Simplistically speaking, an epithelial cell transitions into

a mesenchymal cell, losing all the characteristics inherent to epithelial cells and

gaining mesenchymal features in the process. The end result is a motile, collagen-

producing cell from epithelial origin. This has been identified in both physiologic

and pathologic scenarios.

The main function of epithelial cells is to provide structure and prevent perme-

ability; therefore, its most prominent characteristic is tight junctions and polarity.

These cells are adhered to the basal membranes and to each other; this serves as an

anchor to the tissue and, therefore, lacks motility. Epithelial cells can be identified

through immunohistochemistry by identification of E-cadherin, one of the mole-

cules responsible for adhesion among cells. Besides providing stability, epithelial

cell’s specific functions vary based on localization and histologic characteristics;

nonetheless, its roles can be grouped into secretion, selective absorption, protection

(barrier function), and transcellular transport.

Histologically, the epithelium is categorized based on the shape of the cells,

number of layers, and the presence or absence of cilia and keratin (Fig. 13.1).

Keratin, a tough resistant protein, is important for certain epithelial tissues since it

prevents water absorption through the tissue. This is most important in the outer-

most layer of the epithelial cells on the body’s surface. Histological characteristics
of each epithelial tissue are based on both function and anatomical location of the

tissue. For example, the esophagus is lined with nonkeratinized squamous multi-

layered epithelial cells since its main role is to protect against abrasions while at the

same time absorbing water unlike the kidney tubules which are lined with simple
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cuboidal epithelium whose principal function is to secrete or absorb electrolytes,

water, and other substances like urea.

Specialized epithelial tissue may undergo changes due to its environment, one

example is transitional epithelium. Transitional epithelium has cells that can change

from squamous/flat to cuboidal based on the amount of tension on the epithelium.

This tissue is only found in the urinary bladder since it allows the organ to expand

based on physical needs.

A specialized type of squamous simple epithelium lines the cavities specifically

of blood vessels and serves as a semipermeable barrier that allows materials to cross

either by diffusion or filtration.

On the other hand, the prototype for mesenchymal cells is fibroblasts whose

function is to deposit collagen as a repair mechanism often secondary to an insult.

Fig. 13.1 Epithelial tissue

is divided based on the

shape and number of layers.

Regarding shape it can be

divided into columnar,

cuboidal, squamous, or

transitional (seen only in

urinary tract). Regarding

layers it can be divided into

simple, stratified,

keratinized stratified, and

pseudostratified. Therefore,

epithelial tissue can be

described based on both

characteristics (i.e., simple

squamous, cuboidal

stratified, columnar

kertinized stratified)
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Its role is to maintain structural integrity of connective tissues, and it achieves its

goal by secreting precursors of extracellular matrix. These cells are capable of

producing collagen as a consequence of several mechanisms, including but not

limited to mechanical stress, chemical injury, cytokines, and inflammatory sub-

stances. Aside from collagen, fibroblasts also produce glycosaminoglycans, elastic

and reticular fibers, and some glycoproteins found in the extracellular matrix.

Morphologically, fibroblasts have different appearances based on their location

and state. Fibroblasts are not adhered to any fixed membrane nor are they restricted

by polarizing attachment and do not form monolayers. These are mobile cells. This

is particularly useful considering that they are needed in remote tissues after an

injury has occurred. This could be, for example, the skin for wound repair, the heart

after myocardial injury, or in the kidneys following injury.

Fibroblasts are derived from primitive mesenchyme and express the inter-

mediate filament protein called vimentin, which has been classically used to

identify fibroblasts with immunohistochemistry techniques. Histologically, these

cells have an elliptical nucleus surrounded by branched cytoplasm.

Activated fibroblasts differentiate into contractile and secretorymyofibroblasts that

contribute to tissue repair during wound healing after tissue injury (Hinz et al. 2007).

Myofibroblasts play an important role in inflammation primarily because of their

ability to express high levels of cytokines, extracellular matrix, and α-smooth muscle

actin (Phan 2008), and at a subcellular level, they are characterized by abundant rough

endoplasmic reticulum. The difference between myofibroblasts and myofibrocytes is

that the former is considered as an “activated state”; however, many authors tend to

mistakenly use these terms interchangeably.

Of note, subtypes of fibroblasts have been identified based on their origin such as

those derived from bone-marrow, epithelial cells, endothelial cells and pericytes.

Fibroblasts and their origin will be further discussed in future sections of this chapter.

The process of transitioning epithelial to mesenchymal cells takes multiple steps.

More specifically, during EMT, epithelial cells lose their specific cell marker

(E-Cadherin) and acquire a mesenchymal or myofibroblastic phenotype. This

phenotype is characterized by the expression of mesenchymal cell products such

as αSMA (smooth muscle actin), vimentin (intermediate filament), and type 1 col-

lagen (Piera-Velazquez et al. 2011). The completion of an EMT is signaled by the

degradation of underlying basement membrane and the formation of a mesen-

chymal cell that can now migrate away from the epithelial layer in which it origi-

nated (Kalluri and Weinberg 2009).

EMT has been described in many contexts such as in embryologic development,

endocardial cushion formation, metastatic properties in breast cancer, and fibrotic

response in interstitial pulmonary fibrosis. Its role is probably more extensive than

what is previously thought.

EMT is about disaggregating epithelial units and reshaping them into fibroblasts

with motility properties and collagen production abilities (Kalluri and Neilson 2003).

As it was stated byMasayuki Iwano et al., EMT of terminally differentiated epithelium,

in its purest sense, produces a tissue fibroblast (Iwano et al. 2002). Thus, by providing a

new source of fibroblasts, EMT becomes a possible contributor to fibrosis in end-stage

organ disease and, as such, may become a new potential anti-fibrotic target.
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13.2 Endothelial to Mesenchymal Transition—What Is It?

Endothelial to mesenchymal transition (EndMT) is a subtype of EMT where

specific epithelial cells known as endothelial cells transition into a mesenchymal

cell type. As previously described, endothelial cells are a single layer of cells lining

vessels which serve as a permeable membrane. EndMT was first discovered in the

context of heart development around 1975 (Markwald et al. 1975), describing its

existence and relevance in the formation of valves and septum during embryo-

genesis. EndMT has also been described in several publications as a contributor to

the development and progression of pulmonary (Coll-Bonfill et al. 2015), cardiac

(Zeisberg et al. 2007), and renal fibrosis (Zeisberg et al. 2008; Li et al. 2009).

Compared to the number of publications regarding EMT mechanisms and

pathways, EndMT is not as thoroughly studied. As of today, it is assumed that

EMT and EndMT share similar molecular mechanisms (Piera-Velazquez et al.

2011) as well as similar triggers and inhibitors. Therefore, the mechanisms for

identifying EndMT are very similar to EMT, with a few exceptions to take into

account. For example, dual staining (E-cadherin and αSMA, vimentin, or type

1 collagen) is one of the most utilized methods to detect EMT/EndMT; however,

the marker used to identify the epithelium is E-cadherin, while the marker used to

identify endothelium is VE-Cadherin (where V stands for vascular).

13.3 Mesenchymal to Epithelial Transition—New Concept,

Same Phenomenon?

Mesenchymal to epithelial transition (MET) is a process where mesenchymal cells

transition into epithelial cells. MET is the opposite of EMT. It has been postulated

as a possible contributor to recovery from fibrotic lesions. Little is known about

MET as compared to EMT.

One hypothesis is that EMT and MET are the opposite ends of the same plasti-

city spectrum. Where, depending on the stimuli, an adult cell may lose its epithelial

characteristics and become a collagen-producing fibroblast (EMT) or a mesen-

chymal cell may gain epithelial traits (MET). A balance between these two is

necessary to maintain tissue integrity and/or to repair injury.

MET occurs during embryogenesis and early development, specifically during

nephrogenesis (Davies 1996), somitogensis (Nakaya et al. 2004), cardiogenesis

(Nakajima et al. 2000), and hepatogenesis (Li et al. 2011). In nephrogenesis,

MET occurs at the ureteric bud in order to form the renal epithelium, which will

ultimately form the nephron.

On the other hand, MET has also been used to describe oncogenesis. The current

theory is that EMT allows for the migration from the primary tumor into the blood-

stream, and MET is responsible for anchoring the resulting circulating atypical cells

to produce a secondary tumor (Yang and Weinberg 2008).
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MET is poorly understood, but it has increasingly become an area of interest,

mainly in the setting of embryology and cancer dissemination. Further studies are

warranted to correctly pinpoint its role and possible induction or repression,

primarily in the fibrotic setting. It will be interesting to see if MET plays an impor-

tant role in end-stage organ fibrosis.

13.4 Types of EMT

EMT can be subdivided into three subtypes (type 1, type 2, and type 3) based on the

biological context in which they occur. This classification system was created in

Polonia in 2007 and subsequently revised and agreed upon in an EMT meeting in

2008 (Kalluri and Weinberg 2009) (Fig. 13.2 and Table 13.1).

EMT type 1 comprises embryonic and developmental EMT programs (Kovacic

et al. 2012). Historically, it was the first EMT described and is currently the most

studied and understood. This type of EMT is associated with implantation and organ

development. Its purpose is to generate diverse cell types that share common

mesenchymal characteristics (Kalluri and Weinberg 2009; Zeisberg and Neilson

Fig. 13.2 Three types of EMT have been described. Type 1 is associated with embryogenesis,

such as development of cardiac cushion. Type 2 is associated with fibrosis, induced either by acute

injury such as ischemic event or chronic insult such as persistent inflammatory state. Type 3 is

associated with metastasis in neoplastic masses as seen in breast cancer. EMT epithelial to

mesenchymal transition
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2009; Kovacic et al. 2012; Lee and Nelson 2012). For example, the trophoectoderm

cells, which are precursors of the cytotrophoblast, undergo an EMT to facilitate

invasion of the endometrium and subsequent anchoring of the placenta, enabling its

function in nutrient and gas exchange (Aplin et al. 1998; Bischof et al. 2006). This

type of EMT is not associated with fibrosis nor invasive phenotypes (Zeisberg and

Neilson 2009; Kovacic et al. 2012). It was previously thought that EMT occurred

only in this context and cells lost their plasticity once definite adult cell types were

formed.

Type 2 EMT occurs secondary to inflammation (Kalluri and Weinberg 2009)

and is associated with wound healing, tissue regeneration, and organ fibrosis

(Kalluri and Weinberg 2009; Lee and Nelson 2012; Lopez-Novoa and Nieto

2009; Wynn 2008). After injury occurs, inflammatory cytokines, mechanical stress,

or chemical/hormonal substances stimulate EMT with the purpose of creating a

new pool of collagen-producing fibroblasts to repair the insult. However, if the

cytokine bath occurs secondary to persistent injury, the absolute pool of fibroblasts

generated increases dramatically (Kalluri and Neilson 2003; Zeisberg and Neilson

2009; Neilson 2007; Hay 2005). These types of EMT are not associated with

embryologic development or metastatic phenotype. Type 2 EMT can be further

subdivided based on duration of inflammatory signals.

The type 2 EMT phenomenon that occurs acutely has an initiating signal, and

once the injury is resolved, EMT stops. In the acute setting, it is a physiologic

response to an inflammatory event. For example, in the setting of cardiac ischemia,

an increased pool of collagen-producing fibroblasts may heal the injury more

efficiently and potentially avoid rupture of the ventricle free wall. EMT provides

Table 13.1 Types of EMT

Characteristic Fibrosis

Invasive

phenotype Extra

Common for

all types

Type

1 EMT

Implantation,

embryo forma-

tion, and organ

development

No No Mesenchymal cells have

potential to subsequently

undergo MET to generate

secondary epithelia

Transcription

factors

• SNAI1

• SLUG

• ZEB1

• TWIST

• Goosecoid

• FOXC2

Mesenchymal

markers

• FSP1

• αSMA

• Collagen 1

• DDR2

• Vimentin

• Desmin

• Cytokeratin

Epithelial

markers

• E-Cadherin

Type

2 EMT

Wound

healing, tissue

regeneration,

and organ

fibrosis

Yes No Acute versus chronic

Type

3 EMT

Neoplastic

cells invade

and

metastasize

No Yes
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a new source of fibroblasts to deposit scar tissue to avoid worsening injury. Once

the acute inflammatory state is resolved, the EMT-activating trigger decreases and

is eventually deactivated. Clinically, the event is usually self-limiting. Therefore,

the fibrosis produced is enough for wound healing or injury repair but not enough to

accumulate and interfere with organ function.

Chronic EMT 2, on the other hand, responds to ongoing inflammation, eventually

leading to destruction of organ architecture and function (Kalluri and Weinberg

2009). In the setting of chronic disease, inflammatory cytokines and detrimental

signaling are constant, which means that epithelial cells will continue to transition

into collagen-producing myofibroblasts for as long as the insult is present. As a

consequence, epithelial cell number will decrease and the activated fibroblast popu-

lation will persistently increase, as well as the collagen production and deposition; this

translates into increased fibrosis and decreased functional viable tissue. This chapter

mainly focuses on this subtype of EMT, specifically in regard to kidney disease.

Theoretically, these subtypes of type 2 EMT are easily differentiated. The

definitions are pretty straightforward. However, in practice, it is not clear when

an acute injury becomes a chronic one or when a wound healing response stops and

a pathological fibrotic process begins. Questions have been raised in regard to acute

events perpetuating chronic-type responses; such is the case, for example, in acute

kidney injury, where it is not certain if the event is self-limiting or contributes to

irreversible organ damage.

Type 3 EMT aids in metastasis of malignant cells (Kalluri and Weinberg 2009;

Zeisberg and Neilson 2009; Kovacic et al. 2012; Lee and Nelson 2012; Thiery

2002). It happens in cells that have previously undergone neoplastic genetic and

epigenetic changes (Kalluri and Weinberg 2009) and grants the cells the ability to

migrate. These cells are now capable of migrating away from the primary tumor site

through the bloodstream and potentially initiating a secondary tumor at a remote

location (Lee and Nelson 2012; Thiery 2002; Miyazawa et al. 2000). These types of

EMT are not associated with embryologic development or fibrotic deposition.

These classifications of EMT are based on physiologic context. In vitro data

provide information for all kinds of EMT by elucidating mechanisms, pathways,

and possible identification markers. In vivo studies, on the other hand, can be

specifically designed to focus on any subtype of EMT. Several mechanisms and

pathways have been postulated as initiators and perpetuators of EMT. The pathways

of EMT activation have been primarily studied in EMT type 1, and an assumption is

made that EMT types 2 and 3 share common pathways. This assumption was based

primarily on in vivo animal data and in vitro data, showing consistency in pathways

and mechanisms of EMT, regardless of the physiologic subtype.

13.5 EMT—Individual Cell Transitioning Process

The transition of an epithelial or endothelial cell into a mesenchymal cell was

discussed earlier in a broad manner. This section aims to explain the actual

transitioning process in more detail, highlighting the relevant markers that can be
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used to identify a cell undergoing EMT or EndMT. A simplistic diagram demon-

strating a single transitioning cell is shown in Fig. 13.3.

By co-incubating human tubular epithelial cells (renal) with the cytokine

TGFβ1, Yang et al. were able to propose the following sequence of events in

EMT (Yang and Liu 2001):

1. Loss of epithelial cell adhesion initiated by E-cadherin decrease

2. De novo αSMA expression and actin reorganization

3. Disruption of tubular basement membrane mainly secondary to MMP2

4. Enhanced cell migration and invasion

The epithelial cell needs to lose its characteristic markers and identifiers that aid

in its specific function prior to transitioning. The first and pivotal step in epithelial

to mesenchymal cell transition is the downregulation of E-cadherin (Lamouille

et al. 2014). E-cadherin is a transmembrane protein that is expressed in all epithelial

cells and functions to anchor epithelial cells to its neighboring epithelial cells,

providing stability. Significant decreased E-cadherin is considered a prototypical

EMT identifier and, as such, has been seen in embryonic development, tissue

fibrosis, and cancer metastasis (Zeisberg and Neilson 2009; Hay and Zuk 1995).

In the case of transitioning endothelial cells, the pivotal step is decreased

VE-Cadherin, whose function is the same as E-cadherin (Nakajima et al. 2000;

Zeisberg et al. 2002). For research purposes, E-cadherin expression is used as a

marker for epithelial cell presence, and downregulation is synonym of EMT

initiation.

Once E-cadherin is downregulated, cell-to-cell adhesion is weakened (Kalluri

and Neilson 2003; Zeisberg and Neilson 2009; Kovacic et al. 2012; Lamouille et al.

2014; Strutz et al. 2002; Ikenouchi et al. 2003; Yilmaz and Christofori 2009; Huber

Fig. 13.3 A diagram of the process of EMT is displayed. Epithelial cells with epithelial markers

(such as E-Cadherin—Purple) are static and adhered to the basal membrane. These cells are

subjected to injury (i.e., cytokines, TGF-B, or mechanical stress). Due to this, epithelial cells start

transitioning into mesenchymal cells (motile cells which have mesenchymal markers such as

FSP-1—Yellow and Vimentin—Orange). Epithelial cells lose inherent markers (E-cadherin) and

eventually only mesenchymal markers are present, which represent the end of EMT. Mesenchymal

cells (i.e., fibroblasts) are the final products. EMT cells are considered positive if they have both

epithelial and mesenchymal markers in a single point in time
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et al. 2005). The epithelium loses cell to cell junctions, desmosomes, and, eventu-

ally, apical-basal polarity (Kalluri and Neilson 2003; Lamouille et al. 2014).

Next, αSMA expression is induced and actin reorganization occurs (Saito 2013).

As a consequence, the transitioning cell changes shape and structure into a mesen-

chymal phenotype (Zeisberg and Neilson 2009; Lamouille et al. 2014).

In the intermediate process, disruption of the basement membrane occurs,

mostly due to MMP2 (matrix metallopeptidase 2). The newly transitioned cell is

now motile which allows for invasive phenotypical potential (Yang and Liu 2001).

To complete the transition, the new mesenchymal cells activate the expression of

additional genes and proteins: ɑSMA, collagen 1, collagen III, vimentin, fibro-

nectin, and fibroblast-specific protein 1 (FSP-1) (Kovacic et al. 2012; Strutz et al. 2002;

Lu et al. 2001; Rastaldi et al. 2002). The end product of EMT is a collagen-

producing, FSP-1, αSMA, and vimentin-expressing myofibroblast lacking any evi-

dence of epithelial characteristics or genotype.

For research purposes, this detailed process is relevant in the identification of

EMT. A cell is catalogued as positive for EMT if it contains markers for both

epithelial cells and mesenchymal cells, such as CD31 or E-Cadherin and FSP-1,

αSMA, or vimentin. A potential pitfall for this method is that only cells that are

actively in the transitioning process will be identified since cells whose transition

has terminated or is close to initiation will not be positive for both markers. Also,

FSP-1, αSMA, and vimentin are not 100% specific to mesenchymal cells, which

might produce some false-positive dual stained cells.

13.6 TGFβ-dependent EMT Pathways

Several activation or triggering mechanisms have been implicated in the EMT and

EndMT pathways. It is broadly divided into the TGFβ-dependent and TGF-

β-independent pathways. In this chapter, the focus will be on the TGFβ-dependent
pathway. Primarily because it is the best described trigger for EMT and EndMT and

secondarily because of its pro-fibrotic properties as inducer and perpetuator of

resident fibroblasts independent of EMT activation. The key players in the TGF-

β-dependent pathway will be described and, afterward, their interaction.

Transforming growth factor β (TGFβ) is considered to be the prototypical cyto-

kine for induction of EMT (Lee et al. 2011; Sanford et al. 1997; Xu et al. 2009).

TGFβ is a cytokine belonging to the TGFβ superfamily and is a potent stimulator of

most inflammatory pathways as well as being involved in some anti-inflammatory

pathways. TGFβ signal is initiated when the ligand (mainly TGFβ1) binds to

its cognate TGFβ type II receptor (TβRII). This leads to the phosphorylation

of TβRI (also known as ALK5) (Lebrin et al. 2004). Once phosphorylated,

activated TβRI phosphorylates canonical SMAD2/3, which in turn translocate to

the nucleus and control gene expression. TGFβ has been implicated as a master

switch of fibrosis in many tissues (Lopez-Novoa and Nieto 2009; Zeisberg et al.

2007) for both EMT-mediated fibrosis and non-EMT fibrosis, and this is a common
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pathway for both. Of note, TGFβ can also bind to activin receptor-like kinase

1 (ALK1) exclusively in endothelial cells, which induces SMAD1/5 to potentiate

angiogenic programs (Xavier et al. 2015). Fibrosis will be the end result of this

pathway, either through EMT-induced myofibroblast proliferation, TGFβ activa-

tion of native fibroblasts, or a combination of both.

Several genes and transcription factors have been associated with that first step

of E-cadherin downregulation; most transcription factors involved are part of the

SNAI1 family, ZEB1, SIP1/ZEB2, and bHLH factors (Saito 2013; Peinado et al.

2007; Zhou et al. 2004; Wu et al. 2009a, b; Du et al. 2010). For research purposes,

these transcription factors, genes, and protein expression are used as surrogates for

EMT or EndMT activity.

SNAI1 is considered a key organizer of EMT (Kovacic et al. 2012; Ikenouchi

et al. 2003) and one of the most potent stimulators of E-cadherin downregulation

(Kovacic et al. 2012; Ikenouchi et al. 2003). Through their carboxyl-terminal zinc

finger domains (Xu et al. 2009; Peinado et al. 2007), SNAI1 and SLUG repress

epithelial genes by binding to E-box DNA sequences in the proximal promoter

region of the E-cadherin gene (Lin et al. 2010; Peinado et al. 2004; Herranz et al.

2008; Dong et al. 2013; von Gise and Pu 2012; Vincent et al. 2009). This binding of

E-box sequences in the proximal promoter region of E-cadherin by SNAI1/SLUG

additionally recruits inflammatory cytokines and represses gene expression. SNAI1

is dependent on SMAD 2/3 activation (Lee et al. 2011; Peinado et al. 2003; Thuault

et al. 2006; Lo et al. 2007). SNAI1 regulates various aspects of the EMT such as

RhoA and vimentin upregulation, stimulating cytoskeletal remodeling and activat-

ing expression of matrix metalloproteases, as well as providing protection from cell

death (von Gise and Pu 2012; Zeisberg and Neilson 2009). SNAI1 has a more

potent E-cadherin downregulation than SLUG (Bolos et al. 2003; von Gise and Pu

2012). SNAI1 is quickly degraded in cytoplasm with a half-life of only 25 min in

human cell lines (Zhou et al. 2004; Yook et al. 2006; Dominguez et al. 2003). Thus,

SNAI1 persistence in nuclear space increases results in triggering the EMT cascade.

TWIST is a member of the bHLH-family of transcription factors. It is

upregulated during mesoderm development, neural tube formation, and tissue

fibrosis and tumor metastasis (Yu et al. 2008; Chen and Behringer 1995; Kida

et al. 2007; Yang et al. 2004). The gene TWIST has been described as a participant

of EMT in all three types of EMT and is considered an independent pathway from

SNAI1 and SLUG in repressing E-cadherin and upregulates fibronectin and

N-cadherin (Yang et al. 2004, 2007).

In regard to the EMT pathway, TGFβ activates and upregulates expression of the
transcription factors, SNAI1 and SNAI2 (aka SLUG), and directly downregulates

the expression of E-cadherin (Cano et al. 2000; Lamouille et al. 2014; Lee et al.

2011; Zeisberg et al. 2007; Peinado et al. 2003; Thuault et al. 2006; Lo et al. 2007)

(Fig. 13.4). SNAI1 is phosphorylated by GSK3B to facilitate its nucleocytoplasmic

transport by exposing a nuclear export sequence (Zeisberg and Neilson 2009; Zhou

et al. 2004; Yook et al. 2006; Boutet et al. 2006; Yu et al. 2008; Dominguez et al.

2003). Also, TGFβ represses the expression of Id (inhibitor of differentiation

protein), which inhibits EMT (Kondo et al. 2004). This Id repression is required

for further E-cadherin downregulation.
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13.7 Organ Fibrosis and EMT/EndMT

Fibrosis is the hallmark of any end-stage organ disease, and, as such, it is a topic of

great interest in both the research and clinical community. A total of 45% of deaths

can be attributed to fibrotic disease of some kind. Fibrosis is a key component in the

progression of chronic kidney disease, and in 2014, an estimated 13% of the general

population has been diagnosed with some degree of chronic kidney disease (Rockey

et al. 2015). Overall, fibrosis is the consequence of collagen deposition in viable

functional tissue. Interstitial collagen deposition interferes with healthy paren-

chymal architecture and functionality. Damage secondary to fibrosis production

depends on the spatial location of the collagen deposition, the extent of it, and the

tissue’s intrinsic function.
For example, collagen deposition in the alveolar space of the lungs disrupts

normal parenchymal architecture and causes a significant decrease in the area of

Fig. 13.4 The EMT pathway starts secondary to injury; this diagram only represents the SMAD-

dependent TGF-B pathway. TGF-B binds to TGF-B Receptor II extracytoplasmic domain which

phosphorylates TGF-B Receptor I cytoplasmic domain, which, in turn, phosphorylates SMAD2/3.

SMAD2/3 inhibits GSKB signaling in nucleus and cytoplasm. GSKB has a dual phosphorylation

role: first it phosphorylates SNAI1 for translocation from nucleus to cytoplasm and second it

phosphorylates SNAI1 to promote its proteosomal degradation through ubiquitination. SNAI1 has

a short cytoplasmic half-life, but it is rather stable intranuclear. Therefore, by inhibiting GSKB

signaling, SNAI1 maintains its intranuclear capacity and promotes the loss of epithelial markers

(i.e., E-cadherin, claudins) and increased mesenchymal markers (i.e., collagen, TWIST, MMPS,

fibronectin). TGF-B tumor growth factor B; GSKB glycogen synthase kinase 3 beta;MMPSmatrix

metalloproteinases
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oxygen diffusion, impairing respiration. At the same time, fibrosis decreases lung

compliance (ability to stretch and expand) and reservoir capacity. In the heart, for

example, accumulation of interstitial fibrosis has several consequences. First, it

interferes with electrical conduction of cardiomyocytes by interrupting the archi-

tecture which decreases efficient contractility. Independent of electric conduction

aberrance, fibrotic deposition decreases contractility by interfering with compliance

and effective contractile tissue. This, in turn, decreases stroke volume and cardiac

output and increases the odds of intracardiac thrombi formation. Within the kidney

when looking at, interstitial fibrosis in renal tubules and glomeruli interferes with

absorption into the nephron and reabsorption of substrates from the nephron.

Impaired renal function is associated with acid–base disturbances and electrolyte

imbalances. If collagen I deposition occurs in the perivascular space, renal ischemia

can occur. Renal fibrosis, characterized by tubulointerstitial fibrosis, tubular atro-

phy, and glomerulosclerosis, disrupts the normal architecture of the kidney and

ultimately leads to end-stage renal disease (He et al. 2013).

The hallmark of fibrosis is the activation and accumulation of fibroblasts or

myofibroblasts and the deposition of abundant extracellular matrix (Piera-Velazquez

et al. 2011). Although it was previously thought that all collagen-producing fibro-

blasts were thought to originate solely from resident fibroblasts, recent data have

shown that various types of other cells have the ability to be a source of collagen-

producing fibroblasts. Pericytes, bone marrow, endothelial, and epithelial cells have

all been postulated as possible sources of activated fibroblasts. This will be discussed

throughout this chapter, specifically in the context of renal disease.

EMT contributes to fibrogenesis as a repair mechanism in response to an

inflammation. EMT has been identified in human tissue in the context of renal,

pulmonary, and liver fibrosis (Kalluri and Neilson 2003). Additionally, EMT is

found to occur in most animal models of organ fibrosis to different extents. EMT is

thought to be a double-injury mechanism: increasing the amount of viable collagen-

producing myofibroblasts and interfering with parenchymal architecture through

epithelial cell loss (Lee and Nelson 2012). For instance, in 2011, Deng et al.

identified biliary epithelial cells forming small- and medium-sized bile ducts in

human patients with biliary atresia transition to myofibroblasts, which may account

for prominent bile ductular proliferation and directly contribute to fibrogenesis in

biliary atresia (Deng et al. 2011).

In the heart, Zeisberg et al. reported that up to 35% of fibroblasts originated from

endothelial cells using lineage tracing techniques in an aortic-banding pressure-

overload mouse model (Zeisberg et al. 2007). A few years later, in 2010, Hashimoto

et al. published similar findings in a bleomycin-pulmonary hypertension mice

model, where up to 16% of lung fibroblasts were derived from endothelial cells

(Hashimoto et al. 2010). Specific to fibrotic kidney disease, findings will be

discussed in the next sections with more detail.

EMT correlates with higher fibrosis percentage in organ failure animal models

and decreased functionality surrogates. In the heart, lung, and kidney, EMT pres-

ence has been correlated with worse functional markers as well as overall poor

outcomes. This opens up the possibility of blocking or decreasing EMT and possi-

bly having a positive impact on the disease progression.
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13.8 EMT in Fibrotic Kidney Disease

End-stage renal dysfunction is characterized by progressive loss of kidney function

and increased deposition of extracellular matrix leading to generalized fibrosis (Liu

2004). Progressive chronic kidney disease is the consequence of destructive fibrosis

(He et al. 2013). Thus, the scientific community is interested in fibrotic pathways

and mechanisms, in the hope of potentially halting or inhibiting them.

Several theories exist on the origin of collagen-producing myofibroblasts in

kidney disease. Although the overall agreement is that the majority of them arise

from resident fibroblast population, other possible sources have been postulated. In

this section, tubular epithelial-derived myofibroblasts will be discussed.

A NCBI database search yields over 400 publication results under “EMT Kidney

Fibrosis.” Questions regarding its existence and role in vivo have been raised

mainly due to inconsistencies in the result.

EMT has been identified, mainly using transgenic epithelial lineage tracing

technology, in tubular epithelial cells in vitro and in several animal models

in vivo (Zeisberg et al. 2003; Liu 2010; Yang and Liu 2001; Burns et al. 2006;

Holian et al. 2008; Lan 2003; Liu et al. 2000; Aresu et al. 2007; Shimizu et al. 2006;

Bedi et al. 2008; Djamali et al. 2005). Efforts have been made to try to elucidate

mechanisms and key players in the transition process. Some strategies to decrease

or halt EMT in kidney fibrosis have also been implemented in research settings.

Many of the relevant publications will be described in this section.

In 1995, through subtractive and differential hybridization of murine cells for

transcript comparison, fibroblast-specific protein 1 (FSP-1) was associated with

cells of mesenchymal origin or has markers of fibroblasts (Strutz et al. 1995).

However, it was noted that in fibrotic kidneys secondary to persistent inflammation,

many fibroblasts could be identified in interstitial sites of collagen deposition and

also in tubular epithelium adjacent to the inflammatory process. This led to the

hypothesis that fibroblasts may arise from local conversion of epithelium.

A few years later, a subtotal nephrectomy (right subcapsular nephrectomy and

infarction of 2/3 of the left kidney) rat model was implemented to investigate the

potential role of tubular epithelial cells in progressive fibrosis in the remnant kidney

(Ng et al. 1998). Phenotypic evidence of tubular epithelial-myofibroblast trans-

differentiation was supported by ultrastructural studies identifying actin micro-

filaments and dense bodies within tubular epithelial cells. More so, they noted that

histologically, tubular epithelial cells lost apical-basal polarity and tight junctions,

became elongated, detached from the basal membrane and neighboring cells, and

even appeared to migrate into peritubular interstitium through the damaged base-

ment membrane. It should be noted though that these changes were seen in <15%

of the tubules.

In 2001, through the incubation of human tubular epithelial cells with TGFβ1,
Yang et al. saw that it induced de novo expression of αSMA, loss of epithelial

marker (E-cadherin), transformation of myofibroblastic morphology, and produc-

tion of interstitial matrix (Yang and Liu 2001). These findings were repeated in vivo

using a unilateral ureteral obstruction mouse model.
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Iwano et al. published their landmark study in 2002, where they aimed to

identify the sources of interstitial kidney fibroblasts using bone marrow chimeras

and transgenic reporter mice in a unilateral ureteral obstruction nephropathy in

order to perform lineage tracing (Iwano et al. 2002). They concluded that a sub-

stantial number of organ fibroblasts appear from sources other than the epithelium.

However, the percentage of transitioning cells was not reported. It did, however,

highlight the potential plasticity of differentiated cells in adult tissue under patho-

logic conditions.

Several authors have documented EMT of tubular epithelial cells of humans

(Nightingale et al. 2004; Yang and Liu 2001) and animals (Li et al. 2004) in vitro. In

these studies, EMT was mainly identified by de novo expression of a mesenchymal

marker (ɑSMA or FSP-1) and loss of epithelial marker (E-Cadherin).

Based on the assumption that EMT of tubular cells contributed to the renal

accumulation of matrix proteins associated with diabetic nephropathy, a study was

done to examine the role of prosclerotic growth factor (CTGF) in EMT induction

(Burns et al. 2006). They noted that CTGF partially induces EMT in vitro; this was

not blocked by neutralizing anti-TGFβ antibodies, suggesting that this phenomenon

is independent of TGFβ action. In vivo, a decrease of E-cadherin in tubules of

diabetic rats was noted, as well as an increase in CTGF and ɑSMA.

A few years later, Zhang et al. investigated the role of plasminogen in renal

fibrosis using both in vivo (unilateral ureteral obstruction mice model) and in vitro

(Zhang et al. 2007). They noted a significant decrease of EMT, identified by loss of

E-cadherin and acquisition of αSMA, in mice missing plasminogen (50 versus 76%

in normal mice). These in vivo findings were also supported by in vitro tubular

epithelial cell transition into fibronectin-producing, fibroblast-like cells, which was

blocked by knocking down protease-activated receptor-1 (PAR-1) using

silencing RNA.

For the first time ever, Rastaldi et al. aimed to identify EMT in human renal

biopsies obtained from patients with different degrees of renal fibrosis and different

etiologies (Rastaldi et al. 2002). After analyzing 133 biopsies, they concluded that

human tubular epithelial cells can transition to extracellular matrix protein-

producing mesenchymal cells. They observed loss of epithelial antigens in

8–10% of tubular cross-sections. In 2005, Nishitani et al. identified some EMT

cells after looking at 142 samples from human patients with IgA nephropathy

(Nishitani et al. 2005). In 2006, Hertig et al. studied biopsies obtained 3 months

after renal transplant from 56 patients and reported that EMT was virtually absent in

implantation biopsies, whereas 41% of the grafts were EMT positive in the absence

of advanced chronic allograft nephropathy (Hertig et al. 2006). These results

suggest that EMT is present in human renal disease.

Interestingly, Lovisa et al. proposed a new concept in 2015 based on findings on

three different mouse models: unilateral ureteral obstruction nephropathy, nephro-

toxic serum-induced nephritis, and folic acid-induced nephropathy (Lovisa et al.

2015). They proposed a partial EMT program for tubular epithelial cells, where

they remain associated with their basement membrane but express markers of both

epithelial and mesenchymal cells. This caused an arrest in the G2 phase of the cell
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cycle and lower expression of solute and solvent transporters. Also, they noted that

transgenic expression of TWIST1 or SNAI1 was sufficient to promote TGF-β1-
induced G2 arrest of tubular epithelial cells, limiting the cells’ potential for repair
and regeneration.

Around that same time, Grande et al. showed that the reactivation of SNAI1 in

mouse renal epithelial cells is required for the development of fibrosis in the kidney

(Grande et al. 2015). They concluded that SNAI1 reactivation induced partial EMT

that relayed signals to interstitium to promote myofibroblast differentiation,

fibrogenesis, and to sustain inflammation, without directly contributing to the

myofibroblast pool.

The concept of partial EMT is an intriguing one: tubular epithelial cells are

activated secondary to an inflammatory response and, via SNAI1, contribute to

fibrosis production and express mesenchymal markers, without becoming motile or

damaging epithelial structure.

13.9 EndMT in Fibrotic Kidney Disease

In the context of kidney disease and EndMT, several papers have been published

trying to identify the existence and, if it exists, quantify its implications in fibrosis

with the intention to halt the process in different nephropathy animal models and

human patients (Table 13.2). However, data have not been consistent, especially in

the percentage of fibroblasts derived from endothelial cells in a development

disease. The varying contributions of endothelial cells from study to study make

it difficult to interpret the significance of EndMT in fibrosis.

Zeisberg et al. conducted a landmark experiment in 2008 to confirm the contri-

bution of EndMT in renal fibrosis in three different animal models: unilateral

ureteral obstruction nephropathy, streptozotocin-induced diabetic nephropathy,

and a surrogate for Alport syndrome (Zeisberg et al. 2008). They concluded that

approximately 30–50% of fibroblasts co-expressed the endothelial marker CD31

and mesenchymal markers FSP-1 and αSMA. Using dual transgenic mice,

they confirmed this finding with endothelial lineage tracing.

Approximately, a year later, Li et al. concluded that EndMT occurs and contri-

butes to the early development of diabetic renal interstitial fibrosis. They did so by

looking at a streptozotocin-induced diabetic nephropathy model using endothelial-

lineage traceable mice to identify if EndMT occurred in diabetic renal interstitial

fibrosis (Li et al. 2009). They concluded that about 10–23.5% of renal interstitial

myofibroblasts in the diabetic nephropathy model were of endothelial origin com-

pared to 0.2% in control mice. They complemented their findings with in vitro

studies using primary culture of fluorescently labeled adult mouse kidney cells and

they identified through confocal microscopy and real-time PCR de novo expression

of αSMA and loss of expression of VE-Cadherin and CD31 secondary to induction

by TGFβ1.
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A few years later, LeBleu et al. engineered a meticulous study to identify myo-

fibroblast source and function in kidney disease induced by unilateral ureteral

obstruction using multiple genetically modified mice (LeBleu et al. 2013). They

concluded that the total pool of myofibroblasts is split: 50% arising from resident

fibroblasts via proliferation and 50% did not. The 50% that did not arise from

resident fibroblasts was further subdivided into 35% via bone marrow differenti-

ation, 10% via EndMT, and 5% via EMT. They also concluded that vascular peri-

cytes likely do not contribute to the pool of myofibroblasts.

In early 2016, Deng et al. demonstrated that in human patients with primary

and secondary nephropathy, αSMA, as a surrogate for mesenchymal marker,

was expressed in endothelium (Deng et al. 2016). Renal biopsies from adult

patients with primary nephropathy (e.g., IgA nephropathy) and secondary

nephropathy (e.g., diabetic or lupus nephritis) were analyzed for EndMT pres-

ence per double labeling of CD31 and ɑSMA. Sequential sections of abnormal

microvasculature were reconstructed using 3D models and analyzed; the per-

centage of ɑSMA+ CD31+ peritubular capillary numbers was substantially

increased compared to controls. This suggests that EndMT contributes to inter-

stitial fibrosis in kidney disease in both primary and secondary nephropathies.

They also followed this method of analysis in unilateral ureteral obstruction

mouse model and found the same to be true which they further confirmed in an

in vitro human umbilical vein endothelial cell culture stimulated by TGFβ1.
Based on recent publications like those described previously, some attempts to

halt or ameliorate EndMT in kidney disease have been published in the last few

years. This research was conducted under the assumption that EndMT is a definite

contributor to fibrosis in renal disease.

Table 13.2 Summary of current literature of EndMT in kidney disease

Authors Model

EndMT

cells Extra

Zeisberg et al.

(2008)

Animal;

Unilateral ureteral obstruction nephrop-

athy,

Streptozotocin-induced diabetic

nephropathy,

Surrogate for Alport syndrome

30–50%

Li et al. (2009) Animal;

Streptozotocin-induced diabetic

nephropathy

10–23.5%

LeBleu et al.

(2013)

Animal;

Unilateral ureteral obstruction

nephropathy

10% 35% bone marrow-

derived

5% EMT

Deng et al.

(2016)

Humans;

Biopsies from primary and secondary

nephropathies

Animal;

Unilateral ureteral obstruction

nephropathy

Presence
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In 2013, Curci et al. investigated the role of complement in the induction of

EndMT in an ischemic/reperfusion injury swine model (Curci et al. 2014). By

inhibiting complement activity within the model, peritubular capillary density was

preserved and significant reduction in renal fibrosis was observed, as well as very

few dual stained cells were identified, contrary to those seen without complement

inhibition. Similar findings documenting EndMT’s contribution to fibrosis were

reported by Basile et al. in an ischemic/reperfusion injury rat model (Basile et al.

2011).

Kanasaki et al. observed that the DPP4 (dipeptidyl peptidase-4) inhibitor cur-

rently in the market as an antidiabetic drug under the name linagliptin ameliorates

kidney fibrosis in diabetic mice without altering blood glucose levels by inhibiting

EndMT and restoring the microRNA mir-29 (Kanasaki et al. 2014) both in vivo and
in vitro.

Xavier et al. addressed the question whether endothelial TGFβ signals contribute
to renal fibrosis by using mice with partial ablation of TβRII in renal fibrosis

secondary to folic acid nephropathy and unilateral ureteral obstruction (Xavier

et al. 2015). The data demonstrated that restricting TGFβ signaling in vascular

endothelial cells is enough to reduce EndMT, decrease TGFβ-induced canonical

SMAD2 signaling, improve angiogenesis, and reduce fibrosis. They concluded that

endothelial TGFβ and EndMT are implicated in regulating angiogenic and fibrotic

response to injury in two nephropathy models.

EndMT of tubular epithelial cells has been successfully associated with

collagen-producing myofibroblasts in vitro. In vivo evidence of the phenomenon

has been shown by some authors; however, the real burden of this phenomenon on

the progression of the disease or prognosis of this has not been conclusive. The

inconsistency within the results is due partially to the fact that EndMT lacks a gold

standard for identification.

13.10 Other Sources of Myofibroblasts

Some authors have dismissed the implication of EMT and its role in fibrotic kidney

disease altogether, while others have concluded that although EMT or EndMT

participates in myofibroblast pool production, other sources suggest that EndMT

plays a more important role in fibrosis. For example, as mentioned previously,

LeBleu et al. demonstrated that although some myofibroblasts arise from EMT and

EndMT (5% and 10%, respectively), approximately 35% arise from bone marrow.

Other sources of myofibroblasts that have been identified will be discussed.

In 2007, Broekema et al. aimed to identify the contribution of bone marrow-

derived cells to renal interstitial myofibroblast population in relation to fibrotic

changes after ischemia/reperfusion injury by unilateral engraftment in the tubular

epithelium in rats (Broekema et al. 2007). An average of 32% of myofibroblasts was

derived from the bone marrow which were considered functional per procollagen I

production capacity. Interestingly, increased TGFβ and decreased BMP-7 were
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observed in interstitial myofibroblasts but not in bone marrow-derived

myofibroblasts.

In 2008, Lin et al. used a transgenic reporter mouse model to examine the origins

of collagen 1A1 producing cells in the kidney in fibrotic renal disease (Lin et al.

2008). They concluded that either vascular injury or vascular factors are the most

likely triggers for pericyte migration and differentiation into myofibroblast. Based

on these results, they suggested that the scientific community should refocus

fibrosis research to injury of the vasculature rather than injury to the epithelium.

Humphreys et al. in 2010 assessed the contribution of renal epithelial cells to

myofibroblasts using genetically modified Flox-stop reporter mice in a ureteral

obstructive nephropathy model (Humphreys et al. 2010) both in vivo and in vitro.

Although renal epithelial cells acquired mesenchymal markers in vitro, they found

no evidence that epithelial cells migrate outside of the tubular basement membrane

and differentiate into interstitial myofibroblasts in vivo. Interestingly, they noted

that pericyte cells, and not epithelial cells, may account for a large majority of

myofibroblasts.

13.11 Controversies—Discussion

The concept, role, and burden of EMT and EndMT are controversial. Results have

been met with skepticism by some while others believe that the data are significant

enough to warrant attention. Some of the controversies revolving around this

subject will be discussed here: the concept of adult cell plasticity, presence of

EMT/EndMT in human samples, role and relevance of EMT/EndMT in fibrotic

disease, risk of inhibition of EMT/EndMT, existence of MET in fibrotic disease,

and inconsistencies in EMT/EndMT in kidney disease.

According to previous physiologic paradigms, cells derive from an embryonic

lineage and commit to a cell line. Fully mature, developed cells have limited

plasticity and transitioning cells break these concepts of adult cell plasticity.

Therefore, resistance has been offered regarding its existence in the context of

metastatic and fibrotic disease. These skepticisms have decreased significantly,

though, partially thanks to in vitro studies in the area of EMT but also secondary

to the extraordinary results of stem cell research. EMT and EndMT are currently

accepted as a definite process in vitro but only as a potential process in vivo.

The concept that EMT/EndMT occurs in human tissue and not only in vitro is

something that has not been fully accepted by the scientific community. For

obvious reasons, lineage tracing methods are not a possibility in human samples,

and the fact that EMT/EndMT is thought to be an early, time-dependent process

complicates the identification of it. Therefore, the sensitivity of the current tech-

niques is very poor. Current evidence of EMT/EndMT in human samples is based

on dual staining techniques; this means the only cells quantified as positive are in

the process of transitioning, while fully transformed collagen-producing fibrocytes

that have already lost all epithelial or endothelial markers are excluded from results.
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Furthermore, mesenchymal markers lack specificity since FSP-1 and αSMA have

also been identified in inflammatory and endothelial cells. It is a very ambitious

goal to scientifically prove that EMT or EndMT significantly contributes to fibrosis

in end-stage organ dysfunction without explicit lineage tracing methods. However,

current information obtained from human samples is not negligible; quantification

of EMT or EndMT positive cells and its correlation with degree of fibrosis,

epithelial contribution, and clinical outcomes can shed some light on this topic.

However, animal in vivo data is needed to comprehend mechanism since results

obtained from human samples are merely descriptive.

Another area of controversy is the role and relevance of EMT and EndMT in the

progression of fibrotic disease. Assuming EMT or EndMT exists in vivo, its actual

contribution has been questioned in more than one occasion. In various animal

models of different organ fibrosis, the percentage of collagen-producing

myofibroblasts varies dramatically from approximately 5 to 50%. Also, the potency

of these myofibroblasts originating either from epithelial cells or endothelial cells

has not been approached. Furthermore, TGFβ is an EMT/EndMT trigger but also

triggers fibrosis independent of EMT/EndMT. As these pathways are deeply

interconnected, it is difficult to elucidate between the fibrotic changes seen second-

ary to TGFβ (independent of EMT/EndMT pathway) and actual EMT/EndMT

contribution. EMT or EndMT’s contribution might be overestimated when corre-

lating the number of dual stained cells with fibrosis percentage due to the attribution

of TGFβ’s pro-fibrotic consequences.
EMT and EndMT occur in the setting of inflammation as a natural process of

wound healing. Thus, inhibiting the pathway as an anti-fibrotic mechanism may

have other detrimental effects. If we manage to block EMT or EndMT as an anti-

fibrotic strategy in chronic fibrotic disease (such as chronic kidney disease or

chronic heart failure), what would happen to the tissue if it is subjected to an

acute immediate injury? Would the collagen production of resident fibroblasts be

sufficient to avoid dysfunction in the long term? Or will the fibrotic response be

insufficient because of a decreased myofibroblast pool? Early blockade of TGFβ
using anti-TGFβ antibodies has decreased survival in a myocardial infarction

mouse model (Ikeuchi et al. 2004). However, a TGFβ blockade would decrease

EMT/EndMT as well as any pro-fibrotic TGFβ-induced cascade. Further studies

will be warranted to identify an anti-fibrotic target therapy within the EMT/EndMT

pathway.

MET has been identified in embryology and, with some controversy, in onco-

logy setting. Little is known about MET within fibrotic tissue and its signaling

mechanism is not clearly defined. As of now, the same set of genes associated with

EMT have been postulated for MET (SNAI1, SLUG, TWIST). This is based on the

premise that EMT andMET are ends of the spectrum of a same transitional pathway

and their participation in the injury–repair balance. Although this hypothesis makes

sense theoretically, few data has been published regarding this matter.

EMT and EndMT have been identified in vitro, in vivo using animal models, and

in human kidney samples. Authors have inhibited either EMT or EndMT and

reported decreased fibrosis and increased renal function. However, other authors
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have also published myofibroblasts originating from other cell types and rejecting

the notion of EMT/EndMT or accepting the phenomenon but doubting its relevance

and role in end-stage fibrotic renal disease. The inconsistency in results and

conflicting data has opened the floor for debate. For instance, while EMT and

EndoMT can be triggered in vitro under different circumstances, EndoMT quanti-

fication using in vivo animal models ranged from 50% (Iwano et al. 2002) to 10%

(LeBleu et al. 2013). Even using the same animal model and lineage tracing

techniques, the variability among published results is significant. Rather than

answering the question of EMT/EndMT’s contribution to kidney fibrotic disease,

it opens the topic for discussion and interpretation. The variation in results could be

explained by the fact that EMT/EndMT is an ongoing time-dependent process that,

depending on the time between analysis and onset of injury, might have not

occurred yet or the transition might be completed by then. Another possible

explanation could be the lack of specificity in the markers currently used for

EMT/EndMT identification. Last but not least, partial EMT might also explain

the variability in all the previous publications where they observed the same

phenomenon at different stages. These are speculations based on assumptions,

and further studies with more developed methods are necessary to truly identify

the contribution of EMT/EndMT to renal fibrotic disease.

13.12 Conclusion

EMT is the transition of epithelial cells into mesenchymal cells and this can occur

in the context of development, injury, or metastasis. Epithelial cells lose inherent

markers and characteristics such as attachment to the basal membrane and neigh-

boring cells while gaining mesenchymal cell characteristics and markers like

motility and collagen-producing capacity. Endothelial to Mesenchymal Transition

(EndMT) is a subtype of EMT where the transitioning cell is an epithelial cell, a

specialized vascular epithelial, into collagen-producing mesenchymal cells.

Three types of EMT have been described based on their pathophysiologic

context: type 1 EMT has been described in embryogenesis and development, type

2 EMT in the setting of inflammation and fibrosis, both acute and chronic condi-

tions, and type 3 EMT has been associated with increased metastatic characteristics

in cancer.

On the other hand, mesenchymal to epithelial transition (MET), mechanistically

the opposite of EMT, has been clearly identified in embryologic development and

partially implicated in the development of a secondary tumor site in the oncologic

setting. Further studies are warranted to elucidate a role of MET within fibrotic

disease, either as a promoter of anti-fibrotic characteristics or as a faulty mechanism

within the injury–recovery spectrum. Considering the extent of fibrotic disease in

end-stage organ failure and its clinical outcome implications, the scientific com-

munity is in need of a new anti-fibrotic pathway to focus on. Current therapies focus

on preventing the symptoms and progressions, but few actually aim to reverse the
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current fibrosis. Therefore, MET offers a potential new opportunity of therapeutic

targets and interventions.

EMT has been identified as a contributor of end-stage organ fibrosis in the

kidney, heart, and liver. By providing a new source of collagen-producing

myofibroblasts, the potential of fibrosis deposition is increased. Thus, EMT pro-

vides a new source of activated myofibroblasts and a new mechanism of initiating

and developing fibrosis. This has the potential to become a novel therapeutic target.

The primary focus of this chapter is the contribution of EMT and EndMT to

kidney fibrotic disease, and many relevant research proposals have been described

as evidence of the current state of this topic.

In regard to EMT and EndMT in kidney disease, several manuscripts have been

published on this matter. EMT and EndMT have been extensively and repeatedly

proven in vitro. However, conflicting data exists for in vivo models. EMT was

proposed as an important contributor to renal fibrosis since 1995, and conclusive

data has not been reported yet, even with access to lineage tracing transgenic animal

models. Results range from attributing up to 50% of collagen-producing myo-

fibroblasts to endothelial origin, to 10% from endothelial cells and 5% to epithelial

cells to not finding any fibroblasts derived from epithelial origin. Authors have also

identified collagen-producing myofibroblasts originating from bone marrow and

pericytes, as opposed to those from epithelial or endothelial origin. EMT in human

samples of kidney disease has also been described, primarily in biopsy specimens of

nephropathies and posttransplant grafts. EMT and EndMT have also been inhibited

both in vitro and in vivo using animal models with a subsequent decrease in fibrosis

and increase in kidney function.

A relatively new concept of partial EMT has been proposed and may open the

table for discussion on the role and contribution of EMT to renal fibrosis in

end-stage disease.

EMT and EndMT in fibrotic disease development and progression are contro-

versial. Results have been met with skepticism mainly due to the concept of adult

cell plasticity, identification of EMT/EndMT in human tissue, the actual relevance

and contribution of EMT/EndMT to organ fibrosis, risk of inhibiting EMT/EndMT

pathway, the concept of MET in fibrotic disease and injury–repair balance, and

finally, and most importantly, the inconsistencies in the literature regarding EMT

and EndMT in renal fibrotic disease.

Fibrosis is the hallmark of most chronic diseases, which leads to loss of paren-

chymal architecture and pathologic dysfunction. EMT and EndMT provide a new

source of collagen-producing myofibroblasts and, as such, a potential therapeutic

anti-fibrotic target. Further studies are warranted and as technology improves,

mechanisms and pathway implicated in this process might become clearer. EMT

Even though there is controversy regarding EMT, one thing is sure, it represents a

new opportunity: an opportunity for discussion and an opportunity for discovery;

a pathway that proposes a new mechanism for collagen deposition; and, as such,

a new therapeutic option to prevent, delay, and treat fibrosis.
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