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ABSTRACT

Animals have developed extraordinary capacities to maintain homeostasis in the
face of severe osmoregulatory challenges from their environment. For instance, with
respect to salt and water homeostasis, freshwater animals continuously eliminate excess
water while conserving solutes, whereas land-dwelling organisms have to conserve water
and solutes as much as possible. Comparative morphological studies suggest that animals
have tackled the problems of excretion and osmoregulation by evolving a specialized
structure: the excretory organ. Animal excretory organs are extremely diverse. Some are
unicellular, such as the excretory cell in nematodes. Others are multicellular and highly
specialized, such as the protonephridia/metanephridia in invertebrates or the kidneys in
vertebrates. In light of such anatomical and functional diversity, the evolutionary origins
of animal excretory systems pose an interesting question in biology. However, the
hypotheses proposed thus far remain highly controversial for two main reasons. First,
many evolutionary arguments are based solely on morphology in organisms for which no
molecular data are available, precluding rigorous genetic comparisons. Second, while
invertebrates are critical elements of this evolutionary puzzle, the molecularly tractable
ones studied to date display highly derived excretory systems. C. elegans possesses a
single excretory cell, while the ultrafiltration of nephrocytes is uncoupled from the

absorption/secretion of Malpighian tubules in D. melanogaster.



Comparative morphological studies have demonstrated the existence of more
complex excretory organs amongst many other invertebrates, including planarians.
Planarians have a protonephridial excretory system in which each protonephridial unit
consists of a tubule, opening distally via a nephridiopore at the surface of the animal and
ending proximally in one or more terminal structures called flame cells. Protonephridia
are commonly found amongst many invertebrates. Since protonephridia combine
ultrafiltration with filtrate modification, planarians close an “invertebrate gap” in the study
of excretory system biology. Taking advantage of a rapidly expanding list of molecular
tools in recent years, this dissertation project aims to perform a comprehensive molecular
and functional study of planarian protonephridia in order to provide new insights into the
longstanding question on the evolutionary relationship between vertebrate and invertebrate
excretory systems and gauge planarians’ potential as a novel invertebrate model for human

kidney development and disease.
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CHAPTER 1

OVERVIEW



“The regulation of its internal medium frees an animal from its external environment.”

~ Claude Bernard ~

Living animals have a remarkable ability to adapt to their environments, majorly
due to their amazing capacity to maintain homeostasis in the face of numerous
osmoregulatory challenges posed by their environment. For instance, with respect to salt
and water homeostasis, freshwater animals always have to confront the problems of water
gain and salt loss while terrestrial organisms have to face the threat of desiccation. They
therefore have developed different osmotic regulation strategies to maintain their internal
milieus. Freshwater animals must continuously eliminate excess water while conserving
solutes, whereas land-dwelling animals have to conserve water and solutes as much as
possible. In safeguarding their internal homeostasis, animals must also deal with harmful
by-products of metabolism, such as ammonia, the breakdown of nitrogenous molecules.
Due to its toxicity, it is required to be continuously eliminated from the animal’s body. In
aquatic environments, ammonia can diffuse easily through the cell membrane due to its
high solubility. However, in terrestrial environments, efficient elimination of ammonia by
diffusion is not possible. Ammonia must instead be transformed into alternative
nitrogenous substances with lower toxicity. This includes urea in amphibians and
mammals and uric acid in insects and reptiles.

In pre-bilaterians like sponges, placozoans, cnidarians, and ctenophores, excretion
and osmoregulation are performed by direct epithelial diffusion. No discrete excretory
organs have evolved in these phyla. In contrast, most bilaterians (except Acoelomorpha

and Xenoturbella) undergo excretion and osmoregulation in complex and specialized



structures — the excretory organs. Morphological studies suggest the existence of a variety
of excretory systems. Some are unicellular, such as the excretory cell of nematodes.
Others are multicellular and highly complex, such as the protonephridia in platyhelminths,
metanephridia in annelids, Malphigian tubules in insects, and kidneys in vertebrates
(Ruppert, 1994) (Fig. 1.1). Due to such functional and anatomical diversity, the
evolutionary origin of excretory organs poses an interesting question in biology.

Kidneys constitute the excretory system in humans. The chief role of the kidney
includes regulation of electrolyte concentrations, acid-base balance, and maintenance of
extracellular fluid volume. This is achieved by hundreds of thousands of nephrons — the
basic functional unit of the kidney through relatively simple mechanisms of filtration,
reabsorption, and secretion. Due to its pivotal roles in maintaining body homeostasis,
disturbance of kidney function poses a serious health threat. More than 10% of adults in
the United States currently suffer from some type of chronic kidney disease (CDC, 2014).
Basic kidney research, therefore, is essential for understanding kidney pathologies and
developing effective strategies for prevention and treatment of kidney diseases. To set the
research of this thesis in context, this chapter reviews our current knowledge of kidney
biology and outstanding questions in the field. It discusses the potential of current
invertebrate model systems in understanding kidney biology and their limitations. Finally,
it introduces the planarian excretory system as a novel invertebrate model for studying

kidney development, diseases, and evolution.



Figure 1.1. Cartoon representing the basic structural organization of excretory
systems across animal kingdom. Despite the structural differences, animal excretory
systems are composed of two principle components: filtration cells as mediators of
ultrafiltration, and tubular cells that are responsible for filtrate modification by
reabsorption and secretion (except for the unicellular excretory organ in C. elegans).
Nephrons are excretory organs of vertebrates; protonephridia are excretory organs of
amphioxus and planarians; metanephridia are excretory organs of annelids; nephrocytes
and Malphigian tubules are excretory organs of flies; while an excretory cell is the
unicellular excretory organ of C. elegans. Red branch indicating Ecdysozoa; green branch,
Lophotrochozoa; blue branch, Deuterostomia; purple branch, Cnidaria.
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A Brief Overview of Kidney Development

Anatomy of the Mammalian Kidney

The mammalian kidney is a bean-shape organ composed of hundreds of thousands
of nephrons, the basic functional unit of the kidney. Each nephron comprises two
functional components: a filtering component (the “glomerulus”) and a tubule specialized
for reabsorption and secretion (the "renal tubule"). The glomerulus is formed at the most
proximal end of the nephron, followed by the proximal convoluted tubule, the loop of
Henle, and the distal convoluted tubule, which connects to the collecting duct (Fig. 1.2).
Filtration of the blood occurs inside the glomerulus through the fenestrated structures
formed by glomerular podocytes (reviewed in detail in (Quaggin and Kreidberg, 2008)).
The filtrate is then concentrated by selective reabsorption and secretion along the different
segments of the renal tubule. Glucose, amino acids, electrolytes, and peptides are
reabsorbed in the proximal convoluted tubule, whereas water and electrolytes are taken up
by loops of Henle and the distal convoluted tubule due to the segmental expression of
distinct sets of solute transporters (reviewed in detail in (Fenton and Praetorius, 2011;
Pannabecker, 2012; Staruschenko, 2012; Zhuo and Li, 2013). Waste and harmful

substances are finally excreted out of the body as urine.

Embryology of Mammalian Kidney Development

The mammalian kidney derives from the intermediate mesoderm (IM), which
produces three successive developmental fields: the pronephros, the mesonephros, and the
metanephros (Fig. 1.3a) (Maezawa et al., 2011). The pronephros is formed first from the

rostral-most region of the urogenital ridge. Later, the mesonephros forms more caudally,



Figure 1.2. Basic structural organization of the vertebrate nephron. A nephron is
composed of two principle components: a glomerulus as mediator of ultrafiltration (blue),
and a tubule that is responsible for filtrate modification. A tubule can be subdivided into
9 subdomains: S1, S2, and S3 segments of the proximal tubule; DTL, descending thin
limb; ATL, ascending thin limb; TAL, thick ascending limb; DCT, distal convoluted
tubules; CNT, connecting tubule; CD, collecting duct. Inset showing a schematic view of
the podocyte, a key building block of the glomerulus. The podocyte wraps around the
capillary wall on the outer surface of the glomerular basement membrane with its extended
interdigitating foot processes. Podocyte foot processes are then bridged by a slit
diaphragm. A close-up view of the glomerular filtration barrier consisting of three
components: porous endothelium, glomerular basement membrane, and podocyte foot
processes with the interposed slit diaphragm. The endothelial pores are not bridged by a
diaphragm.
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followed by the metanephros. The first two fields are transient in mammals. However,
the mesonephros and possibly the pronephros perform excretory roles during
embryogenesis. Both tissues are also required for the development of other organs, such
as the adrenal gland and the gonads. Only the metanephros gives rise to the definitive
adult kidney.

Kidney development is characterized by sequential inductive interactions and
mesenchymal-to-epithelial transformations (Maezawa et al., 2011; Uhlenhaut and Treier,
2008). The formation of the nephric ducts or Wolffian ducts (WD) marks the earliest step
in kidney development (Fig. 1.3b). Inductive interactions between the metanephric
mesenchyme (MM) and the nephric ducts trigger the growth of the ureteric bud (UB) at
the distal end of the nephric ducts. Upon the invasion of UB into the MM, signaling from
the MM induces the UB to split into a T-tubule and undergo dichotomous branching.
These branches subsequently form the collecting duct system that funnels urine into the
bladder (Fig. 1.3b). Simultaneously, at the tips of the branching ureter, the MM is induced
to condense, epithelialize, and differentiate into mature nephrons. The differentiation of
nephrons occurs through a series of morphogenetic stages referred to as renal vesicles,
comma-shape, and S-shape (Fig. 1.3c). These anlagen eventually connect with the
collecting duct. This process of branching and differentiation is, remarkably, reiterated
600,000 to 1,000,000 times in each developing kidney. Although nephrogenesis is
completed shortly after birth, functional maturation of the kidney continues into the

postnatal period.
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Figure 1.3. Development of the vertebrate kidney. a, Three stages of mammalian kidney
development. The pronephros (P) and mesonephros (M) develop in a rostral-to-caudal
direction, and the tubules are aligned adjacent to the Wolffian, or nephric duct (WD). The
metanephros develops from an outgrowth of the distal end of the WD known as the ureteric
bud (UB) epithelium and a cluster of cells known as the metanephric mesenchyme (MM).
Cells migrate from the mesonephros (M) into the developing gonad (G), which develop in
close association with one another (modified from (Maezawa et al., 2011)). b, Schematic
diagram of UB growth and branching in response to inductive signals from the MM. See
detailed explanation in the text. ¢, Schematic drawing of nephron development.
Reciprocal interactions between the UB and the MM result in a series of well-defined
morphologic stages, leading to formation of the nephron. See detailed explanation in the
text.
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Molecular Control of Mammalian Kidney Development

In the last two decades, a tremendous amount of knowledge has been gained
regarding the molecular control of mammalian kidney development. However, many

outstanding questions still must be addressed.

Early Lineage Determination of the Metanephric Kidney

The formation of the nephric duct marks the initiation of metanephric kidney
formation (Fig. 1.3). This requires the cell-autonomous activity of either Pax2 or Pax$,
closely related PAX-family transcriptional regulators (Fig. 1.4a) (Bouchard et al., 2002).
The LIM family member Lhx! later facilitates the caudal extension and development of
the nephric duct (Fig. 1.4a) (Pedersen et al., 2005; Tsang et al., 2000). Consequently, no
UB forms in these mouse mutants. At a later stage, Pax2 and Gata3 are required to
establish the UB (Fig. 1.4a) (Grote et al., 2006; Lim et al., 2000; Torres et al., 1995).
Normal specification of the MM, in turn, requires many key transcription factors,
including Osri, Wtl, Hoxall, Hoxcll, Hoxdl1, Salll, Six1, and Eyal (Fig. 1.4a). Of
these, Osrl and Eyal represent the earliest known determinants of the MM (James et al.,
2006; Xu et al., 1999). Osrl mutants do not form the MM, nor do they express several
other factors required for metanephric kidney formation, such as Eyal, Six2, Pax2, Salll,
or Gdnf (James et al., 2006). Similarly, Eyal and Six/ mutants fail to induce the MM,
suggesting that Eyal acts together with Six/ to determine MM cell fate (Sajithlal et al.,
2005; Xu et al., 1999). Wil instead acts broadly and early within the IM, at least in part
as an anti-apoptotic factor to support MM development (Kreidberg et al., 1993). Although

the functions of many aforementioned genes during early MM specification are well



13

understood, their roles within specific compartments of the kidney at later stages have not
been thoroughly investigated. Furthermore, the analysis of numerous factors within the
MM is complicated by their expression in multiple kidney compartments. For example,
Pax2 acts in the UB, but its expression is also present in the MM. To date, a MM-specific

function for Pax2 has not yet been examined.

Regulating of Ureteric Bud Outgrowth and Branching Morphogenesis

The GDNF/RET pathway is a key regulator of UB outgrowth and branching
morphogenesis through its inductive interactions with the nephric ducts (Fig. 1.4a).
GDNEF, secreted by the MM, activates a GFRAI/RET receptor-tyrosine kinase (RTK)
complex that is expressed by cells of the UB. This initiates a signaling cascade that
upregulates expression of the RET receptor and triggers outgrowth of RET™ cells from the
nephric duct toward the GDNF signal (Fig. 1.4a) (reviewed by (Costantini and Kopan,
2010)). Disruption of Gdnf, Ret, or Gfral in the mouse results in the complete failure of
UB outgrowth and kidney agenesis (Jain, 2009). A number of transcription factors have
been shown to regulate expression of Gdnf, including Eyal, Pax2, Salll, and the Hox11
paralog group (Fig. 1.4a). Targeted deletion of any one of these genes leads to renal
agenesis and a failure of Gdnf expression. As mentioned previously, Eyal mutants fail to
form metanephric mesenchyme. In Pax2 null mutants, Eyal, SixI, and Salll are still
expressed, indicating that the Eyal/Six] pathway is not downstream but may be upstream
of Pax2 (Dressler et al., 1990). Meanwhile, mice carrying mutations in any one of the
Hox11 paralogs, including Hoxall, Hoxcll, and Hoxdll, do not have kidney

abnormalities; yet, mice with triple mutations in these genes demonstrate a complete
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Figure 1.4. Genetic networks controlling early lineage determination of the
metanephric kidney, ureteric bud branching, nephron induction, and segmentation.
a, Genetic network controlling early lineage determination of the metanephric kidney and
ureteric bud branching (see text for details). Dashed arrow indicates uncertain regulatory
effects. Modified from (Costantini and Kopan, 2010; Maezawa et al., 2011). b-c, Genetic
network controlling nephron induction (b) and segmentation (c) (see text for details). NP,
nephron progenitors; UB, ureteric bud; PTA, pretubular aggregate; red arrow in (b)
represents promotion of self-renewal. Modified from (O'Brien and McMahon, 2014).
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absence of metanephric kidney induction (Wellik et al., 2002). Interestingly, in these triple
mutants, the formation of condensing MM and the expression of Eyal, Pax2, and Wtl
remain unperturbed, suggesting that Hox11 is not upstream of these factors.

GDNF/RET is not the sole RTK pathway that mediates branching (Fig. 1.4a).
Many other RTK signaling pathways are involved in regulating UB outgrowth and
morphogenesis. These include FGF/FGFR (Bates, 2011), EGF/EGFR (Ishibe et al., 2009),
VEGFA/VEGFR2 (Marlier et al., 2009; Tufro et al., 2007), and HGF/MET (Ishibe et al.,
2009). Furthermore, Angiotensin I/II binding to AGTR1/AGTR2 in the ureteric tips
induces tyrosine phosphorylation of EGFR (Yosypiv et al., 2006) and RET (Song et al.,
2010), which then stimulates branching. In contrast to factors deriving from the MM that
promote UB branching, a number of signals produced by the MM or stroma inhibit this
process, including BMP4 and other TGF[3 family members (Cain et al., 2008). Together,
these inhibitory inputs ensure the outgrowth of a single UB from the nephric duct at the
right time and place. RTKs then activate the PI3K-AKT and RAS/ERK MAP kinase
signaling pathways, which leads to changes in gene expression of many transcriptional
regulatory factors that control branching morphogenesis, including Etv4, Etv5, Sox8, and

Sox9 (detailed review by (Costantini and Kopan, 2010)).

Nephron Induction

As mentioned in the previous section, nephrogenesis requires a sequential
inductive interaction between the UB and the MM (Fig. 1.4b). This triggers a
subpopulation of Six2" cap mesenchyme (CM) to undergo mesenchymal epithelial

transition (MET) and generate the renal vesicle (RV) (O'Brien and McMahon, 2014).
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Canonical Wnt signaling directed by Wnt9b/f-catenin has emerged as the key pathway
initiating this process. Wnt9b is expressed in the entire UB, except the very tips. Genetic
analysis has demonstrated that Wnt9b is not required for nephron progenitor specification
nor UB outgrowth, but is essential for mediating RV commitment through the stabilization
of B-CATENIN (Carroll et al., 2005). Wnt9b also activates expression of secondary
signals including Fgf8 and Wnt4 within pretubular aggregates to regulate RV formation
(Carroll et al., 2005; Grieshammer et al., 2005; Kispert et al., 1998; Mugford et al., 2009;
Perantoni et al., 2005; Stark et al., 1994). The observation that Six2 is required to maintain
the CM, while Wnt9b commits a subset of this population to an RV fate, raises an
interesting question. How is Wnt signaling regulated to restrict RV induction in only a
subset of the Six2™ CM population? In the absence of Six2, all nephron progenitors
undergo rapid and premature differentiation, resulting in ectopic formation of RVs (Self
et al., 2006). These data suggest that Six2 might be involved in the suppression of RV
differentiation within nephron progenitors. Six2 and Wnt9b double mutants lack RVs,
which bear a resemblance to Wnt9b single mutants. This indicates that Six2 counters
Wnt9b's nephron-inducing activity (Kobayashi et al., 2008). However, the mechanism for
this remains to be addressed.

Recent studies have revealed an additional nephrogenic contribution from the
Foxdl" interstitial progenitors surrounding Six2" nephron progenitors (Fig. 1.4b).
Depleting this population leads to an expansion of the nephron progenitors and a marked
delay in the inductive process (Das et al., 2013). Furthermore, stromal Fat4 and the
Hippo/Warts pathway were demonstrated to modulate B-CATENIN activity in nephron

progenitors (Fig. 1.4b) (Das et al., 2013; Reginensi et al., 2013). Uninduced nephron
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progenitors retain nuclear TAZ/Y AP, and deletion of these components within the nephron
progenitor population significantly reduces the number of differentiated structures. This
suggests that nuclear TAZ/Y AP cooperates with f-CATENIN to promote progenitor self-
renewal. However, the mechanistic details of crosstalk between the Hippo and Wnt
signaling pathways in nephron progenitors remains to be determined. Additionally,
BMP7/SMAD signaling promotes nephron induction based upon the analysis of Foxd!
mutants, although this might be an indirect effect (Das et al., 2013). FoxdI" stromal cells
activate BMP7/SMAD signaling in nephron progenitors by repressing Dcn, an antagonist
of Bmp7. This subsequently promotes the commitment of nephron progenitors to an RV
fate. Bmp?7 has also been shown to play an important role in the maintenance of nephron
progenitors (Dudley et al., 1999; Dudley et al., 1995; Luo et al., 1995). How these dual
roles for Bmp7 in maintenance and induction are differentially regulated remains elusive.

Interestingly, nephron induction is a temporally regulated process. Nephron
progenitors are lost by P2-3 in the mouse (Hartman et al., 2007; Rumballe et al., 2011) and
around 36 weeks of gestation in humans (Hinchliffe et al., 1991). Once lost, the capacity
for de novo nephrogenesis ceases, even in injured kidneys. However, what causes the
cessation of nephrogenesis is not understood. Is it the result of a complete loss of nephron
progenitor self-renewal? Or is it due to perturbations in the balance between self-renewal
and commitment to differentiation? An improved understanding about the limits to
nephrogenesis undoubtedly holds great promise for future clinical treatments of kidney

disease and injury.
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Patterning, Segmentation, and Morphogenesis of the Nephrons
After nephron progenitors commit to the RV fate, the RV forms a lumen and begins

(1313

to “‘unwind” to form comma-shaped and S-shaped bodies (Fig. 1.3c). The neo-nephron
then connects with the ureteric tip shortly after undergoing MET, forming the mature
nephron. During this process, cells in the RV acquire polarity and initiate a patterning
program that leads to the determination of specific cell types along the proximal-distal axis
of the nephron. How the lumen forms in the RV and what initiates polarity in the RV are
poorly understood processes. However, some aspects of patterning processes after lumen
formation are known. The distal expression of Notch (D//1, Lfng, and Jagl), Bmp (Bmp2),
and Wnt (Wnt4, Lefl, and Dkkl) pathway genes implies different cellular identity and
activity along the proximal-distal axis (Fig. 1.4c) (Cheng et al., 2007; Dressler, 2009;
Georgas et al., 2009; Mugford et al., 2009). Notch signaling is critical for the specification
of proximal cell fates including the podocyte and proximal tubule (Chen and Al-Awqati,
2005; Cheng et al., 2007; Georgas et al., 2009; Heliot et al., 2013; Piscione et al., 2004),
whereas Lrg5, Lhx1, and Brnl regulates patterning of distal tubule structures (Georgas et
al., 2009; Kobayashi et al., 2005; Nakai et al., 2003) (Fig. 1.4c). Wtl also promotes
proximal identity by antagonizing Pax2 and cooperating with the Notch pathway and
Foxc2 to specify the podocyte (Fig. 1.4c) (Georgas et al., 2009; Moore et al., 1999; Ryan
et al., 1995). Hnf1b promotes proximal and intermediate/medial fate through regulation
of Notch ligand expression and Irx1/2 (Heliot et al., 2013). After establishing proximal-
distal polarity, the nephron continues to elongate and segment to produce a functioning

nephron composed of many specialized regions. Proximal segments give rise to the

glomerulus and S1-S3 segments of the proximal tubule. Intermediate segments form the
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loop of Henle. Distal segments establish the distal tubule, which joins the collecting duct
through a connecting segment (Fig. 1.4c).

Although many of the genes involved in the establishment of nephron polarity have
been identified, little is known about how terminal differentiation of the various segments
is accomplished. Additionally, regulation of tubule length, elongation, and shape are
critical for normal renal function. However, this remains poorly understood and under-
investigated. Disrupted tubular patterning and morphogenesis lead to kidney diseases,
most notably cystic kidney diseases (CKDs). Exploring the biophysics and molecular
mechanisms of tubule elongation and morphogenesis are crucial for better understanding

kidney pathologies and developing new therapies.

Invertebrate Model Systems for Kidney Development and Diseases

Due to their experimental accessibility, invertebrate models have provided
incredible insights into understanding human kidney development and diseases (Igarashi,
2005). One of the best examples is the discovery of the link between cilia and autosomal
dominant polycystic kidney disease (ADPKD), first made in C. elegans. ADPKD, one of
the most common inherited diseases in humans, is caused by a mutation in PKD/ and
PKD?2, genes encoding POLYCYSTIN-1 and POLYCYSTIN-2, respectively (Wilson and
Goilav, 2007). C. elegans has homologues of Polycystin-1 and Polycystin-2, named lov-
1 and pkd-2, which are expressed in the primary cilia of sensory neurons and required for
mating behavior (Barr, 2005; Barr and Sternberg, 1999). Additionally, comparative
genomic studies in C. elegans have revealed the important function of other CKD genes

in the primary cilia, including Bardet-Biedl syndrome and nephronophthisis (Barr, 2005).
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These results suggest that many CKD genes encode ciliary proteins that are involved in
cell sensing, and therefore establish ciliary hypothesis as the unifying disease mechanism
of CKDs. In addition to C. elegans, D. melanogaster’s renal (Malpighian) tubule has been
recognized as a useful model to study branching tubular morphogenesis, stem cell-
mediated regeneration, and podocyte biology (Dow and Romero, 2010).

While both of these invertebrate model systems have yielded key insights into
kidney physiology and diseases, there are many aspects of kidney biology that cannot be
modeled in C. elegans or D. melanogaster. For instance, both organisms have highly
derived excretory organs in which ultrafiltration is either entirely lacking (C. elegans) or
uncoupled from reabsorption/secretion (D. melanogaster). This makes it impossible to
study important classes of human cyst pathologies that arise from tubular segments
disconnected from the influx of glomerular filtrate and tubular flow. Furthermore, the
excretory cells of both C. elegans and D. melanogaster lack cilia. Therefore, ciliary
dysfunction — the major cause of CKDs — cannot be studied in either of these invertebrates.
Since renal cilia in the mammalian kidney are very difficult to visualize in vivo, other
model organisms with experimentally accessible ciliated excretory organs will be

instrumental for improving our understanding of human CKDs.

The Planarian Protonephridial Excretory System

Protonephridia are a self-contained ciliated excretory system found in a wide range
of invertebrate groups, including Platyhelminthes, Nemertea, Rotifera, Acanthocephala,
Entoprocta, Kinorhyncha, Gastrotricha, Priapulida, Annelida, Mollusca, and

Cephalochordata (Ruppert and Smith, 1988; Wilson and Webster, 1974). Planarian
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flatworms, members of the Platyhelminthes, possess protonephridal excretory systems, a
network of tubules distributed along the body length of the animals (Fig. 1.5a). The
protonephridium consists of a tube or tubule opening distally via nephridiopore at the
surface of the animal and ending proximally in one or more terminal structures (Fig. 1.5a’-
a’’) (Wilhelmi, 1906; Wilson and Webster, 1974). Like many invertebrates, the
morphology of the planarian excretory system has been extensively investigated by
histochemical and ultrastructural techniques (Ishii, 1980a, b; McKanna, 1968a, b;

Pedersen, 1961; Wetzel, 1962).

Morphology of Planarian Protonephridia

Planarian flame cell is a single cell comprised of a blindly ending nucleated tube
of cytoplasm in which lies the tuft of flagella (Wilson and Webster, 1974). In Dugesia
tigrina, the flame cell is cylindrical, forming a thin-walled “basket” open to the lumen of
a nonciliated collecting duct (Wetzel, 1962). The cytoplasm is concentrated at the basal
pole (the closed end of the “basket”), which supports a bundle of cilia (Fig. 1.5b-c). These
abundant cilia resemble the appearance of a fire’s flames when visualized histologically,
providing the inspiration for naming these cells. The cell body and its nucleus can reside
at the proximal pole or anywhere along the length of the flame bulb. There are about 35-
90 cilia forming the “flame” in the lumen of the flame cell surrounded by numerous
microvilli in the regions of the fenestrae (Fig. 1.5c¢). The flame cells are connected to the
cells of a nonciliated tubule and to a ciliated collecting duct by septate junctions, the
homologous structure to the tight junctions in vertebrates. The cilia of the "flame"

terminate several micrometers into the tubules (McKanna, 1968a). Meanwhile, in the
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Figure 1.5. The planarian protonephridial excretory system. a, Distribution of
protonephridial excretory system in the planarian Dendrocoelum lacteum (after (Hyman,
1951)). a’-a’’, Part of flatworm protonephridium consists of multiple flame cells (a’’)
connected to the tubule (after (Hyman, 1951)). b, Schematic diagram of protonephridial
system in the planarian Dugesia tigrina (after (McKanna, 1968b)). c-e, electron
micrographs showing cross sections of protonephridial cell types showing in b: (c¢) flame
cell; (d) tubule cell; and (d) collecting duct (after (McKanna, 1968b)).
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planarian Bdellocephala brunnea, the flame cell was described as an elongated ellipsoidal
shape and could be divided into two parts by the position of the cell body: a larger proximal
part and a smaller distal part that appears narrower (Ishii, 1980a). In this study, the
fenestrated structure of the planarian flame cell was also described as the result of the
interdigitation of luminal microvilli on its peripheral margin.

Distal to the terminal structures of protonephridia is a tubular network. These
tubules have been described as single-layer cuboidal or flattened epithelial canals leading
from the flame cells to the surface epithelium (Wilson and Webster, 1974). The tubule
walls in the planarian Dugesia tigrina are made up of two cells, approximately half of the
lumen being bounded by each cell. Desmosomes are present where the cells meet and the
cytoplasm of each cell contains an irregular nucleus, Golgi complexes, and many vesicles
(Fig. 1.5d-e) (McKanna, 1968b; Pedersen, 1961). Wetzel described tubules of
protonephridia as being thrown into folds that penetrated between the surrounding
parenchymal cells. The presence of these folds, together with numerous mitochondria in
the cytoplasm, were taken as evidence that the excretory fluid was modified by the tubules
(Wetzel, 1962). Cilia are sometimes present in the lumen of the large collecting ducts,
presumably to assist the flow of fluid towards the nephridiopore (McKanna, 1968b). The
number of flame cells and tubule distribution may vary greatly from group to group. Some
worms have a simple system in which ducts from a few protonephridia fuse before
emptying on the surface of the worm. In more complex systems, there are many terminal
and lateral flame cells with highly convoluted tubules that fuse before entering a large

collecting duct with a nephridiopore on the surface of the worm. However, the location
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and structure of the nephridiopore remain unknown in planarians (Ishii, 1980b; McKanna,

1968b).

Proposed Functions of Planarian Protonephridia

Functions of planarian protonephridia in excretion and osmoregulation have been
proposed mainly on the basis of ultrastructural analyses. First of all, the flame cells of
protonephridia were argued to be the site of filtration because they satisfied two necessary
criteria for filtration. This includes 1) the presence of a filter separating two fluid
compartments and 2) a pressure gradient across the filter. The interdigitations between the
flame cell and tubule cell have been postulated to be a region where filtration of interstitial
fluid occurs. Meanwhile, the beating cilia have been suggested to draw fluid from
interstitial spaces into the lumen of the organ, propelling it down the tubule (Ishii, 1980a;
McKanna, 1968a; Pedersen, 1961; Wetzel, 1962). Secondly, in the proximal tubules, there
is a distribution gradient of elements interpreted as participating in protein absorption, such
as vacuoles and dense vesicles and granules. These are most numerous in the flame cell
and gradually decrease distally. These features closely resemble the proximal convoluted
tubule cell of the mammalian kidney (Ishii, 1980a; McKanna, 1968a; Pedersen, 1961;
Wetzel, 1962). Finally, there is evidence for morphological similarity of “osmoregulatory
cells” in the distal tubules and collecting tubes of planarian protonephridia to various
epithelia in the distal convoluted tubules of vertebrate nephrons (Ishii, 1980b; McKanna,

1968b).
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Research Summary

The recent revival of planarians as a molecularly tractable model system and their
phylogenetic position within the scarcely sampled Lophotrochozoa superphylum has
provided a unique opportunity to close the “invertebrate gap” in kidney model systems.
As mentioned above, planarians provide a representative invertebrate protonephridial
excretory system. They also offer a rapidly expanding list of experimental tools, including
a sequenced genome for the species Schmidtea mediterranea, RNA-mediated genetic
interference (RNA1), and various histological protocols (Elliott and Sanchez Alvarado,
2013). Additionally, planarians have the fascinating ability to regenerate not only all organ
systems, but complete animals from minute tissue fragments. Thus, amputation-induced
organogenesis provides a unique experimental paradigm to study excretory system
ontogeny. As such, for the first time, planarians provide a unique opportunity to
systematically characterize a protonephridial excretory system at the molecular level.

This thesis research aims to perform a comprehensive functional and molecular
characterization of planarian protonephridia in order to provide new insights into the long-
debated question of the evolutionary relationship between vertebrate and invertebrate
excretory systems as well as to gauge planarians’ potential as a novel invertebrate model
for human kidney development, diseases, and evolution. To achieve these goals, this thesis
has focused on answering three key questions:

1) What are the molecular and functional identities of the protonephridial

cell types in planarians, and how do they compare to the vertebrate

nephron?
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2) Does protonephridia regeneration resemble morphogenetic events during
kidney ontogeny? Do they share common genetic regulators?

3) Can planarian protonephridia model pathologies of the human kidney?
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Abstract

The maintenance of organs and their regeneration in case of injury are critical to
the survival of all animals. High rates of tissue turnover and nearly unlimited
regenerative capabilities make planarian flatworms an ideal system to investigate these
important processes, yet little is known about the cell biology and anatomy of their
organs. Here we focus on the planarian excretory system, consisting of internal
protonephridial tubules. We find that these assemble into complex branching patterns
with a stereotyped succession of cell types along their length. Organ regeneration likely
originates from a precursor structure arising in the blastema, which undergoes extensive
branching morphogenesis. In an RNAi-screen of signaling molecules, we identified an
EGF-Receptor (Smed-EGFR-5) as a critical regulator of branching morphogenesis and
maintenance. Overall, our characterization of the planarian protonephridial system
establishes a new paradigm for regenerative organogenesis and provides a platform for

exploring its functional and evolutionary homologies with vertebrate excretory systems.

Introduction

Planarian flatworms have astonishing regenerative abilities (Reddien and
Sanchez, 2004). Arbitrary tissue fragments originating from almost any body plan
position can regenerate into complete and perfectly proportioned animals. This ability is
even more fascinating in the face of the anatomical complexity of planarians. As
members of the Lophotrochozoa, they contain a set of organ systems typically associated
with higher animals, including a central nervous system (bi-lobed brain and ventral nerve

cords), a muscle layer surrounding the body wall, a highly branched gut cavity, an
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excretory system (protonephridia), and complex arrays of sensory systems (e.g., chemo-,
rheo- and photoreceptors). In order to restore the anatomical complexity of newly
formed tissues, the regeneration of a complete animal from a random tissue fragment
necessitates organogenesis on a massive scale. Regenerative organogenesis shares a
number of problems with embryonic organogenesis (e.g., cell differentiation and
morphogenesis), but raises further intriguing questions: Does organogenesis in
regenerated tissues proceed de novo or by templated biogenesis from organ remnants?
How is the regenerative response tuned to replace exactly the missing organ mass? How
are functional and morphological integration between regenerated and preexisting organ
fragments achieved? Similar questions pertain to the limited, but medically important
regenerative abilities of vertebrate organs (e.g., liver) (Pahlavan et al., 2006) and are
generally not well understood.

In terms of organ regeneration, the planarian CNS has so far received the most
attention (Agata and Umesono, 2008; Cebria, 2007). However, a multitude of cell types
indicated by the rich and varied gene expression patterns and cell morphologies described
to date make a mechanistic understanding of planarian brain regeneration a daunting
endeavor (Cebria et al., 2002; Collins et al.; Nishimura et al., 2007; Nishimura et al.;
Nishimura et al., 2008; Umesono et al., 1999). In search of a simpler structure to develop
as a regenerative organogenesis model, we decided on the planarian excretory system.
The latter consists of epithelial tubules that appear to end blindly in the mesenchyme.
This feature defines the planarian excretory system as protonephridial in contrast to
metanephridial systems like the vertebrate nephron, in which one terminus is located in

an extracellular fluid compartment (Wilson and Webster, 1974). Protonephridia are
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found throughout the animal kingdom.  Their evolutionary relationship with
metanephridial systems such as the mammalian kidney remains a subject of intense
debate and considerable interest due in great part to the limited suitability of traditional
invertebrate model systems for studying kidney pathologies (Hyman, 1951; Ruppert,
1994; Wilson and Webster, 1974).

However, the anatomy of planarian protonephridia is not well understood.
According to Hyman (Hyman, 1951), who remains the most comprehensive author on
invertebrate anatomy, the planarian excretory system consists of anastomosing “main
tubules” along the lateral body margins and their ciliated side branches. The lumen of the
tubules is thought to be continuous with the outside via dorsally located nephridiopores.
However, substantial disagreements in the underlying light microscopic observations
from the late 19" and early 20" century reveal considerable uncertainty regarding this
view (Chichkoff, 1888; Wilhelmi, 1906). On the ultrastructural level, electron
microscopy studies described protonephridia as having the following components: 1)
cylindrical cells located at the tip of the ciliated side branches, with narrowly apposed
strands of cytoplasm forming a fenestrated barrel around a central bundle of cilia, whose
flickering movements gave rise to the term “flame cell” (Ishii, 1980a; McKanna, 1968a);
2) an initial ciliated tubule segment connected to the lumen of the flame cell barrel and
purportedly composed of squamous epithelial cells; and 3) nonciliated “main tubules”
composed of a cuboidal epithelium (Ishii, 1980b; McKanna, 1968b; Pedersen, 1961).

Functional studies on protonephridia in planarians or other invertebrates are
extremely scarce, but it is generally assumed that the concerted beating of the flame cell

cilia bundle creates a pressure gradient to force tissue fluid across the fenestrations into



38

the lumen of the tubule, where the lining epithelial cells modify the ultrafiltrate by
absorption and secretion during its proximo-distal passage and eventual release to the
outside (Wilson and Webster, 1974). Likewise, knowledge regarding the molecular or
functional identity of protonephridial cell types remains largely elusive (Finken-Eigen
and Kunz, 1997; Pedersen, 1961; Skelly and Shoemaker, 2001).

We report here a systematic analysis of protonephridial structure and function
with modern molecular biology tools. Our visualization of protonephridial architecture in
planarians and the concomitant identification of specific markers for flame cells,
proximal and distal tubule cells reveal a complex, branched epithelial organ consisting of
multiple cell types. We found that protonephridia regenerate in a stereotypic sequence of
events and we identified EGF-signaling as a crucial regulator of protonephridial

branching morphogenesis.

Results

Anatomy and Ultrastructure of the Schmidtea mediterranea

Protonephridial System

Sections of the planarian protonephridial system are known to be ciliated, and it
has been reported that antibodies against tubulin, a major structural component of cilia,
may label flame cells (Cebria and Newmark, 2005). We therefore used a—Tubulin
staining of whole-mounted animals to gauge the general organization of protonephridia in
planarian. Even though a—Tubulin staining also labeled other anatomical features (Fig.
2.1A, C), protonephridia were by far the brightest structures, allowing unambiguous

tracing of their course through the tissue. The club-shaped cilia bundles of flame cells
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Figure 2.1. Distribution of protonephridia. A: Whole-mount a—Tubulin antibody
staining. Magnified head and tail regions are shown to the lower left and right,
respectively. Flame cells appear as brightly staining club-shaped structures. Other
anatomical features labeled by o-Tub staining are: Ventral nerve cord (VNC); Pharynx
(Prx); Eye cups (Ey); peripheral nerves (e.g., arrows). Blue frame: Magnified inset
shown in B. Images are maximum projections of confocal Z-sections. Scale bars: 200
um. B: Depth-coded maximum projection. Superficial structures appear in red,
structures deep in the tissue as blue. Dotted outlines: Single protonephridial units. f:
Examples of flame cells. Proximal units in the tail are depicted. Scale bars: 20 um. C:
Top: Transverse cross sections of a—Tubulin stained whole-mount animals, at the level of
the photo receptors (left), pharynx (center), and half-way between pharynx and tail tip
(right). Flame cells appear as bright dots (e.g., f: top center and bottom right). Scale
bar: 200 um. Bottom: Magnification of red-framed area above. Left: Nuclei (DAPI);
Center: a—Tubulin; Right: Merge. e: Surface epithelium; bm: Basement membrane; m:
Mesenchyme; dct: Nonprotonephridial ductules of mucus-secreting cells.
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were readily apparent (Fig. 2.1A). Flame cells were highly abundant throughout the
entire animal and appeared to be specifically aligned along the head margins (Fig. 2.1A,
bottom left). At higher magnification, flame cells could be seen to connect to an
o—Tubulin positive network, likely corresponding to the ciliated tubule segments
described in prior electron microscopy studies (McKanna, 1968b; Pedersen, 1961). Our
whole-mount stains revealed a stereotypic organization of planarian protonephridia into
tree-like units, whereby a common highly coiled “stem” splits into several thinner
branches, each carrying one or two flame cells at its end. At least in the caudal regions of
planarians, this arrangement results in a remarkably consistent number of 14 or 15 flame
cells/unit (14.55 +/- 0.65), possibly indicating a stereotyped developmental sequence of
protonephridia (Fig. 2.1B). Transverse sections showed protonephridial units to be
entirely embedded in the mesenchyme and distributed without appreciable dorso-ventral
bias. Flame cells were mostly located immediately below the muscular layer that
surrounds the planarian mesenchyme (Fig. 2.1C). The tubule stems usually faded out
deeper into the mesenchyme, suggesting a transition into a nonciliated tubule section
undetectable by o-Tubulin stainings. Although some protonephridial units were found
deep in the mesenchyme (near CNS elements, between the two posterior gut branches
and within the pharynx), the ciliated sections of the planarian protonephridia system
appeared to mostly form a loose network around the surface of the mesenchyme (Fig.
2.1A, C).

In parallel, we optimized high pressure freezing methods for planarians, a method
that can yield better tissue preservation for electron microscopy than traditional chemical

fixatives (Fig. 2.2A-H) (Dernburg et al., 1998; Salvenmoser et al., 2010). A notable
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feature of high pressure frozen specimens were large volumes of extracellular space
between cells in the mesenchyme (Fig. 2.2B). The suggested loose organization is
consistent with the almost instantaneous dissociation of the planarian mesenchyme upon
removal of the epithelium (not shown). Readily identifiable ciliation and other criteria
previously established in chemically fixed material (Ishii, 1980a, b; McKanna, 1968a, b)
provided a set of morphological features for the identification of protonephridial
structures. Flame cells were defined by the “filtration weir” consisting of closely
apposed strands of cytoplasm surrounding a central cilia bundle and by numerous
microvilli between weir and cilia (Fig. 2.2C, D). The flame cells were often attached to a
muscle fibre (not shown), and were always surrounded by a comparatively large volume
of extracellular space (Fig. 2.2C), which in past studies using chemically fixed material
appears to have occasionally been misinterpreted as “fixed parenchymal cells” (Ishii,
1980b; Pedersen, 1961). Cross sections through ciliated tubule sections were much more
frequent than flame cell sections and tended to occur in clusters, consistent with the
tortuous course of ciliated trunk and side branches (Fig. 1.1B). Interestingly, clusters of
ciliated profiles were almost invariably accompanied by clusters of nonciliated tubular
cross sections (Fig. 2.2B). Both types of lumens were formed by intercellular junctions
between two cells, which in the case of nonciliated tubules often showed dramatic folding
of their cytoplasm, appearing as mitochondria-rich “loops” in cross section (Fig. 2.2B,
H). Due to their spatial co-occurrence with ciliated profiles, the nonciliated profiles
likely correspond to a similarly sinusoidal continuation of the ciliated tubules. In both
ciliated- and nonciliated tubule sections, we observed morphological subtypes of the

bounding cells (Fig. 2.2E, F, G, H), consistent with functional differentiation of
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Figure 2.2. Ultrastructure of protonephridial cell types in high-pressure frozen
specimens. A: Cartoon showing approximate location of indicated section planes.
Question marks indicate uncertainty with respect to the exact position. B: Overview
image, showing ciliated tubule lumens (ctl) and nonciliated tubule lumens (nctl). Lumens
are formed by intercellular tight junctions (tj) between two tubule cells with laterally
positioned nuclei (n). The cytoplasm of distal tubule cells is thrown into extensive folds
(F), rich in Mitochondria (m). Scale bar: 1 um. C: Coronal cross section through a flame
cell. The bundle of 9+2 cilia (c) is surrounded by a barrel of thick cytoplasmic processes
(e.g., tcp), which support the filtration diaphragm (fd). Filaments (fl) inside the barrel
have been interpreted as structural support. bb: Basal body, es: Extracellular space. Red
frame: High magnification of the filtration diaphragm (arrowhead). Scale bar: 1 um. D:
Longitudinal cross section through a flame cell, annotations as before. Scale bar: 1 um.
E, F: Cross sections through two types of ciliated proximal tubule lumens, bounded by
squamous (D) or more cuboidal (E) cells. Scale bars D-E: 2 um. G, H: Cross sections
through two types of nonciliated distal tubule lumina, bounded by cuboidal (F) or
extensively folded (G) cells. Scale bars F-G: 2 um.
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constituent cell types inferred previously (ciliated “ductule” and ciliated “collecting duct”
(McKanna, 1968b); nonciliated “trunk” and “distal tubule” (Ishii, 1980b), or “transitional
region” or “osmoregulatory duct” (McKanna, 1968b)). Jointly, these experiments

provide strong evidence to support the existence of multiple protonephridial cell types.

Protonephridia Are Complex Epithelial Organs

In order to identify molecular markers for the suspected diversity of
protonephridial cell types, we screened whole-mount gene expression patterns for partial
recapitulation of the a—Tubulin staining pattern (Fig. 2.3A). The gap junction gene
Smed-innexin-10 (short hand inx10) (Oviedo and Levin, 2007), and a carbonic anhydrase
gene (H.14.9d = Smed-CAVII-1; short hand CAVII-1) (Sanchez Alvarado et al., 2002),
were both expressed in branching patterns, whereby CAVII-1 branches appeared less
complex and tended to terminate farther away from the body margins. The ciliary
dynein heavy chain Smed-DNAH-£3 (short hand DNAH-/£3) was expressed in punctate
foci with a similarly uniform distribution as flame cells, yet with additional expression
domains in the pharynx and along the body margins. All three genes indeed marked
specific sections of protonephridia, as shown by colocalization with o—Tubulin
immunostaining and double in situ experiments (Fig. 2.3B, C; supplemental movies 1, 2).
Together, these markers permit the following molecular description of protonephridial
anatomy (Fig. 3D): DNAH-p3-positive flame cells connect to inx0-expressing, ciliated
tubules, which transition into CAVII-1-positive tubules. The tightly coiled CAVII-1-
positive tubules are no longer ciliated, thus very likely corresponding to the nonciliated

tubule profiles seen in EM (Fig. 2.2B, G, H) (Ishii, 1980b; McKanna, 1968b). CAVII-1-
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Figure 2.3. Molecular anatomy of protonephridia. A: Whole-mount expression
patterns of indicated marker genes by in situ hybridization (NBT/BCIP development).
Anterior is to the top. Prx: Pharynx. Bottom: Magnification of red-framed area. Scale
bars: 500 um (top), 100 um (bottom). B: Fluorescent overlay of indicated in situ patterns
(green; right) with anti-a—Tubulin staining (pink and left). Images are maximum
projections of confocal Z-sections. Scale bars: 20 um. C: Fluorescent overlay of double
in situ patterns (red and green) with anti-o—Tubulin staining (blue). Marker identity as
indicated. Images are maximum projections of confocal Z-sections. Scale bars: 20 um.
D: Cartoon of protonephridial molecular anatomy. See text for details. E: Cross sections
of double-labelled whole-mount animals (red: inx/0 and green: CAVII-1) and overlayed
with anti-o—Tubulin staining (blue).  Sections were taken at the level of the
photoreceptors (top), pharynx (center), and half-way between pharynx and tail tip
(bottom). Arrows: Examples of inx10 positive transverse tubules. Scale bar: 200 um.
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positive segments often connected two neighboring proximal units, continuing the
convergence trend of many proximal elements into fewer and fewer distal structures.
Based on our molecular markers and Ishii’s previous efforts to clarify the confusing
nomenclature (Ishii, 1980b), we refer to the ciliated and inx/0-expressing segments as
“proximal tubules” and nonciliated CAVII-1-expressing segments as “distal tubules”.
Unlike the uniformly distributed proximal units, distal tubules showed a clear bias
towards the dorsal side in transverse sections (Fig. 2.3E). The connection to ventral
proximal units was maintained via long inx/0-positive tubule segments transgressing the
mesenchyme (Fig. 2.3E). However, distal tubules still appeared to terminate abruptly in
the mesenchyme. Hence, markers for yet more distal segments remain to be discovered,
which should also reveal whether protonephridia really drain via dorsal nephridiopores or
possibly into the gut instead. Together, our ultrastructural and molecular marker analyses
indicate that planarian protonephridia are a complex epithelial organ system, consisting

of multiple cell types organized into an intricate branching pattern.

Protonephridia Regeneration

Having characterized markers for protonephridial cell types, we next explored
how the cellular and morphological complexity of these organs is restored in the course
of regeneration. Using multicolor in situ experiments at defined time points after
amputation, we examined the temporal sequence and morphology of marker expression
in head and tail blastemas (Fig. 2.4A, B). At day 1 post amputation, the flame cell
marker (DNAH-£3) and the proximal marker inx 10 produced diffuse and grainy signals at

the wound margin. The small volume of new tissue at this early time point did not allow
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unambiguous differentiation between old and new tissues and the variability of signal
observed between different animals could indicate background staining. However, 2
days after amputation, the proximal marker was prominently expressed in a rod-shaped
structure embedded within the blastema, which was also associated with punctate flame
cell marker expression. Even in high magnification confocal Z-stacks, we could not
detect proximal marker-positive connections between this rod and protonephridia in the
old tissue. Moreover, the morphology and temporal appearance of the structure was
highly stereotyped, invariably occurring as a size-matched pair on either side of the
midline in both head and tail blastema. Interestingly, the temporal snapshots of the
regeneration time course experiments suggested that this structure may be the precursor
of all protonephridia regeneration in the new tissue, which is why we refer to it as the
proto-tubule. The distal marker CAVII-1 was first expressed on the 3™ day after
amputation, its initial expression domain invariably bisecting the proto-tubule.
Beginning on day 3, the inx/0 positive proximal segments underwent extensive
branching morphogenesis. Branching became first evident on day 3 (see also dispersal of
DNAH-£3 signal), and branch elongation towards the blastema margins was especially
prominent on day 4. Even though branching appeared to be slightly delayed in tail
blastemas as compared to head blastemas, protonephridia morphology in both cases
became practically indistinguishable from uncut animals by day 6 after amputation,
suggesting that organ regeneration as assessable with the present set of markers was
complete by this time point.  Overall, the highly stereotyped regeneration of
protonephridia from a precursor structure argues in favor of de novo organogenesis in

regenerating tissues.
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Figure 2.4. Protonephridia regeneration. A: Magnified view of left-anterior and left-
posterior blastema of regenerating trunk fragments at indicated time points after
amputation. Dotted lines demarcate boundary between old and new tissue, inferred from
autofluorescence in the infra-red channel (not shown). In addition to anti-a—Tubulin
antibody staining (blue), the top two rows were hybridized with the proximal marker
probe (inx10; red) and the distal marker probe (CAVII-1; green). The bottom two rows
were hybridized with the flame cell probe (DNAH-f33, red). Images are maximum
projections of confocal Z-sections. Scale bars: 100 um. B: Cartoon representation of
regeneration sequence.
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An Epidermal Growth Factor Receptor Is Required for

Protonephridial Function

In order to identify components of the signaling network orchestrating
protonephridia differentiation and morphogenesis, we performed an RNAIi-screen of a
candidate library comprising ~400 planarian homologues of conserved signaling pathway
components (Rink J.C. and Gurley K.A.; unpublished). Previous studies have reported
massive bloating of animals fed RNAI against cilia components (Reddien et al., 2005;
Rink et al., 2009), or the proximal marker gene inx/0 (Oviedo and Levin, 2007). In
osmotic shock experiments and accompanying histological sections, we observed that
such bloating is in fact caused by severe edema formation upon functional impairment of
the ciliated and inx0-expressing proximal tubule (Fig. 2.5). Edema formation also
provided a readily apparent screening phenotype for potential protonephridia genes. Our
screen identified the Epidermal Growth Factor Receptor (EGFR) homologue Smed-
EGFR-5 (short hand EGFR-5) that, when knocked down, led to edema formation in intact
and regenerating animals similar to inx/0(RNAi) (Fig. 2.6A, Fig. 2.7). Even though
planarians have 5 EGFR-family members (Rink J.C., unpublished), which represents an
unusual expansion of this gene family amongst invertebrates (Stein and Staros, 2006),
only RNAI of Smed-EGFR-5 led to edema formation. The first indication of a phenotype
in uncut EGFR-5(RNAi) animals was an apparent depigmentation in the anterior half of
the animals (“Pale”; beginning at day 5 after the last RNAI-feed; Fig. 2.6B). Within 3
days, “pale” animals progressed to tail edema formation as in inx/0(RNAi) animals.
Starting at day 14 after the last RNAI feeding, lesions became apparent which progressed

to eventual lysis and death of all EGFR-5(RNAi) animals. Consistent with a direct role
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Figure 2.5. Proximal tubule defects cause edema formation. A: Knockdown of inx70
or the cilia component /FT172 cause severe bloating in uncut RNAI-fed animals 14 days
after the last feed. Scale bar: 500 um. B: 10-fold increase of environmental osmolarity
for 24 hours phenotypically rescues inx!0(RNAi) induced bloating (bottom right), without
noticeable effects on control animals (top right). Randomly selected animals are shown.
Scale bar: 1000 um. C: Transverse cross sections through the tail region stained with the
protein dye Toluidine Blue. The drastically lowered cell density in bloated inx/0(RNAi)
animals in regular environment (center) nearly returned to control levels (left) after 24
hours exposure to high external osmolarity (right). VNC: Ventral nerve chords. g: Gut.
Scale bar: 50 um.
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Figure 2.6. Smed-EGFR-5 is required for protonephridia function and expressed in
flame cells. A: Gross morphological consequences of EGFR-5 knockdown in uncut
animals (left, 14 days after last feed) and regenerated fragments (right, 14 days after
amputation). Scale bars: 500 um (right), 300 um (right). B: Temporal succession of
indicated phenotypes in a cohort of EGFR-5(RNAi)-fed animals. N = 42. C: Whole-
mount expression pattern of EGFR-5 by in situ hybridization (NBT/BCIP development).
Bottom: Magnification of red-framed areas. Scale bars: 500 um. D: Fluorescent overlay
of EGFR-5 in situ pattern (green) with indicated proximal markers. Images are
maximum projections of confocal Z-sections. Scale bars: 50 um. E: High magnification
views of EGFR-5 expression together with indicated markers in early head and tail
blastemas. Images are maximum projections of confocal Z-sections. Scale bars: 20 um.
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Figure 2.7. EGFR-5 structure and sequence analysis. A: Domain structure (SMART:
http://smart.embl-heidelberg.de/) of SMED-EGFR-5 and its two closest human- or fly
homologues, HS-ERBB4 and DM-EGFR, respectively. Note that the N-terminus of the
SMED-EGFR-5 sequence is truncated. Fu: Furin-like repeats, TyrKc: Tyrosine Kinase
domain. Dark blue bar: Transmembrane domain, which is obscured in HS-ERBB4 due to
overlap with a Fu- prediction. Pink rectangles: Disordered regions. Scale bar: Amino
acids. B: Blast e-values, obtained by blasting the SMED-EGFR-5 sequence against
human (H.s.) or Drosophila melanogaster (D.m) nonredundant protein sequences. The
top hits in both cases were EGFR-homologues. Despite the high e-value, SMED-EGFR-
5 is likely not an orthologue of vertebrate ERBB4. Preliminary sequence analysis (JCR,
unpublished) suggests that the 5 planarian EGFR-homologues arose from an independent
expansion of this gene family. C: Amino acid sequence alignment (Clustal-W) between
Hs-ERBB4, Dm-EGFR, and SMED-EGFR-5, the N-termini of Hs-ERBB4 and Dm-
EGFR were cropped to the length of SMED-EGFR-5. Identical, conserved or similar
residues are indicated by *, :, or ., respectively. The tyrosine kinase domain is
highlighted in orange, the individual transmembrane domain predictions (SMART) in
gray. The regions corresponding to the 5 Furin-like repeats in the SMED-EGFR-5
sequence are underlined in blue.
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in protonephridial function, EGFR-5 was expressed seemingly exclusively in Y-shaped
branches reminiscent of proximal protonephridia segments (Fig. 2.6C). Multicolor in situ
hybridizations confirmed co-expression with the proximal marker inx10 and revealed
particularly high expression levels in DNAH-p3 positive flame cells (Fig. 2.6D).
Consistently, EGFR-5 expression became detectable along with the flame cell marker
already at 48-hour of regeneration at the proto-tubule stage (Fig. 2.6E). Taken together,
these data identify EGFR-5 not only as a second marker for flame cells and the adjacent
terminal proximal branches, but also as a molecule with an important role in maintaining

the functional integrity of the proximal segment of protonephridia.

EGFR-5 Is Required for Flame Cell Maintenance and Branching

Morphology

In order to understand how EGFR-5 might influence protonephridia function, we
examined protonephridia regeneration in EGFR-5(RNAi) animals. A first survey of
regenerated heads and tails 14 days after amputation demonstrated that all three cell-type
markers were present, indicating that the respective cell types had differentiated (Fig.
2.8A). However, the expression patterns, especially those of the proximal markers, were
severely disturbed. Multicolor confocal imaging experiments (Fig. 2.9A) demonstrated
abnormal thickening of proximal branches and misdirected branch extension towards the
posterior in head fragments. In tail fragments, however, the few remaining proximal
segments were coiled into tight balls (Fig. 2.9A). Regeneration time course experiments
provided insights into the ontogenesis of these defects (Fig. 2.8B, Fig. 2.9B; refer to Fig.

2.4A for control). The proto-tubule appeared to form normally in regenerating
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Figure 2.8. EGFR-5(RNAI) regeneration phenotypes. A: Indicated protonephridial
marker gene expression in regenerated control and EGFR-5(RNAi) animals, 14 days after
amputation. Each pair was developed under identical conditions. Only regenerated
heads and tails are shown. Scale bars: 100 um. B: Magnified view of left-anterior and
left-posterior blastema of regenerating trunk fragments of EGFR-5(RNAi) animals at
indicated time points after amputation. Refer to Fig. 2.4 as control. Dotted lines
demarcate boundary between old and new tissue, as inferred from autofluorescence in the
infra-red channel (not shown). a—Tubulin antibody staining (blue) was combined with
the flame cell probe (DNAH-/3, red). Images are maximum projections of confocal Z-
sections. Scale bars: 100 um. C: Representative examples of regenerating EGFR-
5(RNAi) animals, hybridized with the EGFR-5 antisense probe, at the indicated day of
regeneration. EGFR-5 expression was below the detection threshold on day 1, but clearly
detectable at day 6. The hazy staining at intermediate time points is likely background.
The fragments were all treated and developed in an identical manner, except for day 14
animals, which were from a separate experiment. Scale bar: 100 um.



DNAH-(3 inx10 CAVII-1
Control EGFR-5(RNAi) EGFR-5(RNAI) Control EGFR-5(RNAI)
LTI ' '
vy A
TR “';'_"'J'E-"
o ¥ | #nr i
_‘:}--z!:' v _!_*_91
ki - W
v

aTub DNAH-p3

Day 14

EGFR-5(RNAI)

Control

EGFR-5(RNAI)

b




63

Figure 2.9. EGFR-5(RNAI) phenotype ontogeny in regeneration. A: Late stage
morphological defects of regenerated protonephridia in EGFR-5(RNAi) animals (right
half), compared to control (left half) at 14 days post amputation. Head (top row) and tail
(bottom) of representative animals are shown, magnifications show the boxed region in
the respective overview images. Color coding of markers as indicated, monochrome
magnifications: a—Tubulin staining. Images are maximum projections of confocal Z-
sections. Scale bar: 100 um. B: Magnified view of left-anterior and left-posterior
blastema of regenerating trunk fragments of EGFR-5(RNAi) animals at indicated time
points after amputation. Refer to Fig. 4 as control. Dotted lines demarcate boundary
between old and new tissue, as inferred from autofluorescence in the infra-red channel
(not shown). o—Tubulin antibody staining (blue) was combined with the proximal
marker probe (inx10; red) and the distal marker probe (CAVII-1; green). Images are
maximum projections of confocal Z-sections. Scale bars: 100 um. C: Left: Flame cell
quantification in 14-day EGFR-5(RNAi) regenerates having received either the standard
RNAI-dosage used throughout this manuscript (“Feeding”) or an additional injection of
EGFR-5 dsRNA on the 3™ day of regeneration (“Feeding + Injection”). 3 proximal units
in 6 animals were scored for each time point. Error bars represent the standard error of
the mean. Right: Example illustrating the flame cell counting procedure using the
indicated markers. For greater sensitivity, the flame cell marker DNAH-p3 was
developed with the nonfluorescent substrate NBT/BCIP. Flame cells (labeled) were
defined as the spatial coincidence of an NBT/BCIP focus with a terminal tubule segment
in image Z-stacks. The images shown are maximum projections of a Z-stack, the
NBT/BCIP brightfield image was brightness-inverted and pseudo-colored green. Scale
bar: 100 pum.
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EGFR-5(RNAi) animals, but severe branching and branch extension defects became
apparent from day 3 onwards. The sprouting and peripherally directed extension of
proximal branches from the proto-tubule was severely inhibited, such that by day 6, when
control animals had regenerated the complete proximal arborizations, EGFR-5(RNAi)
animals displayed only short, partly posteriorly misoriented inx/0-positive bundles in the
head, but hardly any signs of branch extension in tails. A further abnormality of
protonephridia regenerated under EGFR-5(RNAi) were less prominent flame cell cilia
bundles in the a-Tubulin channel (Fig. 2.9A). Also the flame cell marker expression
pattern was affected (Fig. 2.8A, B), suggesting possible defects in flame cell specification
or maintenance. Indeed, quantification of flame cells numbers in EGFR-5(RNAi) animals
14 days after amputation (Fig. 2.9C) revealed a decrease to an average of 8 flame
cells/proximal unit. An additional injection of EGFR-5 dsRNA on the 3" day of
regeneration, administered in order to boost the lessening knockdown efficiency (Fig.
2.8C), resulted in a further decrease to approximately 5 flame cells/proximal unit. Thus,
regeneration of protonephridia under EGFR-5(RNAi) caused both morphological defects
of proximal arborizations and a reduced number of flame cells/proximal unit.

The same spectrum of phenotypes was also observed in nonregenerating animals.
Expression of the flame cell marker was severely reduced 14 days after the last RNAI-
feed (Fig. 2.10A). A quantification of flame cell numbers/proximal unit revealed a rapid
decline in response to EGFR-5(RNAi), reducing their numbers to 2/unit around day 14
(Fig. 2.10B). Such loss of flame cells likely explains edema formation and eventual lysis
in EGFR-5(RNAi) animals. In addition, proximal arborizations were also severely

affected under EGFR-5(RNAi) (Fig. 2.10C). However, in contrast to the disorganized
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Figure 2.10. EGFR-5(RNAI) phenotype ontogeny in intact animals. A: Indicated
protonephridial marker gene expression in control- and EGFR-5(RNAi) animals, 14 days
after last RNAi-feed. Each pair was developed under identical conditions. Bottom:
Magnification of the red framed area above. Scale bars: 500 um (top), 100 um (bottom).
B: Time course quantification of average flame cell numbers per proximal unit.
Diamonds: EGFR-5(RNAi) animals, triangles: controls. Flame cells were counted in
confocal Z-stacks of a—Tubulin/DNAH-B3 double-labeled whole-mount animals. 3
proximal units in 5 animals were scored for each time point. Error bars represent the
standard error of the mean. C: Morphological defects of protonephridia in EGFR-
5(RNAi) animals (right half), compared to control (left half) at 14 days post last RNAI
feed. Head (top row) and tail (bottom) of representative animals are shown,
magnifications show the boxed region in the respective overview image. Color coding of
markers as indicated, monochrome magnifications: a—Tubulin staining. Images are
maximum projections of confocal Z-sections. Scale bar: 100 um.



67

DNAH-(3 inx10 CAVIl-1 EGFR-5
Control EGFR-5(RNAI) Control EGFR-5(RNAI) Control EGFR-5(RNAI, Control EGFR-5(RNAI)

cak

B

- 16

g A

Lo 12

85

O

£s ¢

&a i

by ¢ &
0 L] L] L] Ll L] L] L] L} 1

3 5 7 9 11 13 15 17 19
Time (days after last RNAi-feed)
c

o Tub Inx10




68

and misdirected branching patterns observed in regenerating animals (Fig. 2.8A),
proximal arborizations were severely shortened to a few, short coils, especially in caudal
regions.

Interestingly, the gradual loss of flame cells (Fig. 2.10B) was paralleled by a
collapse of proximal arborizations (Fig. 2.11). Thus, our data indicate that EGFR-5 is
required both for flame cell maintenance and for guiding branch extension of
protonephridia. The close association between the two phenotypes further suggests that

they may be mechanistically linked.

Discussion

Our results establish the planarian protonephridia as a bona fide epithelial organ
system. A variety of cell types assemble into complex tubular arbors with stereotypic
proximo-distal organization, in which abundant proximal elements converge into fewer
and fewer distal structures. Such complexity at the architectural and morphological level
place planarian protonephridia en par with other branched organ systems such as trachea
in insects and lungs, mammary glands, blood vessels, and the kidney in vertebrates
(Beyenbach et al., 2010; Costantini and Kopan, 2010; Lu and Werb, 2008). All of the
above examples rely critically on branching morphogenesis to establish the specific
morphology necessary for proper organ function. It is, therefore, not too surprising that
our screen of signaling components required for protonephridia-mediated tissue fluid
homeostasis identified a gene with functions in branching morphogenesis.

The first phenotype resulting from Smed-EGFR-5(RNAi) was dramatic effect on

the branching pattern of protonephridia. In nonregenerating RNAi-fed animals, the
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Figure 2.11. Gradual collapse of proximal units in nonregenerating EGFR-5(RNAI)
animals. Representative examples of protonephridial units in the tail region from the
data set used to quantify the progressive flame cell loss depicted in Fig. 7C. For each of
the indicated day, one control unit and three separate examples of proximal units in
EGFR-5(RNAi) animals are shown. The images are confocal maximum projections of a-

Tubulin staining. Scale bar: 20 um.
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fanned-out organization of proximal branches collapsed until only short scrawl-like
structures remained (Fig. 2.10C). In regenerating RNAIi animals, by contrast, we
observed misorientation of the branches in the head and dramatic coiling of proximal
tubules into tight balls in the tail region (Fig. 2.8A). Time course experiments provided
insights into the ontogeny of these seemingly disparate phenotypes. In intact animals, the
collapse of proximal arborizations correlated with the loss of flame cells (see below). In
regenerating animals, the misdirected branch extension phenotypes appeared to develop
in two phases. Until regeneration day 6, EGFR-5(RNAi) animals displayed markedly
reduced branching and branch extension in comparison to control animals (Fig. 2.8B,
4A). In order to generate the striking coils in tails or disorganized branch patterns in
heads of 14-day regenerates (Fig. 2.8A), a burst of misguided proximal branch extension
must consequently occur between day 6 and 14. The reason for the distinct outcomes in
heads versus tails involves differential RNAi-sensitivities: Both misguided branch
extension and coil formation were part of a phenotypic series, but for unknown reasons,
tail tissues responded more strongly to a given dose of RNAI than head tissues (Fig.
2.12A-C). This effect may also contribute to edema formation preferentially in tails of
EGFR-5(RNAi) animals (Fig. 2.6A). Moreover, we noticed that the switch in branch
extension capabilities around regeneration day 6 coincided with lessening knockdown
efficiency of EGFR-5 (Fig. 2.9C). The misdirected branch extension between day 6 and
14 therefore likely involved inappropriate levels or timing of EGFR-5 expression,
whereas the early inhibition of branch extension correlated with low EGFR-5 receptor
levels. Similarly, the collapse and shortening of proximal branches observed in

nonregenerating EGFR-5(RNAi) animals occurred under low and sustained knockdown
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Figure 2.12. Differential RNAI effects in regenerating fragments. A: Representative
examples out of a batch of EGFR-5(RNAi) animals 14 days after amputation, showing the
4 indicated classes of branching phenotypes. inx10 in situ hybridization was used to
visualize proximal branching. “Defective branching” was defined by abnormal
thickening of branches or projections away from the head margin, blastemas displaying at
least one extended branch were scored as “minimal branching”. Scale bar: 100 um. B,
C: Color-coded population frequency of the above phenotypic categories in 14-day
regenerates exposed to 4 different RNAi-dosage regimes. In order to dilute the RNAI-
dosage, EGFR-5 dsRNA expressing bacteria were diluted with bacteria expressing an
irrelevant control dsRNA, such that the absolute amount of dsSRNA was constant in all
cases. “4x” corresponded to the standard RNAi-dosage used throughout this manuscript,
“1x” is ¥4 thereof. The number of animals in the cohort is listed below each bar. Head
and tail blastemas were scored separately and the results are graphed in B and C,
respectively. D, E: Morphological phenotype assessment of the two RNAI dosage
regimes used in Fig. 6C. The population frequencies of the phenotypic categories as
defined and color-coded above were scored in the batch of 14-day regenerates used for
the flame cell count. The number of animals in each cohort is listed below the bar. Head
and tail blastemas were scored separately and the results are graphed in D and E,
respectively.
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of EGFR-5 (Fig. 2.10A). Hence, a shared feature between intact and regeneration
phenotypes is, therefore, a requirement for EGFR-5 in causing and maintaining branch
extension.

Second, RNAi-mediated knockdown of Smed-EGFR-5 caused a loss of flame
cells, the cell type at the tip of protonephridial branches. These cells are thought to
represent the entry point of interstitial fluid into the protonephridial system by means of
ultrafiltration, analogous to the role of the glomerulus in the human kidney (Pedersen,
1961). Hence, the dramatic edema formation in EGFR-5(RNAi) animals likely results
primarily from a loss of flame cells, rather than the altered branching morphology of
protonephridia. In intact animals, the number of flame cells per proximal unit declined
rapidly in response to EGFR-5(RNAi) from 14-15/unit at the onset of RNAI-feeding to
only 2/unit at the lysis-stage (Fig. 2.10B). In regenerating animals, we could also
measure an RNAIi-dose-dependent decrease of flame cells/proximal unit 14 days post
amputation (Fig. 2.9C). These data establish a definite role of EGFR-5 in maintaining
flame cells (and possibly the adjacent proximal branches). Whether EGFR-5 is also
required for flame cell differentiation during regeneration and/or homeostasis is currently
difficult to ascertain. Flame cell marker expression was detectable early on in
regenerating EGFR-5(RNAi) animals (Fig. 2.8B), but the tools to determine whether their
numbers are normal and whether or not the differentiation process might be affected are
presently lacking. Moreover, the seemingly regeneration-induced decrease in EGFR-5
RNAi-efficiency (Fig. 2.8C) represents a second experimental obstacle for addressing

early roles of EGFR-5 in flame cell differentiation.
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Regardless of the specific role of EGFR-5 in flame cells, the strong correlation
between flame cell phenotypes and proximal branching morphology remains an
important observation. In intact animals, we observed a gradual collapse of arborizations
concomitantly with the loss of flame cells. In regenerating animals, the severity of the
branching defects at day 14 post amputation correlated with the number of flame cells
(Fig. 2.9C; Fig. 2.12D,E). Hence, a mechanistic link between flame cells and the
establishment and maintenance of proximal branching patterns seems likely.

Interestingly, branching morphogenesis generally depends on specialized cells at
the tubule tips (Lu and Werb, 2008). Tip cells specified by and responding to FGF-
signaling guide the extension and morphogenesis of Drosophila tracheal tubules
(Ghabrial and Krasnow, 2006). Vertebrate kidney development relies on tip cells
specified via differential RET-Receptor signaling to guide branch outgrowth from the
ureteric bud (Chi et al., 2009), and vertebrate blood vessel development represents yet
another example in which migratory tip cells act as “motor” for elongation and
positioning of a tubular network (Hellstrom et al., 2007; Siekmann and Lawson, 2007).
By analogy and in light of our data, flame cells may act as tip cells in protonephridia
morphogenesis, besides their roles in organ physiology. Further, EGFR-5 may carry out
the widespread requirement for RTK-signaling in specifying and guiding the “tip motor”
(Andrew and Ewald). The collapse of proximal arborizations concomitant with the loss
of flame cells in intact EGFR-5(RNAi) animals (Fig. 2.11) indicates a persisting tip cell
function, which may reflect the anchoring of tubule ends to the muscular layer via the
prominent flame cell filopodia visible in electron micrographs (Ishii, 1980a; McKanna,

1968a).
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Altogether, the branching morphogenesis of planarian protonephridia revealed by
our studies represents fascinating examples of biological pattern formation on several
levels (Fig. 2.1A,B). First, individual protonephridial units tile in a nonoverlapping
manner. Second, within units, branches extend in a spatially efficient manner. Third,
proximal units contain a remarkably consistent number of 14.55 +/- 0.65 flame cells,
amounting to 14 or 15 flame cells/proximal unit in caudal regions. The mechanistic basis
of these patterns, in particular the hypothesis that limiting quantities of an EGFR-5 ligand
may be involved, represents an interesting area for future exploration. Further, the
striking food supply-dependent variations in planarian body size raise questions regarding
the scaling of protonephridial capacity with animal size. The animals used in this study
ranged between 0.8 and 2.5 mm in length, hence it appears likely that the number of 14 or
15 flame cells/unit remains constant irrespective of animal size. The consequence of
capacity adjustments via the addition or removal of entire protonephridial units seems
also in agreement with the mechanism of protonephridial regeneration in forming tissues.

Our data strongly suggest that protonephridia regenerate de novo, rather than by
growth and extension from preexisting units. A proximal marker expressing structure,
which we called the proto-tubule, appears to initiate organ regeneration. The rod-shaped
proto-tubule emerged at around hour 36 embedded within the blastema (Fig. 2.4A).
Besides the fact that we could not detect connections to preexisting protonephridia, the
remarkable consistency in timing of appearance, position, size, and symmetry between
right and left blastema halves strongly suggests de novo formation of the proto-tubule.
We cannot exclude a contribution of preexisting protonephridia to the final organ

complement in the new tissue, for example by dynamic reorientation of proximal
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branches near the blastema boundary. However, the temporal snapshots of our time
course experiments suggest that the majority of protonephridia in the new tissue originate
from the morphogenetic remodeling of the proto-tubule. One interesting aspect of this
remodeling is the invariable bisection of the proto-tubule by distal marker expressing
cells on day 3 (Fig. 2.4A), which likely represents the ontogenetic cause for the
convergence of two proximal units into one distal unit (Fig. 2.3). Besides the
mechanisms driving branching and branch extension, the origin of the proto-tubule raises
further fascinating problems. In analogy with epithelial tube formation in other systems
(Lubarsky and Krasnow, 2003), both invagination from the overlying epithelium or
condensation of blastema cells are plausible mechanisms. The intermittent ciliation
within 48-hour proto-tubules (Fig. 2.6E) might indicate a focal mode of lumen formation
typical of solid precursor structures (Dong et al., 2009). Moreover, a study in the
polyclad flatworm species [Imogine mcgrathi suggests embryonic protonephridia
formation from mesodermal cells (Younossi-Hartenstein and Hartenstein, 2000), which is
why we currently tend to favor a condensation mechanism. The relatively poor
preservation of cell boundaries by our in situ hybridization protocol is one of the current
obstacles in further addressing the cell biology of such a fascinating example of non-
embryonic organogenesis.

Altogether, our ultrastructural, molecular, and functional dissection of planarian
protonephridia define a novel experimental paradigm for studying both the various
processes involved in the assembly, morphogenesis, and maintenance of an epithelial
organ, as well as its evolution. The cellular complexity of the planarian protonephridia

revealed by our work suggests that studies of this organ system will not only complement
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studies from other molecularly tractable, yet highly derived excretory systems (e.g., the
single excretory cell of C. elegans, or the uncoupling between ultrafiltration and
absorption/secretion in the Malpighian tubules of Drosophila), but also may help
elucidate the functional and evolutionary relationships defining invertebrate and

vertebrate excretory systems.

Materials and Methods

Planarian Maintenance

The CIW4 clonal line of Schmidtea mediterranea was maintained as described

(Cebria and Newmark, 2005). 1-week starved animals were used for all experiments.

Gene ldentification and Cloning

All genes were cloned from an 8-day regeneration time course cDNA library
prepared as described previously (Gurley et al., 2008). EGFR-5 was identified by
performing BLAST analyses of the planarian genome against a panel of vertebrate and
invertebrate EGFR-sequences followed by reverse BLAST of the resulting hits against
the human and Drosophila melanogaster genomes to ensure EGFR-homology. The
following primers were used:

DNAH-p3f: TAGCTGACCAAGAAGAAGAAGTGG

DNAH-p3r: CACAGACTTTAATGGATCGACACC

CAVII-1f: TTATTTCTTGTCTCATCTCTTGATCTG

CAVII-1r: CAGGCACATGAAAATTGCAC

inx10f: ATGGTTCTTTCGGAATTCATAG
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inx10r: AAATAAAATCATCTTTCAGTGGTAAAGTGGA

EGFR-5f-1: AGTGTGAACAACGATTAGGATG

EGFR-5r-1: TCAGCAGGTTTCTCACATAC

The 3’-end of the EGFR-5 sequence, which was exclusively used for the sequence
analysis purposes of Supp. Fig. 2, was cloned with

EGFR-5f-2: TCTTTTACGGAATTGAG and a poly-T reverse primer.

In situ Hybridization and Immunohistochemistry

Whole-mount and fluorescent in situ hybridizations were performed as previously
described (Pearson et al., 2009). Following fluorescent or NBT/BCIP development,
animals were incubated with anti-a-Tubulin antibody (1:300, NeoMarkers) or anti-
acetylated-Tubulin antibody (1:500, Sigma) to detect ciliated sections of protonephridia.
Primary antibodies were detected with alexa-fluor-labelled anti-Mouse secondary
antibodies (1:500; Invitrogen). For documenting NBT/BCIP developed whole-mount in
situ specimens, animals were mounted in 80% glycerol and photographed using a Zeiss
SteREO Lumar.V12 equipped with an AxioCam HRc. Whole-mount specimens stained
with fluorescent markers were mounted in 2:1 Benzyl benzoate:Benzyl alcohol after
dehydration in methanol and imaged on a Zeiss LSM510-Live Laser Scanning
Microscope. Flame cell quantifications were carried out independently by two observers.
For sectioning, fluorescently stained whole-mounted animals were dehydrated in a
graded series of ethanol, incubated for ~2 hours in 1:1 ethanol:Immuno-bed (Poly-
sciences), and subsequently immersed in 100% Immuno-bed supplemented with catalyst

according to the manufacturer’s suggestions. Sections (10 um) were collected on a Leica
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Microtome equipped with a glass knife. Sections were mounted in Fluoromount-G
(SouthernBiotech) and photographed using a Zeiss LSM510-Live Laser Scanning

Microscope.

Histology

Specimens were prepared as following: 1) animals were fixed overnight at 4°C in
2.5% glutaraldehyde in 0.1M sodium cacodylate, 1mM CaClz; 2) animals were washed in
wash buffer of 0.1M sodium cacodylate (supplemented with 1mM CaClz and 1% w/v) for
1 hour at room temperature (3-4 exchanges) and in distilled water for 1 hour at room
temperature (3-4 exchanges); 3) specimens were dehydrated in acetone 30% (20
minutes), 50% (20 minutes), 70% (overnight), 90% (20 minutes, 2 times), and 100% (20
minutes, 3 times); 4) specimens were embedded in epon-araldite (30% resin/acetone for 5
hours, 70% resin/acetone for 6 hours, 90% resin/acetone overnight, and fresh 100% resin
for 8 hours, curing at 60°C for 2 days); and 5) thin sections (1 um) were collected using
an Ultracut UCT microtome (Leica), stained with Toluidine Blue, mounted in Cytoseal

XYL (Richard-Allan Scientific), and photographed using a Zeiss Axiovert microscope.

Electron Microscopy

Specimens were prepared for electron microscopy using high pressure
freezing/freeze substitution, as previously described (Pellettieri, Fitzgerald et al. 2010).
Ultra-thin 50 nm sections were collected using an Ultracut UCT microtome (Leica).
TEM specimens were stained with 2.5% uranyl acetate for 4 minutes prior to imaging on

a Hitachi H-7100 electron microscope equipped with a Gatan Orius CCD camera.
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RNAI feedings were performed as described previously (Gurley et al., 2008; Rink
et al., 2009). 6 feedings 2-3 days apart were used in the unsuccessful attempt to elicit
DNAH-B3(RNAi) and CAVII-1(RNAi) phenotypes. For inxI/0(RNAi) and EGFR-5(RNAi)
experiments, animals were fed 3 times every 2-3 days. For regeneration time series
experiments, animals were amputated 3 days after the last feeding. For Fig. 5C and
Supp. Fig. 5D,E, RNAI-fed animals were additionally injected with EGFR-5 dsRNA, 200
ng/ul, 3 days after amputation. dsRNA was prepared with a Megascript RNAi-kit

(Ambion).
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Abstract

Cystic kidney diseases (CKDs) are the most commonly inherited causes of kidney
failure that affect millions of people worldwide. The defining features of the pathology are
fluid-filled cysts developing from nephric tubules due to defective flow sensing, cell
proliferation, and differentiation. The underlying molecular mechanisms remain poorly
understood. Compounding this problem is that the simplified excretory systems of C.
elegans and D. melanogaster cannot recapitulate disease ontology. We report here a
systematic characterization of the protonephridial excretory system of planarians. Our
extensive structure/function comparisons with the vertebrate nephrons reveal that planarian
protonephridia retain the combination of ultrafiltration and flow-associated filtrate
modification that is a central element in the ontology of CKDs. Consistently, the inhibition
of tubule flow led to cystic enlargements of proximal tubules that share many features with
vertebrate CKDs, including lumen occlusions and the overproliferation of protonephridial
progenitors. The recapitulation of the phenotype by RNAi-mediated knockdown of
orthologues of human CDK genes demonstrated deep mechanistic conservation of cyst
ontogeny. Altogether, our results therefore establish a uniquely accessible invertebrate

model system for the elucidation of human kidney pathologies.

Introduction

The vertebrate kidney plays a pivotal role in the maintenance of organismal
homeostasis in face of changing external and internal conditions. Its myriad individual
functions, including the removal of metabolic waste products, regulation of ion

concentrations, or acid/base balance, are all tied to two basic physiological processes: first,
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the pressure-driven ultrafiltration of blood plasma across the glomerulus, whereby
molecular sieves prevent the passage of large macromolecules (e.g., plasma proteins); and
second, the subsequent modification of the resulting filtrate during its passage through the
epithelial nephron tube (Ruppert, 1994; Ruppert and Smith, 1988). The parallel operation
of many millions of glomerulus/nephron units allows formidable filtration rates, amounting
to 170 liters of primary filtrate/day in a healthy human adult. In line with the pivotal
homeostatic roles of the kidney, kidney diseases pose a serious health problem. The most
common human kidney disorders are cystic kidney diseases (CKDs), affecting 12 million
people worldwide (Priolo and Henske, 2013). CKDs refer to a wide range of hereditary,
developmental, and acquired conditions (Bisceglia et al., 2006) that all share the
pathological hallmark of fluid-filled cysts developing in the kidney. This has led to the
suggestion that the molecular mechanisms causing cyst formation are similar or, at least,
share a common pathway (Watnick and Germino, 2003). The molecular cloning of
multiple CKD mutations and the realization that the affected genes all function at the
primary cilia, basal bodies, or centrosomes has given rise to the ciliary hypothesis as
unifying disease mechanism of CKDs (Fliegauf et al., 2006; Mollet et al., 2005; Yoder et
al., 2002). Accordingly, the primary cilia of tubule cells are thought to act as flow sensors,
eliciting intracellular calcium fluxes through stretch sensitive polycystin channels in
response to flow-driven bending (Nauli et al., 2003; Praetorius et al., 2004; Praetorius and
Spring, 2001, 2003). These signals are thought to constitutively dampen cell proliferation,
such that loss of filtrate flow or interruptions in the signal transduction process precipitate
chronic overproliferation and consequent cyst formation (Deane and Ricardo, 2012).

However, major mechanistic components of the ciliary hypothesis remain poorly
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understood, including the integration of the calcium signal with downstream transcriptional
regulation of cell behavior (Deane and Ricardo, 2012; Kotsis et al., 2013; Uhlenhaut and
Treier, 2008; Wilson and Goilav, 2007), the extent by which cyst development can be
understood as chronic activity of endogenous repair mechanisms (Deane and Ricardo,
2012) or identity and origins of the ectopically overproliferating cells (Lodi et al., 2012;
Murer et al., 2002; Weimbs, 2007). Further, these questions present an investigative
challenge, given the poor experimental accessibility of the kidney as an internal and
essential organ. The Xenopus pronephros and zebrafish pro- and metanephric kidneys are
therefore increasingly explored as model systems for human kidney disease (lgarashi,
2005). Compounding this problem is that the power of invertebrate models in solving
fundamental cell biological processes could so far not be applied to the analysis of human
kidney disease (Dow and Romero, 2010; lIgarashi, 2005). Both C. elegans and D.
melanogaster have highly derived excretory organs in which ultrafiltration is either entirely
lacking (C. elegans; (Buechner, 2002)) or uncoupled from reabsorption/secretion (D.
melanogaster; (Dow and Romero, 2010)). Furthermore, the excretory cells of both
organisms are lacking cilia as a further requirement for modeling CKDs. However, C.
elegans or Drosophila are but two of myriad invertebrate species and multiple studies have
documented the existence of more complex excretory systems outside the Ecdysozoa
(Ruppert and Smith, 1988). One such example is the excretory system of planarian
flatworms. We and others have previously reported on intriguing similarities between
planarian protonephridia and the vertebrate nephron (Rink et al., 2011; Scimone et al.,
2011). Here, we carried out a systematic structure function comparison to systematically

gauge the potential of planarian protonephridia as a model system for human kidney
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diseases. Our results demonstrate the structural coupling of cilia-driven ultrafiltration and
filtrate modification in planarian protonephridia, as well as extensive topological
homology of solute carrier expression domains with the vertebrate nephron. These
structure/function homologies extend to common pathologies, including shared
requirements of nephrin in the maintenance of the ultrafiltration barrier or of nephrocystins
in preventing the development of tubular cysts. Our results therefore establish planarian
protonephridia as a unique invertebrate model for studying human kidney development and

diseases.

Results

Protonephridia Are Ultrafiltration Devices in Planarian

The planarian excretory system consists of branched epithelial tubules
(protonephridia) distributed throughout the entire body plan (Fig. 3.1a) (Rink et al., 2011).
The barrel-shaped flame cells capping the proximal tubule ends have been proposed to act
as unicellular ultrafiltration devices solely on the basis of morphological evidence (Fig.
3.1b) (Wilhelmi, 1906; Wilson and Webster, 1974). To functionally test this premise, we
adapted an assay previously used to demonstrate the ultrafiltration capacity of Drosophila
nephrocytes (Weavers et al., 2009; Zhuang et al., 2009). We co-injected two inert and
differentially labeled tracer molecules of different sizes into the anterior planarian
mesenchyme (10 kDa and 500 kDa molecular weight dextrans). Already at 2-hour post
injection, we found robust tracer accumulation in protonephridia throughout the body,
confirming their active role in extracellular fluid processing. Interestingly, only the small

molecular weight tracer produced intense and continuous protonephridial labeling, whereas
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Figure 3.1. Protonephridia are ultrafiltration devices in planarians. a, Whole-mount
AcTub staining. Scale bars: 500 um. Inset showing depth-coded projection of AcTub
staining. Superficial structures are in blue and deeper structures are in red. Scale bars: 50
um. b, Cross section through a flame cell. Inset showing a high magnification of filtration
diaphragm. Scale bar: 1 um. c-d, Ultrafiltration assay assessing ultrafiltration capacity in
the planarian protonephridia. (c) Fluorescent overlay showing dextran uptake in the
animals that co-injected with 10 kDa and 500 kDa fluorescently labeled dextran. Inset
showing a high magnification of tubule structure labeled by dextran. Scale bar: 100 um.
(d) Quantification of small and large dextran uptake.
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the large dextran displayed weak and patchy labeling (Fig. 3.1c-d). Since the two tracer
molecules in the injection mix carried equal numbers of fluorophores, the preferential
accumulation of the small over the large dextran demonstrates molecular size filtration
upon entry into the protonephridial system. Therefore, like the vertebrate nephron, the
planarian protonephridia combine ultrafiltration with filtrate modification in the same

structure.

Unexpected Complexity of Protonephridial Tubules

We next sought to investigate the filtrate modification capacities of the planarian
protonephridial system. In the vertebrate nephron, the expression of a large number of
solute carrier (slc) transporters recovers essential molecules from the primary filtrate or
secretes waste products into the tubule lumen (Landowski, 2008; Raciti et al., 2008). The
known substrate specificity of slc families together with their restricted expression in
specific nephron segments establishes a structure/function topology of filtrate modification
processes along the nephron. Towards the dual goal of identifying and mapping solute
modification processes in planarian protonephridia, we set out to identify, clone, and
expression-map all solute carriers in the planarian genome. A systematic sequence
homology search of the planarian Schmidtea mediterranea (S. mediterranea) genome
identified 318 slc genes. Reciprocal BLAST analysis and sequence alignments revealed
that S. mediterranea slcs represent 43 slc families (Fig. 3.2, Appendix A). Expression
patterns of all slc genes were analyzed by in situ hybridization in intact asexual planarians.
We obtained expression patterns of 287 genes in various tissues (Fig. 3.3) and thereof, 49

genes showed putative protonephridial expression.
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Figure 3.2. Solute carrier gene families in the planarian Schmidtea mediterranea. a,
slc gene families in planarian. b-v, Schematic representation of the seven major
phylogenetic clusters, the a-, B-, 8-, y-groups of slcs (panel g, h, c, b, respectively); the
Tim barrel-, IT-, Drug/Metabolite transporter clans of slcs (panel d, e, f, respectively), and
selected slc families, including slcla (i), slc5a (j), slc22a (k), slc6a (1), slcda (m), slc7a (n),
slc12 (o), slc15 (p), slc20 (q), slc23 (r), slc26 (s), slc28 (t), slc30 (u), and slc42 (v).
Planarian homologs are colored in red.
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Figure 3.3. Expression patterns of slc genes in an asexual strain of the planarian
Schmidtea mediterranea. Whole-mount expression patterns of slc genes by in situ
hybridization (NBT/BCIP development). Scale bars: 500 um.
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The expression of such a large fraction of slc genes in protonephridial tubules already
indicated a rich potential for solute modifications.

Towards our goal of establishing a comprehensive structure-function map of
protonephridia, we next mapped the expression domain of each protonephridial slc relative
to two previously characterized markers (Fig. 3.4a, top; Appendix B): 1) acetylated tubulin
(AcTub) antibody staining, which marks flame cells and the adjoining proximal tubule
(PT) segment; 2) Smed-CAVII-1, which is expressed in the adjacent distal tubule (DT)
segment (Rink et al., 2011). Markers for the domains distal to CAVII-1 expression were
not available at the beginning of this study. Fluorescent in situ hybridization (FISH)
mapping of putative protonephridial slc genes against the two markers and general tubule
anatomy (e.g., branched versus coiled PT segments) revealed a significantly greater
complexity of protonephridial cell types than previously appreciated (Fig. 3.4a; Fig. 3.5-
3.11). slc expression domains define at least three subdomains within the PT (PT1, PT2,
and PT3; Fig. 3.4a-d) and the nonoverlapping expression of representative slc genes in 3-
color FISH experiments demonstrates the significance of the inferred PT subdivisions (Fig.
3.5-3.8). Similarly, we found that slc expression domains divide the DT into 2 subdomains
(DT1 and DT2; Fig. 3.4a, d-f; Fig. 3.9f). Interestingly, the slc12a-4 expression domain
extended beyond CAVII-1 expression, where it was co-expressed with further 14 slc genes,
including Smed-slc24a-3 (Fig. 3.4a, g, (Scimone et al., 2011)). Together, these 14 slc genes
therefore define the so-far unknown continuation of protonephridia beyond CAVII-1
expression domain, which for reasons detailed below we refer to as “Collecting Duct”
(CD). Interestingly, CD marker expressing segments were exclusively located close to the

dorsal body surface, supporting early reports suspecting the protonephridial terminus in the
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dorsal epithelium (Wilhelmi, 1906). Consistently, sagittal sections revealed occasional CD
segments crossing the basal lamina and appearing to terminate in the single-layered outer
epithelium (e.g., Smed-slc12a-1, Fig. 3.4h). To further confirm this finding, we performed
electron microscopy (EM) on serial thin sections and succeeded in visualizing multiple
examples of ducts connecting into the dorsal epithelium and opening directly to the exterior
(Fig. 3.4i, Supplementary movie 1). The presence of mitochondria and numerous small
vesicles are ultrastructural characteristics of this region, similar to that of type B
intercalated cells in the vertebrate CD.

Thus, our results for the first time trace the complete course of protonephridial
tubules from the ultrafiltrating flame cells as proximal entry point to their terminus in the
dorsal epithelium. Further, our systematic mapping of expression domains of slc genes

defined 6 molecularly distinct segments along the proximal-distal axis of protonephridia.

Extensive Functional Homology between Planarian Protonephridia

and Vertebrate Nephrons

We next took advantage of our expression data and the known transport activities
of slc families to infer possible functional specializations of the 6 protonephridial segments.
Clustering a subset of slc genes with known substrate specificity by substrate class and site
of expression revealed a striking segregation of similar transport activities into similar
regions of the protonephridial tubule, thus demonstrating the functional specialization of
different segments (Fig. 3.4j, top). Because this subset of slc genes was intentionally
chosen due to its known representation for transport activities of specific segments of the

nephron (Raciti et al., 2008), this map afforded a basis for direct structure/function
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Figure 3.4. Extensive structural and functional homology between protonephridia
and nephrons. a, Cartoon showing previous segmentation model of protonephridial
tubule and expression map of slc genes along protonephridial tubule. b-g, Representative
images showing expression domains of selected slc genes in (b) PT1, PT2, and PT3, (c)
PT2 and PT3, (d) PT3, () DT1, DT2, and CD, (f) DT2 and CD and (g) CD. Fluorescent
overlay of indicated gene (red) with PT marker (AcTub) and DT marker (CAVII-1). A
color-coded scheme of protonephridial tubule at the end of each panel showing expression
domain of indicated gene. Images are maximum projections of confocal Z-sections. Scale
bars: 50 um. h, Longitudinal-section through a worm showing dorsal-bias expression of
slc12a-1. Scale bars: 200 um. i, TEM image showing CD connected to the dorsal epithelia.
Inset showing a magnification of CD connected to the dorsal epithelia. e, epithelia; bm,
basement membrane; m, mesenchyme; sj, septate junction; I, lumen; ms, muscle. Scale
bars: 5 um. j, Tables summarize expression domains of selected slc genes in planarian
protonephridia and rodent metanephros. Cartoons showing segmental organization of
planarian protonephridia and rodent metanephros are on the left. Gray color in the tables
indicates expression domain of slc in planarian protonephridia and rodent metanephros.
Planarian slc sequence nomenclature (e.g., slcla-3) does not reflect direct orthology to the
mammalian counterparts. Abbreviations for segments of protonephridia are as follows:
PT1, PT2, and PT3, segments of proximal tubule; DT1 and DT2, segments of distal tubule;
CD, collecting duct. Abbreviations for segments of metanephros are as follows: S1, S2,
and S3, segments of proximal tubule; DTL, descending thin limb; ATL, ascending thin
limb; TAL, thick ascending limb; DCT, distal convoluted tubules; CNT, connecting tubule;
CD, collecting duct. k, Fluorescent overlay of reabsorbed dextran with proximal tubule
marker (AcTub). |, pHi reporter assay using SNARF-5F-AM in control(RNAI) and slc4a-
6(RNAI).
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Figure 3.5. Expression of slc genes in the proximal tubule. Fluorescent overlay of
indicated gene (in red) with PT2 and PT3 marker (slc6a-13), DT marker (CAVII-1), and
AcTub staining. Images are maximum projections of confocal Z-sections. Scale bars: 50
um. A color-coded scheme of protonephridial tubule at the end of each panel showing
expression domain of indicated gene.
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Figure 3.6. Expression of slc genes in the PT1 segment of the proximal tubule. a,
Fluorescent overlay of indicated gene (in red) with PT1 and PT2 marker (CUBN1), PT2
and PT3 marker (slc6a-13), and AcTub staining. b, Fluorescent overlay of indicated gene
(in red) with PT2 and PT3 marker (slc6a-13), DT marker (CAVII-1), and AcTub staining.
Images are maximum projections of confocal Z-sections. Scale bars: 50 um. A color-
coded scheme of protonephridial tubule at the end of each panel showing expression
domain of indicated gene.
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Figure 3.7. Expression of slc genes in PT2 and PT3 segments of the proximal tubule.
Fluorescent overlay of indicated gene (in red) with PT2 and PT3 marker (slc6a-13), DT
marker (CAVII-1), and AcTub staining. Images are maximum projections of confocal Z-
sections. Scale bars: 50 um. A color-coded scheme of protonephridial tubule at the end
of each panel showing expression domain of indicated gene.
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Figure 3.8. Expression of slc genes in the PT3 segment of the proximal tubule.
Fluorescent overlay of indicated gene (in red) with PT2 and PT3 marker (slc6a-13), DT
marker (CAVII-1), and AcTub staining. Images are maximum projections of confocal Z-
sections. Scale bars: 50 um. A color-coded scheme of protonephridial tubule at the end
of each panel showing expression domain of indicated gene.
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Figure 3.9. Expression of slc genes in the distal tubule. Fluorescent overlay of indicated
gene (in red) with PT marker (slc6a-13 or CUBNL1), DT marker (CAVII-1), or CD marker
(slc12a-1 or slc24a-3) together with AcTub staining. Images are maximum projections of
confocal Z-sections. Scale bars: 50 um. A color-coded scheme of protonephridial tubule
at the end of each panel showing expression domain of indicated gene.
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Figure 3.10. Expression of slc genes in the collecting duct. Fluorescent overlay of
indicated gene (in red) with PT2 and PT3 marker (slc6a-13), DT marker (CAVII-1), or CD
marker (slc24a-9) together with AcTub staining. Images are maximum projections of
confocal Z-sections. Scale bars: 50 um. A color-coded scheme of protonephridial tubule
at the end of each panel showing expression domain of indicated gene.
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Figure 3.11. Expression of slc genes that weakly express in both proximal and distal
tubules. Fluorescent overlay of indicated gene (in red) with PT2 and PT3 marker (slc6a-
13), DT marker (CAVII-1), and AcTub staining. Images are maximum projections of
confocal Z-sections. Scale bars: 50 um. A color-coded scheme of protonephridial tubule
at the end of each panel showing expression domain of indicated gene.
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comparisons with the nephron. Constructing a similar map of slc expression in the rodent
metanephros based on published data (Fig. 3.4j, bottom; Appendix C) revealed a striking
parallel: Not only is the sequence of slc family expression very similar along the filtrate
flow axis, but almost all nephron segments have clearly identifiable homologous segments
in protonephridia. In vertebrates, the PT is responsible for reabsorption of more than 70%
of filtered solutes from the primary urine, including inorganic/organic ions and vital
nutrients (glucose, amino acids, and vitamins). The homologous slc expression of
planarian PT1-3 and the preferential labeling of PT1-2 by injected dextran (Fig. 3.4k)
provide strong evidence that the proximal protonephridial segments are likewise primarily
responsible for the recovery of filtered substances. The DT plays an important role in acid-
base homeostasis by reabsorbing bicarbonates and secreting protons into the urine
(Carraro-Lacroix and Malnic, 2010). The corresponding expression of bicarbonate (e.g.,
Smed-slc4a-6, Fig. 3.9) or proton transporters (e.g., Na*/H* exchanger Smed-slc9a-3, Fig.
3.4e) in DT1 and DT2 suggests a similar function of these protonephridial segments.
Consistently, the RNAi-mediated knockdown of slc4a-6 caused a measurable acidification
of the intercellular milieu (Fig. 3.4l), thus demonstrating functionally the conserved role of
DT1-2 in planarian pH homeostasis. Finally, the vertebrate collecting duct (CD) comprises
distinct cortical and medullary segments and mediates the bulk of water recovery/urine
concentration (Nielsen et al., 2002). The shared expression of the bicarbonate transporter
Smed-slc4a-7 and the ammonia transporter Smed-slc42a-2 in the terminal segment (Fig.
3.4j) support a basal homology between the CD and the corresponding protonephridial
segment, which is why we likewise adapt the vertebrate nomenclature. However, the large

number of additional slc genes expressed in the protonephridial CD (Fig. 3.4a) and lack of
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aquaporin expression (not shown) suggest divergent functions. The only nephron segment
for which our analysis did not identify a protonephridial homologue was the intermediate
tubule (IT). In terrestrial vertebrates, IT and CD have tightly linked functions in water
conservation, whereby urea secretion by the IT establishes high extracellular solute
concentrations that aid in water reabsorption from the CD (Pannabecker, 2012). As
freshwater animals, planarian protonephridia have to clear, rather than conserve water,
providing a compelling rationale for why specifically IT and CD are divergent. Such
functional diversity of IT/CD segments is also observed in the pronephric kidneys of
freshwater vertebrates, such as zebrafish (Wingert and Davidson, 2008). Together, our
analysis reveals a striking structural and functional homology between vertebrate nephron

and planarian protonephridia.

Recapitulation of Podocyte Slit-Diaphragm Pathologies in Flame

Cells

We next asked whether the homologies between the nephrons and protonephridia
extend to common pathologies. The striking structural similarities between the
ultrafiltration sites in the two systems, podocyte foot processes (Pavenstadt et al., 2003)
and flame cell filtration barriers (Fig. 3.1b), could reflect a requirement for common
components. In humans, mutations in the large 1gG-repeat transmembrane proteins NPHS1
and NEPHL1 cause slit diaphragm loss and foot process effacement, resulting in proteinuria
and edema (Donoviel et al., 2001; Kestila et al., 1998). Systematic sequence homology

searches of the S. mediterranea genome identified 7 NPHS1 homologs and 3 NEPH

homologs (Fig. 3.12). Interestingly, Smed-NPHS1-6 and Smed-NEPH-3 were expressed
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Figure 3.12. Slit-diaphragm components in the planarian Schmidtea mediterranea. a,
Cartoon showing the glomerular filtration barrier. Top: A schematic view of the podocyte.
The podocyte wraps around the capillary wall on the outer surface of the glomerular
basement membrane with its extended interdigitating foot processes. Podocyte foot
processes are then bridged by a slit diaphragm. Middle: A close-up view of the glomerular
filtration barrier consisting of three components: porous endothelium, glomerular basement
membrane, and podocyte foot processes with the interposed slit diaphragm. The endothelial
pores are not bridged by a diaphragm. Bottom: Schematic drawing of the molecular
equipment of a slit diaphragm. NPHS1 undergoes homophilic interaction on neighboring
podocyte foot processes. The intercellular junction also contains the adhesion molecule
NEPH-1. b, Homology analysis of the planarian homologs of NPHS1 and NEPH. Domains
predicted by SMART for planarian and human proteins. Best reciprocal BLAST hits in
human, C. elegans, and fly refseq protein database. ¢, Whole-mount expression patterns of
NPHS1 and NEPH by in situ hybridization. Scale bars: 500 um.
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in flame cells (Fig. 3.13a-b) and RNA. of both genes produced strong bloating and partial
clearing of body pigmentation (Fig. 3.13c). Both phenotypes have previously been
identified as characteristic hallmarks of tissue edema (Rink et al., 2011), thus providing a
strong indication that the genes are required for the function of the planarian excretory
system. Since flame cell numbers appeared normal in both intact and regenerating animals
(Fig. 3.14), we examined the ultrastructure of the filtration diaphragm in NPHS1-6 and
NEPH-3(RNAI) planarians. Wild-type flame cells display slit-shaped 35-40 nm wide
fenestrae that form between 90-150nm wide foot processes (Fig. 3.1b and 3.13d). Under
knockdown of either NPHS1-6 or NEPH-3, the filtration diaphragm was completely absent
and the foot processes underwent apparent effacement in both intact (Fig. 3.13d,
Supplementary movies 2-3) and regenerating animals (Fig. 3.15) animals. Our dextran
injection assay confirmed the loss of ultrafiltration capability in NPHS1-6(RNAI)
planarians, which displayed equal uptake of small and large molecular tracers in the
proximal tubule (Fig. 3.13e-f). Together, these data demonstrate that the functional
homology between planarian flame cells and vertebrate podocytes extends to molecular

components and thus common pathologies.

Cyst Formation in Planarian Proximal Tubules

Encouraged by these results, we extended our analysis of conserved pathologies to
the protonephridial tubules. The most common class of human inherited disorders
affecting the nephron are the cystic kidney diseases (CKDs). We assembled a small library
of putative planarian orthologues of human CKD genes (Appendix D). This list contained

nephrocystins, causative genes of nephronophthisis (NPHP), one of the most frequent
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Figure 3.13. Vertebrate slit-diaphragm components are expressed in planarian flame
cells and are required for the maintenance of their filtration diaphragm. a, Whole-
mount expression patterns of indicated marker genes by in situ hybridization (NBT/BCIP
development). Scale bars: 500 um. b, Fluorescent overlay of indicated gene (red) with
flame cell marker EGFR-5 and AcTub staining. Images are maximum projections of
confocal Z-sections. Scale bars: 50 um. ¢, Live images showing edema in intact NPHS1-
6(RNAI) and NEPH-3(RNAI) animals. Scale bars: 500 um. d, TEM images showing cross
section through a flame cell in intact Control(RNAI), NPHS1-6(RNAI) and NEPH-3(RNAI)
animals. Inset showing a high magnification of filtration diaphragm. Scale bar: 1 um. e-f,
Ultrafiltration assay assessing ultrafiltration capacity in NPHS1-6(RNAI) animals. (e)
Representative images showing dextran uptake in the animals that co-injected with 10 kDa
and 500 kDa fluorescently labeled dextran. Scale bar: 50 um. (f) Quantification of small
and large dextran uptake.
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Figure 3.14. NPHS1-6 is not required for flame cell viability during normal
homeostasis as well as regeneration. a-b, Fluorescent overlay of flame cell markers
(CXCRL and EGFR-5) with AcTub staining in intact (a) and regenerating (b)
Control(RNAI) and NPHS1-6(RNAI). Images are maximum projections of confocal Z-

sections. Scale bars: 50 um.
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Figure 3.15. NPHS1-6 is required for de novo formation of filtration diaphragm
during regeneneration. TEM images showing cross section through a flame cell in
regenerating Control(RNAI) and NPHS1-6(RNAi) animals. Inset showing a high
magnification of filtration diaphragm. Scale bar: 1 um.
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genetic causes of chronic renal failure in children and young adults (Hildebrandt and Otto,
2000; Salomon et al., 2009). The S. mediterranea genome harbors homologs to all 9 human
NPHPs, except for NPHP2 and NPHP3 (Fig. 3.16). RNAi-screening of the library revealed
strong edema formation in Smed-NPHP5, Smed-NPHP6, and Smed-NPHP8 knockdown
animals (Fig. 3.17a), suggestive of a protonephridial function of these genes. Consistently,
we detected severe structural alterations of protonephridial tubules in NPHP(RNAI)
animals, particularly of the proximal segment. Instead of the fine terminal ramifications
of PTs in controls, RNAI animals presented with striking clump-like accumulations of
proximal marker expressing cells (Fig. 3.17a-b, Supplementary movie 4-5). High
resolution imaging confirmed the presence of abnormally high numbers of densely packed
proximal tubule cells (Fig. 3.18a). The protonephridial lumen was severely disorganized
within such aggregates (Fig. 3.17c). Instead of strong and continuous luminal labeling
throughout the coiled PT segments of controls, labeling was weak and fragmented. The
weak single-line labeling outside of aggregates (Fig. 3.17c¢) and the much weaker cilia
staining (AcTub) in NPHP(RNAI) animals (Fig. 3.17a) suggested general lumen defects.
EM images revealed frequent basal body mislocalizations to nonluminal membrane
domains and cell intrusions into the lumen, which both indicate a loss of normal tubular
cell polarity (Fig. 3.19). Overall, the accumulation of morphologically abnormal tubule
cells and concomitant loss of luminal connectivity present striking morphological parallels
to the NPHP loss-of-function phenotype in humans, suggesting that planarian

protonephridia can develop cysts.
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Figure 3.16. nephrocytins in the planarian Schmidtea mediterranea. a, Homology
analysis of planarian nephrocystins. Domains predicted by SMART for planarian and
human proteins. Best reciprocal BLAST hits in human, C. elegans, and fly refseq protein
database. b, Whole-mount expression patterns of genes encoding nephrocystins by in situ

hybridization. Scale bars: 500 um.



140

Best E
S.med vs. hit value
SewooN (N Smed NPHP| s s o soss— 502 33 H.sap. | NPHP1 2661
P SRC Homology 3 Domain NPHP1 | Cele. | NPHP1 9e-08
| 10 calmodulin-binding motif H.sap. NPHP1 ([ s 732 32 Dmei. | wa
b Zoan S med. NPHP4 1370 aa Hsap. |neres | o117
@& C2 domain NPHRY | Coele. | NPHPY 8e21
H.sap. NPHP4 1426 aa D.mel. | va
I transmembrane domain
W serinefthreonine protein kinases Smed NPHPS  ee— sj— 64723 Hsap [NPHPS | 6637
X z NPHFS | Cele. | nfa
1
Il Rect repeat H.sap. NPHPS  e——— 50 a2 D.mel. | va
H.sap. | CEF290 1]
S.med NPHPE wm - - e -- e e == . - Ll 1 236533 P
H.sap. CEP290 == " o e m——w . - m 2479 aa D.mel. | nfa
H.sap. | GLIs2 1ET1
Smed. GLI-3 eeslelidlmm— 499 aa et loes | TRA 2650
H.sap. GLIS? eesleldddem— 524 a2 D.mel. | imd SE-69
H.sap. | NPHPE o
Smed NPHPE s = = =m ﬁ 13208 lhoeo lcoe Imexs | seos
Hsap. NPHFE wm = = s 1 =) e—— 1315 aa D.mel. | va
H.sap. | NE<8 3173
] . 1 H NEKE-1 | C.ele. | NEXL-1 9E-82
S.med. NEKS- 803 aa p.mel. | niki b=y
S.med. NEK8-2 * 1M21aa
H.sap. | NEKB 6E-110
H.sap. NEKS sl e | s 979 22 Nexa-2 | cole. | NExL-1 | S5E147
D.mel. | niki 1E104
NPHP1 NPHP4 NPHPS NPHPG Gli-3 NPHPE& NEKS-1 NEKS-2




141

Figure 3.17. Downregulation of nephrocystin members leads to the formation of cyst-
like structure in protonephridia. a, Protonephridial defects in NPHP5(RNAI),
NPHP6(RNAI), and NPHP8(RNAI) animals. Top panel: live images showing edema in
intact RNAI animals. Scale bars: 500 um; middle panel: monochrome showing AcTub
staining; bottom panel: fluorescent overlay of AcTub staining with PT2 and PT3 marker
(slc6a-13) and DT marker (slc6a-12). Scale bars: 50 um. b, 3D rendering images showing
normal tubule and cystic-like tubule in Control(RNAi) and NPHP8(RNAI) animals,
respectively. 3D rendering was performed in IMARIS. Scale bars: 50 um. c, Dilated
lumen in enlarged protonephridial tubule. Fluorescent overlay of PT2 and PT3 marker
slc6a-13 and lumen marker in intact Control(RNAi) and NPHP8(RNAI) animals. Scale
bars: 50 um. Images in (a) and (c) are maximum projections of confocal Z-sections.
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Figure 3.18. Abnormal tubular enlargement in NPHP8(RNAI) animals. a, Fluorescent
overlay of lumen marker with PT2 and PT3 marker slc6a-13 and nuclei (DAPI) in
Control(RNAI) and NPHP8(RNAI) animals. Scale bars: 25 um. a, Fluorescent overlay of
PT marker (slc6a-13) and DT marker (CAVII-1) in intact Control(RNAi) and
NPHP8(RNAI) animals. Images are maximum projections of confocal Z-sections. Scale

bars: 50 um.
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Figure 3.19. Ultrastructure of the proximal tubule in NPHP(RNAI) animals. TEM
images showing cross section through a tubule of protonephridia in indicated RNAI
animals. Inset in red box showing abnormal localized basal body in indicated RNAI
animals. Inset in green box showing ultrastructure of cilia. c, cilia; n, nucleus; bb, basal

body; sj, septate junction; I, lumen.
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Protonephridial Cysts Originate from Direct Proliferation of

Protonephridial Progenitors

Sustained cell proliferation in the renal tubules is a hallmark of cystic kidneys in
humans and the severity of the phenotype correlates with the ectopic proliferation level
(Wilson and Goilav, 2007). To obtain an indication of the involvement of cell proliferation
in the formation of the tubule cell accumulations, we used BrdU pulse labeling (Fig. 3.20a).
In controls, we found occasional cells double positive for BrdU and the protonephridial
progenitor marker Smed-POU2/3 (Scimone et al., 2011) in the vicinity of tubules (Fig.
3.20a; Fig. 3.21a), consistent with the emerging view that all planarian cell types derive
from the proliferation of specific progenitor classes within the neoblast population (Adler
et al., 2014; Cowles et al., 2013; Scimone et al., 2014; van Wolfswinkel et al., 2014). In
NPHP8(RNAI) animals, the number of BrdU/POU2/3 double-positive cells in the vicinity
of cell accumulations was strongly increased (Fig. 3.20a) and further in situ approaches
confirmed the progressive accumulation of protonephridial progenitors (Fig. 3.21c-d). To
probe the magnitude of the overproliferation effect, we carried out whole-mount staining
with the G2/M-phase marker phospho-Histone H3 (H3P) and found a global increase in
cell proliferation in NPHP(RNAI) animals (Fig. 3.20b). To ask whether these effects were
specific to protonephridial progenitors or globally affected all progenitor classes, we
quantified the relative fraction of proliferation in protonephridial- (POU2/3*/smedwi-
1*/H3P*), neuronal- (pax6A*/smedwi-1*/H3P*) (Scimone et al., 2014; Wenemaoser et al.,
2012), and intestinal (HNF4*/smedwi-1*/H3P*) (Scimone et al., 2014; Wagner et al., 2011)
progenitor classes (Fig. 3.22). Whereas the fraction of proliferating protonephridial

progenitors was increased in both NPHP5(RNAI) and NPHP8(RNAI) animals, we found no
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Figure 3.20. Cystogenesis in planarian protonephridia results from direct
proliferation of protonephridia progenitors and requires the presence of stem cells.
a, BrdU pulse-chase experiment showing the presence of diving protonephridial
progenitors in the proximity of protonephridial tubule in Control(RNAi) and NPHP8(RNAI)
animals. Yellow arrowhead showing POUZ2/3*/BrdU* cell. Scale bars: 25 um. b,
Increased global proliferation in NPHP5(RNAI) and NPHP8(RNAI) animals displayed by
immunostaining of mitotic marker H3P. Scale bars: 500 um. *, p<0.05; **, p<0.01; ***,
p<0.001 versus control. c-e, Quantification of (c) dividing protonephridial progenitors
(POU2/3*/H3P™), (d) diving neuronal progenitors (pax6A*/H3P*), and (f) diving gut
progenitors (HNF4*/H3P*) among diving cells (H3P) in indicated RNAI animals at 18
day after last RNAI introduction. *, p<0.05 versus control. f-j, Effect of proliferation and
the requirement of neoblasts on cyst formation in the planarian protonephridia. (f)
Schematics showing experimental strategy for panel h-k. 7-day post RNAI feeding animals
were either fed with liver to induce cell proliferation or subjected to sublethal or lethal
doses of irradiation to reduce or eliminate neoblasts. Scoring live phenotype as well as
measuring the average size of each protonephridial unit was used to evaluate the severity
of cystic phenotype. Temporal succession of indicated phenotypes (left) and quantification
of average area of each slc6a-13"/CAVII-1* tubule (right) in Control(RNAi) and
NPHP8(RNAI) animals under (g) basal condition (only RNAI feeding), (h) basal condition
plus extra feeding with liver, (i) basal condition plus sublethal irradiation to reduce the
number of neoblasts, and (j) basal condition plus lethal irradiation to completely eliminate
neoblasts.
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Figure 3.21. Increase of protonephridial progenitors during cystogenesis in planarian
protonephridia. a, Left: Whole-mount expression patterns of POU2/3 by in situ
hybridization. Scale bars: 500 um. Right: Fluorescent overlay of POU2/3 with DT marker
(CAVII-1) and AcTub. Scale bar: 50 um. b, Left: Whole-mount expression patterns of
six1/2-2 by in situ hybridization. Scale bars: 500 um. Right: Fluorescent overlay of six1/2-
2 with DT marker (CAVII-1) and AcTub. Scale bar: 50 um. c-d, Magnified view showing
the region surrounding photoreceptor. Fluorescent overlay of POU2/3 and six1/2-2 with
pan stem cell marker Smedwi-1 and mitotic marker H3P. Scale bar: 50 um. e, Increase of
S-phase protonephridial progenitors during cystogenesis in planarian protonephridia.
Intact Control(RNAi) and NPHP8(RNAI) animals were pulsed with BrdU (1 hour),
followed by 2-hour chase. Fluorescent overlay of POU2/3 with BrdU showing the
abnormal increase of POU2/3*/BrdU™ in the head region anterior to the photoreceptors.
Images are maximum projections of confocal Z-sections. Scale bar: 100 um.
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Figure 3.22. Gut and brain progenitors in NPHP8(RNAI) animals. a-b, Left panel:
whole-mount expression patterns of pax6A (a) and HNF4 (b) by in situ hybridization. Scale
bars: 500 um; Right panel: fluorescent overlay of (a) pax6A and (b) HNF4 with pan stem
cell marker (Smedwi-1) and mitotic marker (H3P). Scale bar: 50 um. c, Magnified view
showing the head region. Fluorescent overlay of pax6A and HNF4 with pan stem cell
marker Smedwi-1 and mitotic marker H3P. Scale bar: 50 um.
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change in the fraction of proliferating neuronal progenitors and even a slight decrease in
intestinal progenitor proliferation (Fig. 3.20c-e). The observation that all cases of ectopic
BrdU-incorporation in the normally division-devoid area anterior to the photoreceptors
were limited to POU2/3* protonephridial progenitors (Fig. 3.21e) further supports the
protonephridial specificity of the overproliferation response. Altogether, these results
demonstrated that loss of function of planarian NPHP genes selectively increased the
proliferation of protonephridial progenitors.

To test whether like in humans, the level of proliferation determined the severity of
the phenotype, we made use of the facile manipulation of global cell proliferation levels in
the planarian system (Fig. 3.20f, Fig. 3.23a). Lethally or sublethally irradiated animals
were used to examine the effects of abolished or reduced proliferation, respectively
(Wagner et al., 2012), while animals on an increased feeding regiment provided an
opportunity to examine the effects of above-baseline proliferation (Kang and Sanchez
Alvarado, 2009). We found that edema development in NPHP8(RNAI) animals was faster
and more severe under the increased proliferation condition, yet significantly diminished
or even abolished under reduced or no proliferation, respectively (Fig. 3.20g-j, left). The
quantification of projected area of protonephridial marker expression domains (slc6a-13
and CAVII-1) as direct cell accumulation metric (Fig. 3.20g-j, right; Fig 3.23b) showed
exactly the same dependency on proliferation rates, thus demonstrating that the
development of planarian NPHP phenotypes is intimately dependent on cell proliferation.

In face of such striking morphological and ontological parallels between
protonephridal and human NPHP loss of function phenotypes, we now refer to the

structural alterations in planarian protonephridia as cysts.
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Figure 3.23. The severity of the cystic phenotype in protonephridia depends on the
rate of proliferation and requires the presence of stem cells. a, Quantification of
mitoses in Control(RNAI) and NPHP8(RNAI) animals. Experimental paradigm is
described in Fig. 3.20f. b, The severity of cystic phenotype in protonephridia depends on
the rate of proliferation and requires the presence of stem cells. Fluorescent overlay of PT
marker (slc6a-13) with DT marker (CAVII-1). Images are maximum projections of
confocal Z-sections. Scale bar: 100 pum.
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Cilia-Driven Fluid Flow Is Required for Tubular Cell Homeostasis

in Planarian Protonephridia

Cilia as flow sensors play a critical role in the ontogeny of human cystic kidney
disease (Hildebrandt and Otto, 2005; Hildebrandt and Zhou, 2007; Kotsis et al., 2013).
NPHP(RNAI) planarians display severe defects in cilia-driven gliding motility (Fig. 3.24a-
b), which prompted us to investigate a possible involvement of cilia in the ontogeny of
planarian kidney disease. Direct visualization of axonemes in NPHP(RNAi) animals
indeed confirmed structural cilia defects, which appeared shorter (NPHP5(RNAI)) or much
reduced in density (NPHP6/8(RNAI)) (Fig. 3.24c). EM images revealed abnormal
localization of centrioles as well as axoneme abnormalities in ciliated cells under
NPHP5/6/8(RNAI) (Fig. 3.19). Together with the broad resemblance between NPHP5/6/8
expression patterns and typical cilia genes (Glazer et al., 2010; Rink et al., 2009) (Fig.
3.16Db), these data conclusively demonstrate that knockdown of planarian NPHP-genes
causes not only protonephridial cyst formation, but also structural defects in cilia.

We therefore decided to systematically test possible mechanistic roles of cilia in
planarian cyst ontogeny. If cilia were generally required for maintaining the
structure/function of protonephridia, then all disruptions of cilia structure should cause
cystic phenotypes. We therefore knocked down Smed-IFT88, a component of the
intraflagellar transport machinery. As previously shown (Rink et al., 2009), IFT88(RNAI)
animals lost their cilia-dependent gliding ability (Fig. 3.25a), developed massive tissue
edema, and had severely shortened cilia (Fig. 3.24e-e’). Interestingly, IFT88(RNAI)
animals also developed cystic protonephridia (Fig. 3.24e’’) and cystogenesis in

IFT88(RNAI) animals was also associated with the accumulation of protonephridial
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Figure 3.24. Cystic phenotype in protonephridia is cilia- and fluid flow-dependent. a,
Series of live images showing gliding mobility in Control(RNAiI) and NPHP8(RNAI)
animals. Yellow dot line provides a spatial reference to illustrate progress of animal. Scale
bar: 1 mm. b, Quantification of translocation speed in indicated RNAi animals. Error bar,
SD; *** p<0.001 versus control. c, Fluorescent overlay of ventral cilia (AcTub) with
nucleus marker (DAPI) in indicated RNAI animals. Scale bar: 10 um. d-g, Live images
showing bloating phenotype in IFT88(RNAi), DNAH/A-1(RNAI), and LRRC50(RNAI)
animals. Scale bar: 500 um. d’-g’, Fluorescent overlay of ventral cilia (AcTub) with
nucleus marker (DAPI) in IFT88(RNAIi), DNAH/A-1(RNAI), and LRRC50(RNAI) animals.
Scale bar: 10 um. d’’-g’’, 3D rendering showing fluorescent overlay of AcTub staining
with PT2 and PT3 marker (slc6a-13) and DT marker (CAVII-1) in Control(RNAI),
IFT88(RNAI), DNAHA-1(RNAI), and LRRC50(RNAI) animals. Scale bar: 50 um. d’’’-g’”’,
Magnified view showing fluorescent overlay of POU2/3 with pan stem cell marker
(smedwi-1) in the region surrounding photoreceptor. White arrowhead showing
POU2/3*/smedwi-1" cell. Scale bar: 25 um. h-i, Abnormal cilia beating in DNAH/S
1(RNAI), and LRRC50(RNAI) animals. (h) Left panel: live images showing cilia beating
along the lateral body edge of the planarian head region; Right panel: vector map generated
by STICS analysis showing velocity magnitude and beating pattern of cilia. The brightness
of the vector representing the velocity magnitude of the cilia: brighter vector, stronger
ciliary beating, or vice versa. (i) Quantification of ciliary velocity magnitude in indicated
RNAI animals. *, p<0.05 versus control. j, Cartoon representing working model of cyst
formation in the planarian protonephridia. In normal tubule, protonephridial tubular cell
turnover is maintained by integration of protonephridial progenitors, originated from the
neoblasts, into the tubule. During this process, cilia-driven fluid flow is required for the
maintenance of tubular geometry. Obstruction of fluid flow by disrupting cilia function
leads to protonephridial cystogenesis that characterized by abnormal proliferation of
protonephridial progenitors, tubular enlargement, and disorganization.
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progenitors (Fig. 3.24e”’"). These results therefore demonstrate that disruption of cilia is
sufficient for cyst development in planarians.

To test whether cilia might be required as flow generators and/or as flow sensors,
we sought to disrupt ciliary beating without gross changes in cilia length or structure.
Wetherefore targeted two planarian homologues of Primary Ciliary Dyskinesia (PCD)
disease genes, a rare ciliopathy causing general cilia immobility in humans (Badano et al.,
2006) (Fig. 3.25b-c). Disrupting the function of Smed-DNAH/-1 and Smed-LRRC50 by
RNAI led to abnormal gliding ability (Fig. 3.25a) due to loss of ciliary beating (Fig. 3.24h-
i; Supplementary movie 6-8), while cilia length or structure appeared unaffected (Fig.
3.241’-g’). Interetingly, DNAH -1 and LRRC50 (RNAI) animals also developed edema and
formed protonephridial cysts (Fig. 3.24f-g, f"’-g’’, f’’-g""). These results indicate that
reduced ciliary beating rate without change in cilia structure is sufficient to cause the cystic
phenotype in planarian protonephridia. Together, these results suggest that cilia-driven

fluid flow is crucial to orchestrate tubular cell homeostasis in planarian protonephridia.

Discussion

In sum, this study provides comprehensive molecular and functional evidence
demonstrating planarian protonephridia to be excretory organs in which cilia-driven
ultrafiltration by flame cells is coupled with filtrate modification by a system of tubules.
First, two major constituents of the podocyte slit diaphragm, NPHS1 and NEPH1, are
expressed in planarian flame cells. Recent studies have also demonstrated similar
molecular parallels between insect nephrocytes and vertebrate podocytes (Weavers et al.,

2009; Zhuang et al., 2009), suggesting that planarian flame cells, insect nephrocytes, and
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Figure 3.25. PCD genes in the planarian Schmidtea mediterranea. a, Schematic
drawing showing the structure of 9 + 2 matile cilia in planarians. Right panel: schematic
representation of the expanded view of the ODA depicts several light, intermediate, and
heavy chains. The planarian homologs of human PCD genes with the ODA defects
indicated in this study are labeled in red (DNAHA-1 and LRRC50). a’, TEM image showing
cross section through a cilium of protonephridial tubule. IDA, inner dynein arm; ODA,
outer dynein arm; DHC, dynein heavy chain; LC, dynein light chain; IC, dynein
intermediate chain; DC, docking complex. b, Whole-mount expression patterns of
DNAH/-1 and LRRC50 by in situ hybridization. Scale bars: 500 um. c, Quantification of
translocation speed in indicated RNAi animals. Error bar, SD; ***, p<0.001 versus control.
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vertebrate podocytes are likely homologous cell types. Second, the structural and
functional topology of the protonephridial tubule revealed by systematic gene expression
comparisons of slc families bears significant resemblance to the vertebrate
pronephros/metanephros. Interestingly, structural and functional similarities between
planarian protonephridia and vertebrate nephrons extend even further to common
pathologies, including the shared requirement of NPHS1 and NEPH1 in the maintenance
of ultrafiltration barriers as well as of cilia/fluid flow in preventing cystogenesis in the
tubules. Cumulatively, the extensive functional and structural conservation of planarian
protonephridia has important evolutionary implications, suggesting the existence of cilia-
driven ultrafiltration excretory organs in an urbilaterian ancestor.

If cilia-driven filtration excretory organs do exist in the urbilaterian ancestor of
planarians and mammals, the observation of only immotile primary cilia in adult
mammalian kidneys (Schwartz et al., 1997; Takeda and Narita, 2012) raises an interesting
question: Is flow-dependent bending of cilia in human nephron an evolutionary vestige of
cilia-powered filtration excretory organs? The remarkable conservation of cilia/fluid flow
in the ontogeny of tubular cysts in planarians supports the aforementioned premise. We
found that interruption of flow by loss of cilia after IFT88(RNAI) or NPHP(RNAI) causes
cyst formation in planarian protonephridia. Immotile, but intact cilia after DNAH-41- and
LRRC50(RNAI), interestingly, also leads to cystogenesis in the protonephridial tubules.
Our data suggest that flow-dependent bending and/or flow-generating bending are required
for orchestrating tubular cell homeostasis in the “primitive” kidneys. Loss of maotile cilia
in vertebrate kidneys has been observed in coincidence with the acquirement of a relatively

high blood pressure in the birds and mammals (Marshall JR., 1934). One could therefore
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postulate that with the presence of an extensively developed circulatory system in
mammals, the flow-generating role of cilia to aid the propulsion of fluid into the tubules
became redundant and thus lost during the course of evolution. Flow-dependent bending
of immotile primary cilia in human kidneys is indeed an evolutionary remnant of cilia-
powered filtration excretory organs. Fish or amphibian pronephros thus represents an
interesting intermediate case to sort out flow-sensing capabilities of flow-generating cilia
in the future.

Regardless, the key question now becomes: What are cilia-associated signaling
pathways actually accomplishing in protonephridia? Are cilia required for orchestrating
the integration of progenitors into the protonephridial tubule? Or do they instead function
as gatekeepers of progenitor proliferation? Our observation that global amplification of cell
division by increased feeding schedule fastens phenotypic severities of protonephridial
cysts in planarians argues for the former possibility. However, we do see a global increase
of mitoses due to the overproliferation of protonephridial progenitors when cilia-driven
fluid flow is affected. Therefore, we propose a working model in which that cilia/flow can
generate a noncell autonomously acting signal to “turn off” the production of
protonephridial progenitors after protonephridia formation/maintenance is complete.
Disrupting cilia/flow thus leads to overproduction of protonephridial progenitors, and
subsequently cyst formation in the tubules (Fig. 3.24j). Recent identification of
stem/progenitor cells in adult mammalian kidney (Angelotti et al., 2012; Rinkevich et al.,
2014; Romagnani et al., 2013) is hence highly interesting because it suggests that the
generation of a trans-acting signal by a tubule cell and its reception by “an exogenous

division-competent population” could also be at the core of human kidney diseases.
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However, formal investigation is required to confirm this speculative hypothesis.
Nonetheless, the remarkable conservation of flow/cilia/proliferation axis during tubular
cystogenesis between planarian protonephridia and human nephrons suggests the very
likely conservation of aforementioned cilia/flow-associated signal. Future study to identify
the cross-talk signaling between tubule cells and stem cells represents a key step for better
understanding disease pathologies. Given the high speed and low cost of deployment,
combined with robust and high-throughput RNAI screening, planarians are a highly

promising invertebrate model system to study mechanisms of human kidney disease.

Materials and Methods

Planarian Maintenance and Irradiation

The CIW4 clonal line of Schmidtea mediterranea was maintained as described
(Cebria and Newmark, 2005). 1-week starved animals were used for all experiments. For
irradiation experiments, animals were exposed to 1250 or 6000 rads on a GammaCell 40

Exactor irradiator.

Gene ldentification and Cloning

Human, mouse, Xenopus, and zebrafish protein sequences were used to find
planarian homologs from Schmidtea mediterranea genome database via TBLASTN.
Planarian homologs were then used for reciprocal BLAST against the human refseq to
verify the homology. All genes were cloned from an 8-day regeneration time course cDNA
library prepared as described previously (Gurley et al., 2008). Primers used for cloning

are described in Appendix A and D.
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Phylogenetic Analysis

The complete set of protein sequences were retrieved for human, mouse, and fly
from Ensembl (release 76) (Flicek et al., 2014). The mosquito protein sequences were
retrieved from Ensembl metazoa (release 23). Only the proteins corresponding to the
longest isoform of each gene were considered for the analysis. The PFAM protein domains
(PfamA-27.0) (Finn et al., 2014) were predicted for all those proteins from human, mouse,
fly, and mosquito and the planarian homologs of solute carriers using the InterProScan
(version 5.4-47.0) tool (Jones et al., 2014). The solute carrier proteins were classified into
their corresponding solute carrier family or clan groups based on the presence of the
corresponding PFAM protein domain as described in the literature (He et al., 2009;
Hoglund et al., 2011). The predicted domain regions were extracted from those proteins
and multiple sequence alignment was then performed for those extracted regions using
clustalw2 (version 2.1, with default parameters) (Larkin et al., 2007). Using the sequence
alignment, the bootstrapped neighbor joining trees (positions with gaps removed and
corrected for multiple substitution) were constructed using clustalw2 (version 2.1) (Larkin

et al., 2007).

In Situ Hybridization and Immunohistochemistry

Colorimetric and fluorescent in situ hybridizations were performed as previously
described (King and Newmark, 2013; Pearson et al., 2009). Following fluorescent or
NBT/BCIP development, animals were incubated with anti-acetylated-Tubulin antibody
(1:1000, Cell Signaling), anti-H3P (1:1000, Millipore), or a rabbit antiserum recognized

unknown epitope to visualize the lumen of proximal tubule (1:500). Primary antibodies
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were detected with either Alexa-conjugated anti-rabbit antibodies (1:1000; Abcam) or
HRP-conjugated anti-rabbit antibodies (1:1000; Jackson ImmunoResearch). NBT/BCIP
developed whole-mount in situ specimens were mounted in mounting media containing
75% glycerol and 2M urea. Fluorescent whole-mount in situ specimens were mounted in
modified ScaleA2 containing 20% glycerol, 2.5% DABCO, and 4M urea (Hama et al.,
2011). For cryosectioning, fluorescently stained whole-mounted animals were fixed
overnight in 4% paraformaldehyde (in PBS) at 4°C, washed three times in PBS,

equilibrated in 30% sucrose, frozen in OCT, and cryosectioned (10-20 um).

Imaging and Image Quantification

A Leica M205 Stereo Microscope was used for documenting live images, movies,
and NBT/BCIP developed whole-mount in situ specimens. Zeiss LSM-510 VIS or LSM-
700 Upright confocal microscopes were used to capture fluorescent whole-mount in situ
specimens and image projections. To quantify the average size of each protonephridial
unit and mitotic activity, individual worm was imaged and tiled on a Perkin Elmer
Ultraview spinning disk microscope. Stitching and mitotic activity quantification was
performed in FiJi using standard plugins (Schindelin et al.,, 2012). Worm area,
protonephridial size, and number were measured/counted using a custom signal to noise
thresholding and seeded region grow plugins. Batching was performed using macros.
Movement speed quantification was performed on movie sequences (acquired at 17.5 Hz)
using a custom thresholding plugin and Mtrack2 (Klopfenstein and Vale, 2004). For each

tracked object, the initial position was subtracted from the final to determine an average
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translocation velocity. Average velocities were computed by weighting track averages by

the length of the track. Plugins and macros are available at https://github.com/jouyun.

BrdU Labeling

BrdU was administered by soaking animals in 15mg/mL BrdU and 3% DMSO
(diluted in 0.1X Montjuic salts) for 1 hour as previously described (Cowles et al., 2012)
and chasing for specified time. Animals were fixed and processed as in situ hybridization
protocol except they were bleached in 6%H202 in PBSTx (0.5% Triton) for 3-4 hours
under direct light. After in situ development, specimens were treated with 2N HCI for 45
minutes at room temperature, and washed 4 times with PBSTx (0.3% Triton) for 1 hour.
BrdU was detected using rat anti-BrdU antibody (1:1000; Abcam, Cat. No. ab6326).
Primary antibody was detected with HRP-conjugated anti-rat antibody (1:1000; Jackson

ImmunoResearch).

Ultrafiltration and Reabsorption Assay

To assay ultrafiltration capacity of planarian protonephridia, 10 kDa
tetramethylrhodamine-dextran (Molecular Probes, D-1817) and 500 kDa fluorescein-
dextran (Molecular Probes, D-7136) at the concentration of 1 mg/mL were co-injected into
the mesenchyme of the animals. After 2 hours, the animals were rinsed with an excess of
1X Montjuic salts, fixed in cold 4% paraformaldehyde (in 1X Montjuic salts), mounted in
modified ScaleA2, and photographed using a Zeiss LSM-510 VIS confocal microscope.
Dextran uptake was quantified by measuring the average fluorescence intensity per unit

area using a standard signal to noise thresholding in Fiji (Schindelin et al., 2012). For
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immunostaining, after fixation, the samples were rinsed 3-4 times with PBSTx (0.3%
Triton), incubated in blocking solution containing 5% horse serum in PBSTx (0.5% Triton)
for 2 hours at room temperature, and then in anti-acetylated-Tubulin antibody (1:1000, Cell
Signaling). Primary antibody was detected using Alexa-conjugated anti-rabbit antibodies

(1:1000; Abcam).

pHi Reporter Assay

Intracellular pH was measured using ratiometric pH dye SNARF-5F-AM
(Molecular Probes, Cat. No. S-23923) at 5uM (in DMSO with 20% w/v Pluronic F-127)
as previously described (Beane et al., 2011; Beane et al., 2013). Animals were soaked for
1 hour, rinsed 3 times with an excess of 1X Montjuic salts, immobilized on the glass bottom
dish using the microfluidic device, and imaged at both 640 nm (pH sensitive) and 580 nm
(pH insensitive) wavelengths using a LSM-700 Falcon confocal microscope. The ratio of

580/640 (used for controlling uneven dye uptake) was shown.

High-speed Video Microscopy

To visualize cilia beating along the lateral body edge of the planarian head region,
live worms are immobilized on the glass bottom dish using a microfluidic device and
imaged on a Zeiss Axiovert 200 microscope under DIC optics using 63X objective. Series
of images were captured at 250 frames per second with pixel number of 800 x 800
(exposure time is 3.97 ms) using a ORCA-Flash4.0 V2 C11440-22CU camera from
Hamamatsu. Spatiotemporal image correlation spectroscopy (STICS) was used to

determine the speed of the cilia for each animal. In each time-lapse, 100 consecutive
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frames were manually selected in which the animal was stationary so that no image
registration was required. A region of interest was manually drawn around the cilia in each
time-lapse. The area outside this region was uniformly filled with the average intensity
inside the region. Spatiotemporal correlation was then carried out in 32 x 32 pixel regions
with a 16 pixel overlap between the regions to allow for highly localized motions to be
accurately represented using the fast Fourier transform method. The average cilia
displacement within the correlation image is represented by the maximum of the spatial
cross-correlation between two images separated in time. The time correlation shift was a
single frame, and all velocities were converted to micrometers per minute. This method
was adapted from a previous paper (Yi etal., 2011), where it was implemented with custom
plugins  written in Java for ImageJ, available for download at

(http://research.stowers.org/imagejplugins).

Statistical Analysis

Statistical analysis of the data was carried out in Excel. P values were determined

using Student’s t-test.

Electron Microscopy

Specimens were prepared as following at 4°C on orbital rotator: 1) fix in cold 2.5%
glutaraldehyde in 0.05M or 0.1M sodium cacodylate (contained 1mM CacClz) for overnight;
2) wash in wash buffer (0.1M sodium cacodylate buffer; 1mM CaClz; and 1% sucrose) for
1 hour (3-4 exchanges); 3) fix in 1% Osmium tetroxide in 0.1M sodium cacodylate buffer

(+ ImM CacCl) for 2 hours; 4) wash in wash buffer for 1 hour (3-4 exchanges) and in
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distilled water for 30 minutes (3-4 exchanges); 5) fix in 0.5% aqueous Uranyl Acetate (in
dark) overnight; 6) wash in distilled water for 30 minutes (3-4 exchanges); 7) and dehydrate
in acetone 30% (20 minutes), 50% (20 minutes), 70% (overnight), 90% (20 minutes, 2
times), and 100% (20 minutes, 3 times). Specimens were then embedded in epon-araldite
or Spurr’s resin (25% resin/acetone for 3 hours; 50% resin/acetone for 2.5 hours; 75%
resin/acetone overnight; 100% resin without accelerator with microwave at 350W for 3
minutes on/3 minutes off/3 minutes on for 1 day (2 exchanges); 100% resin with
accelerator with microwave at 350W for 3 minutes on/3 minutes off/3 minutes on for 1 day
(2 exchanges) and placed in 60°C oven for polymerization for 2 days. Ultra-thin 50-100
nm sections were collected using a Leica UC6 Ultramicrotome. TEM specimens were
stained with Sato’s lead (3minutes)/4% Uranyl Acetate in 70% methanol (4 minutes)/
Sato’s lead (6 minutes) prior to imaging on a FEI Technai BioTwin at 80kV equipped with

a Gatan UltraScan 1000 digital camera.

RNAI via dsRNA Feeding

RNAI feedings were performed as described previously (Gurley et al., 2008; Rink
et al., 2009). Feeding and amputation schedules were tailored for each experiment and
described in detail as following:

Fig. 3.24l: 5 dsRNA feedings (3 days in between)

Fig. 3.13c-d, 14a: 8 dsRNA feedings (3 days in between)

Fig. 3.13e: 9 dsRNA feedings (3 days in between)

Fig. 3.14b, 3.15: 6 dsRNA feedings (3 days in between) prior to amputation

Fig. 3.17a-c: 3 dsRNA feedings (3 days in between)
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Fig. 18-23: 2 dsRNA feedings (3 days in between)
Fig. 3.24a-c: 3 dsRNA feedings (2 days in between)
Fig. 3.24d-h, 3.25:  IFT88 and LRRC50: 3 dsRNA feedings (2 days in between)

DNAH/-1: 8 dsRNA feedings (2 days in between)
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Through systematic molecular and functional characterization, we identify
planarian protonephridia as complex epithelial excretory organs composed of two principle
components. These include 1) flame cells as mediators of ultrafiltration and 2) a system
of epithelial tubes accountable for filtrate modification by reabsorption and secretion.
Interestingly, the flame cells and tubule system are morphologically and functionally
similar to the vertebrate kidney. The conservation between planarian protonephridia and
vertebrate nephrons extends even further to genetic programs governing early kidney
development, as well as common pathologies. Together, from this study, we are able to
not only gain incredible insights into the evolutionary history of animal excretory organs,
but we also provide a substantial set of evidence to establish planarian protonephridia as a

novel invertebrate model to study kidney development, diseases, and evolution.

Planarian Protonephridia - New Perspectives on the
Evolutionary Origin of Vertebrate Nephrons

The evolutionary origin of organ systems poses an intriguing guestion in biology.
However, understanding whether two organs in animals separated by hundreds of millions
of years share a common evolutionary history or simply represent examples of convergent
evolution can be difficult. In the case of the excretory system, this problem is confounded
by the extensive diversity in forms and functions. For instance, the specific tasks of an
excretory system can vary greatly based upon an animal’s environment. With respect to
maintaining salt and water balance, land-dwelling organisms have to conserve water and
excrete superfluous solutes in as little volume as possible. In contrast, freshwater animals

need to continuously excrete excess water while conserving solutes. In term of anatomical
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diversity, excretory organs can range from a single excretory cell in C. elegans to multi-
cellular excretory systems, such as Malpighian tubules in insects, protonephridia, and
metanephridia in invertebrates, or kidneys in vertebrates (Buechner, 2002; Dow and
Romero, 2010; Nelson et al., 1983; Ruppert, 1994; Ruppert and Smith, 1988).

Confronted with such functional and anatomical diversity, the evolutionary origin
of excretory organs poses a significant challenge. Have excretory organs evolved
independently in different animal lineages? Or, has a single primordial excretory organ
undergone functional and anatomical diversification during the course of animal evolution?
Comparative morphological data have been the primary data supporting current models for
the evolution of excretory systems (detailed discussion by (Bartolomaeus and Quast;
Goodrich, 1945a, b; Ruppert, 1994; Ruppert and Smith, 1988)). However, morphology
alone cannot resolve this important question, as similar-looking structures can easily arise
by either common descent or convergent evolution. Systematic comparisons of gene
functions and expression patterns have emerged as an essential alternative to elucidate the
evolutionary history of tissues and organs (Arendt, 2005, 2008). Therefore, we undertook
a comprehensive molecular and functional analysis of the planarian protonephridia.

We have identified protonephridial cell types homologous to the vertebrate
podocyte, which is the ultrafiltration apparatus and the renal tube that functions as a filtrate
modifier. We have accomplished this by demonstrating that the planarian orthologues of
two major constituents of the podocyte slit diaphragm, NPHS1 and NEPH1, are expressed
in planarian flame cells and are required for the formation and maintenance of their
filtration diaphragms. Furthermore, we find that expression of many slc genes in the

protonephridial tubule suggest an important role in filtrate modification by reabsorption
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and secretion. Surprisingly, expression of slc genes in specific segments along the
protonephridial tubule is also confined to the equivalent segments of the vertebrate
pronephros/metanephros, demonstrating unexpected molecular and functional similarities
between protonephridial segments and their vertebrate pronephric/metanephric
counterparts. We also developed assays to probe the functional roles of planarian
protonephridia, and provide further evidence supporting functional homology for each
protonephridial compartment.

Not only are the structure and function of planarian protonephridia very similar to
vertebrate nephrons, many regulatory genes that govern early kidney development are also
shared between planarians and vertebrates. For instance, many members of RTK signaling
pathways, including EGFR, have been reported to play an important role in guiding
morphogenesis of the renal tubule (Costantini and Kopan, 2010; Ishibe et al., 2009). In
this study, we show that a member of RTK signaling, EGFR-5, is also required for
branching morphogenesis in planarian protonephridia. Furthermore, many regulatory
genes that are essential for early kidney development, including POU2/3, six1/2, and sall,
are shared between planarians and vertebrates (Fig. 4.1; and see (Scimone et al., 2011) for
more information).  Systematic functional characterization of these transcriptional
regulators in planarian protonephridia, as well as their regulatory interactions, will be an
interesting area to explore in the future for better understanding the evolutionary history of
excretory systems. Nonetheless, these findings strongly suggest that the basic architecture
of the nephrons evolved early in animal evolution, and the last common ancestor of
vertebrates and invertebrates must have already possessed “glomerular” ultrafiltration

excretory organs.
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Figure 4.1. Regulatory genes controlling early kidney development are expressed in
planarian protonephridia. a, Whole-mount expression patterns of indicated genes by in
situ hybridization (NBT/BCIP development). Scale bars: 500 um. b-j, Representative
images showing expression domains of indicated genes in planarian protonephridia.
Fluorescent overlay of indicated gene (red) with PT marker (AcTub) and DT marker
(CAVII-1). A color-coded scheme of the protonephridial tubule at the end of each panel
summarizes expression domain of indicated gene. Images are maximum projections of
confocal Z-sections. Scale bars: 50 um. k, Cartoon showing expression map of regulatory
genes governing kidney development along protonephridial tubule. Abbreviations for
segments of protonephridia are as follows: PT1, PT2, and PT3, segments of proximal
tubule; DT1 and DT2, segments of distal tubule; CD, collecting duct.
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Planarian Protonephridia — A Novel Invertebrate Model for
Better Understanding Kidney Biology

Planarians have emerged as powerful model organisms to study organ regeneration
and stem cell biology (Gurley and Sanchez Alvarado, 2008; Reddien and Sanchez
Alvarado, 2004; Sanchez Alvarado, 2004; Sanchez Alvarado and Newmark, 1998). Our
discovery of the recapitulation of many renal defects in planarian protonephridia expands
the potential of planarian protonephridia as a model system to study many important
aspects of kidney biology and diseases.

Our observation of the de novo regeneration of planarian protonephridia reveals a
high degree of similarity to early formation of the vertebrate nephrons. At the earliest stage
of regeneration, we and others observe the accumulation of cells in the blastema to form
the proto-tubule (Rink et al., 2011; Scimone et al., 2011). The proto-tubule then undergoes
extensive branching morphogenesis and segmentation to form the mature tubule. Despite
the significant increase in protonephridial progenitors and differentiated cells in the
blastema during regeneration, mitotic events are rarely found in this region (Tasaki et al.,
2011), indicating that branching of protonephridia is not driven by localized proliferation.
Instead, branching must occur through cell migration and rearrangements, highly
reminiscent of the UB branching morphogenesis during vertebrate development
(Costantini and Kopan, 2010). Furthermore, we observe the tubular cells extend
perpendicular to the long axis of the duct during the process of tubular elongation. This
asymmetric shape is hypothesized to reflect a process of convergent extension (i.e., lateral
intercalation), making the duct narrower and longer (Costantini and Kopan, 2010). These

data suggest that convergent extension likely occurs to facilitate tubular elongation of
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protonephridia, which is highly similar to that of the pronephric/metanephric tubules.
Unfortunately, there is still so little known about cellular events and molecular control of
kidney patterning and morphogenesis. Compounding this problem is the complicated
architecture and inaccessibility of the mammalian metanephros. Given the simplicity,
accessibility, and rapid regeneration of planarian protonephridia, together with the large-
scale RNAI screening ability, planarian protonephridia hold tremendous potential for
identifying and studying genes involved in nephron patterning and morphogenesis.

As mentioned previously, the process of filtrate modification to reabsorb essential
nutrients and eliminate harmful substances in the nephron is restricted to specific segments
of the renal tubules. Any dysregulation of patterning, segmentation, or morphogenesis of
the nephron severely affects kidney function. For example, autosomal renal tubular
dysgenesis (OMIM 267430) is a severe disorder characterized by lack of proximal tubule
differentiation (Allanson et al., 1983). Unfortunately, molecular regulation of nephron
segmentation and terminal differentiation of individual segment is not well understood.
Given the significant similarity in the topologies of protonephridial and metanephric
tubules, together with the substantial set of markers developed in this study, in-depth
investigation of how differentiation of protonephridial segments is achieved will provide
fruitful insights into understanding nephron segmentation.

Furthermore, the recapitulation of many Kkidney diseases in planarian
protonephridia indicates their potential as a new invertebrate system for modeling these
disorders. For instance, glomerular diseases are characterized by reduced filtration
integrity with consequent loss of protein (proteinuria) and/or blood cells (hematuria) into

the urine (Lennon et al., 2014). Many recent studies have suggested the emerging roles of
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the slit diaphragm complex NPHS1-NEPHL1 as regulator of podocyte behavior, in response
to stress and injury, including cell survival, polarity, and differentiation (Grahammer et al.,
2013). How these functions of the slit diaphragm are related to disease pathologies is not
well understood. Since planarian protonephridia also require NPHS1 and NEPHL1 for the
normal function of their filtration cells (flame cells), they provide a tantalizing new model
for studying podocyte biology and diseases. Furthermore, the reduced rate of filtration and
glomerular proteinuria have been shown to have negative effects on renal tubular integrity
(Guo et al., 2012), yet the molecular and cellular mechanisms underlying these phenotypes
are unclear. Again, this is due to the complexity and inaccessibility of vertebrate nephrons,
as well as the paucity of suitable invertebrate model organisms. Along with the loss of
filtration capacity of flame cells when NPHS1 or NEPH1 function is compromised, we
observe abnormal lengthening of protonephridial tubules accompanying the increase of
protonephridial progenitors in planarians (Fig. 4.2), suggesting an adaptive response of
tubules for the decrease of filtration rate and/or loss of proteins. This recapitulates the
phenotypes found in metanephric tubules when NPHS1 or NEPH1 are perturbed.
Altogether, planarian protonephridia could provide a simple and tractable model to better
understand the molecular mechanism of compensatory proliferation in the tubules. They
might help us ascertain whether the increase in cell numbers provides an adaptive
advantage by increasing the number of cells available for reabsorption of abnormally
filtered proteins and other small molecules, as has been hypothesized previously.
Additionally, in the recent years, mutations in various slc genes have been
identified as the underlying causes of various forms of familial renal diseases in humans.

These mutations dampen functions that are normally confined to specific nephron segments
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Figure 4.2. Abnormal tubular elongation in NPHS1-6(RNAi) and NEPH-3(RNAI)
animals. a, Fluorescent overlay of PT marker (slc6a-13) with DT marker (CAVII-1). Scale
bars: 50 um. Images in are maximum projections of confocal Z-sections. b, Quantification
of average area of each slc6a-13* tubule in Control(RNAi) and NPHP8(RNAI) animals.
*** p<0.001 versus control. ¢, Magnified view showing the region surrounding
photoreceptor. Fluorescent overlay of POU2/3 and six1/2-2 with pan stem cell marker
Smedwi-1 and mitotic marker H3P. Scale bar: 50 um.
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(Zelikovic, 2001). For instance, mutations in slc4al cause renal acidosis in the distal tubule
(OMIM 611590). Interesting, our systematic expression analysis of slc genes in planarian
protonephridia show clear evidence that the planarian homologs of many slc genes are
expressed in regions corresponding to equivalent segments of the nephron. Furthermore,
downregulation of slc function leads to transport abnormalities in planarians. We
demonstrate that RNAI of slc4a-6 in planarians causes a global acidification of the
intercellular environment (Fig. 3.41). We therefore believe that planarian protonephridia
may offer a useful biological context for exploring the basic molecular mechanisms

involved in inherited human renal diseases.

Planarian Protonephridia — New Opportunities to Study Stem
Cell Based Kidney Regeneration

Kidney diseases interfere with normal nephron development or cause nephron
impairment, affecting millions of people worldwide. Disturbances in kidney function can
lead to kidney failure, which requires patients to undergo life-long dialysis or an organ
transplant. Understanding how nephrons develop and how they regenerate has received
increasing attention because of the possible clinical applications.

Emerging evidence suggests the involvement of stem and progenitors cells during
the development and regeneration of animal excretory systems (Becherucci et al., 2014;
Blanpain et al., 2007; Davidson, 2011; Diep et al., 2011; He et al., 2009; Holmes, 2014;
Romagnani, 2009, 2010; Romagnani et al., 2013; Ronconi et al., 2009; Scimone et al.,
2011; Singh et al., 2007; Urbach et al., 2014). However, neogenesis of excretory organs

in adults has only been observed in fish and other more basal branches of the animal
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kingdom. De novo kidney regeneration has not been observed in mammals (Davidson,
2011; Elger et al., 2003; Reimschuessel, 2001; Reimschuessel et al., 1990; Rink et al.,
2011; Romagnani, 2010; Scimone et al., 2011). Studying the regenerative strategies of
more primitive animal excretory organs may prove key for understanding and modulating
the regenerative capacities of the mammalian kidneys.

Planarians are a useful model system to elucidate basic regeneration phenomena
(Elliott and Sanchez Alvarado, 2013; Reddien and Sanchez Alvarado, 2004), but it is
currently unclear to what extent planarian regenerative processes are comparable and
applicable to vertebrates. A recent study has suggested that tissue-specific progenitors are
involved in protonephridial regeneration in planarians (Scimone et al., 2011),
recapitulating regenerative processes of vertebrate kidneys (Romagnani et al., 2013).
Fascinatingly, regulatory genes required for normal function of renal progenitor
populations are highly conserved between vertebrates and planarians, suggesting deep
mechanistic conservation of the regenerative strategy of the kidneys. In this study, we
further demonstrate the requirement of stem and progenitor cells during cyst formation in
planarian protonephridia. Interestingly, abnormal activation of renal progenitor markers
in cystic kidneys has also been reported (Karafin et al., 2011; Murer et al., 2002;
Senanayake et al., 2013; Stayner et al., 2006; Winyard et al., 1996). Future investigations
should aim to better understand the genes involved in protonephridia regeneration and to
identify the molecular signals that activate transcriptional programs producing
protonephridial lineages in planarians during cystogenesis. Since these endeavors may

provide fruitful insights into understanding kidney regeneration and diseases, planarian
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protonephridia constitute a new and relevant model organism to study stem cell based

kidney regeneration.

Conclusion: A Model for All Reasons

Altogether, our comprehensive investigation of planarian protonephridia
demonstrates extensive molecular and functional homologies between protonephridia and
vertebrate nephrons. Our finding supports a common evolutionary origin of animal
excretory organs. Furthermore, we have shown that planarian protonephridia are relevant
to a broad range of fundamental questions pertaining to emerging areas in kidney
development and diseases. We present a comprehensive set of molecular markers and tools
to study the planarian excretory system. Together with the high speed and low cost of
performing robust and high-throughput RNAI screens in planarians, these flatworms offer
an exciting new prospect for advancing our understanding of kidney development,

diseases, and evolution.
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No. Gene ID Top Hit - Homo sapiens E-value For_ward Re\_/erse
Primer Primer
. . . GTTGTTCCA | TGTTCACAA
1| smed-slcia-1 | Excitatory amino acid 7E-71 | GCATATTGG | TTTTCATGAT
transporter 1 isoform 5
GC GGC
excitatory amino acid ATGGAGCCA | TGGTTACAC
2 Smed-sicla-2 transporter 2 isaform X2 5E-176 CACGAGAAC | AAGAAACAA
TG GACCAC
. . . TGACTTCGA | TCTGGATTA
3 | Smedssicla-3 | Sxcitatory amino acid 2E-123 | ACCCAAAGA | TTCCTCCACC
transporter 3
TTG G
4 Smed-slcla-4 excitatory arr_]ino acid 3E-147 GGAGAAATG m%’x&%%i
transporter 2 isoform 2 CTAATG cC
excitatory amino acid TACGATTGC | CACAAATGA
5 Smed-slcla-5 - 0 TTCTGTGGT | TCAACGATT
transporter 2 isoform 1
GC CcC
solute carrier family 2, AAATGTTTC | TTTCGAAAT
6 Smed-slc2a-1 facilitated glucose transporter | 1E-114 AGATGACCC | GGGATCCAA
member 1 GC AG
solute carrier family 2, GCCGTCATA | AATGCCAAG
7 Smed-slc2a-2 facilitated glucose transporter | 4E-88 AATCTTCCA | TCTCGAGCA
member 1 GC AC
solute carrier family 2, ATGGCAGTC | TGTGCGATT
8 Smed-slc2a-3 facilitated glucose transporter | 3E-67 ATCAATCTC | TTTCGTTTCA
member 1 cC G
solute carrier family 2, GAAAAATTT | ATCACAGTC
9 Smed-slc2a-4 facilitated glucose transporter | 2E-86 CGCCCACTC | GTACCGAAG
member 1 TG GC
solute carrier family 2, AGGAACAGG
10 | Smed-slc2a-5 facilitated glucose transporter | 5E-122 TTTGGGTAT TGAGTTTTG
CAAACCGGC
member 1 GG
solute carrier family 2, TCGGGAGAA | TGCAATTTC
11 | Smed-slc2a-6 facilitated glucose transporter | 8E-74 AGAAAGCAT | AGCAAAAGA
member 3 TG GC
solute carrier family 2, CACAAACGT | CAATGAAAT
12 | Smed-slc2a-7 facilitated glucose transporter | 1E-119 CCATCAAGC | CGCGATGAA
member 1 TG AG
solute carrier family 2, GGAATCATT | ACCGATTCC
13 | Smed-slc2a-8 facilitated glucose transporter | 3E-47 GGAAGTGGC | CATTGCTAC
member 3 TG AG
inositol AATTGGCGG | CGCGGAATA
14 | Smed-slcza-9 | Proton myo-inosito 1E-79 | GTTTATGTTT | GATCCAAAA
cotransporter G TG
inositol AATCCGCAA | CCAGAATGT
15 | Smed-sic2a-10 | Proton myo-inosito 1E-157 | CTCTCGAAG | CCCGTATTT
cotransporter c GG
solute carrier family 2, TTTTGGAGTT | TGGCTAAAC
16 | Smed-slc2a-11 | facilitated glucose transporter | 3E-42 TGTTGTGGA | AACCGATTT
member 3 cC GC




197

No. Gene ID Top Hit - Homo sapiens E-value For_ward Re\_/erse
Primer Primer
4F2 cell-surface antigen ATGAACGAC | TTAAAAACG
17 | Smed-slc3a-1 A 2E-19 GTCCAGAAA | TGAACCGAG
heavy chain isoform ¢
cC cC
sodium-driven chloride TGAACCGCC | CTCGCAGAA
18 | Smed-slcda-1 bicarbonate exchanger 0 TAAGAGTGG | GGAGGAATG
isoform X3 TC AC
sodium-driven chloride TTGGTCAAA | AGCAGTGAA
19 | Smed-slc4a-2 bicarbonate exchanger 0 GCCTCATGT | CAAATGGAC
isoform X3 TG cC
. . ACGCAAACC | TCCTAGCAT
20 | Smed-sicaa-3 | 2nion exchangeprotein2 1 ge 45 | CGAGATATT | TGCTGACGT
isoform 1 TG T
sodium bicarbonate CCCTTAGCA | TATGACATC
21 | Smed-slc4a-4 transporter-like protein 11 0 ATGGACGTT | TCGCTGGTT
isoform X2 TC CG
sodium bicarbonate AACATTTGT | CTGGGAGAG
22 | Smed-slcda-5 transporter-like protein 11 2E-180 CCCTTTCACC | AAACCAAGT
isoform X2 G GC
band 3 anion transport GGAATGGGA | TGCCTTCATC
23 | Smed-slc4a-6 - 8E-84 AATTCTGAG | CTTTGAATC
protein cc C
band 3 anion transport CCTGACTCG | TTCTGCGCT
24 | Smed-slcda-7 - 3E-68 GAAGTAGCT | GCATTAAGT
protein GG TG
sodium bicarbonate TTAAAACTT | ATTTTTCGTC
25 | Smed-sic4a-8 transporter-like protein 11 0 CCGTGGCTT | GATCACTCG
isoform 3 GC G
sodium bicarbonate CCAGCATTT
26 | Smed-sic4a-9 transporter-like protein 11 3E-44 TATTTGACC ég?;;;i\%e
isoform 3 CcC
sodium bicarbonate GAAACATCT | ATCTTTCAG
27 | Smed-slc4a-10 | transporter-like protein 11 2E-37 TTCTTCAATC | CCCAACCAC
isoform 2 AATC AG
sodium-coupled TCTTGCAAA | TGTTGCGTC
28 | Smed-sic5a-1 monocarboxylate transporter | 8E-129 TCGGAAAAT | AATTGAACC
1 GG TC
sodium/glucose TGGCGGGTA | TTCTTGTGCT
29 | Smed-slc5a-2 . 0 CTTTTTAGCA | GTCAAAACC
cotransporter 1 isoform 1 G G
sodium-coupled GGCGCTATT | ATCGCACTT
30 | Smed-sic5a-3 monocarboxylate transporter | 5E-141 CCAGTAGCT | TGTCCTCTTG
1 TG C
sodium-coupled GCGTATGGG | TTCCACAGT
31 | Smed-sic5a-4 monocarboxylate transporter | 1E-127 CTCTATTGCT | TTTTGCAAT
2 C GG
. - . TGTTAAGCC | AAAGACATT
32 | Smed-sicsa-5 | M9h affinity choline 0 AAGTTCCGC | CGTTTGGCG
transporter 1 TC AG
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No. Gene ID Top Hit - Homo sapiens E-value For_ward Re\_/erse
Primer Primer
sodium- and chloride- TGACAAGCA | GCTAGAAAA
33 | Smed-sic6a-1 dependent GABA transporter | 0 CAGAAGGAA | ATTCCAATC
1 CG GC
sodium- and chloride- TGCTATAAA | CATTGGTGA
34 | Smed-sic6a-2 dependent taurine transporter | 2E-177 AATGGCGGA | AATGCTCGA
isoform a GG TG
sodium-de_pendent TTGGAATTG ATGGGTCTC
35 | Smed-slc6a-3 poradrenalme transporter 0 GAACAAGGA CCGTTATTTG
isoform 2 GC
. . ATCAATGGT
sodium-dependent serotonin GAATAAGCG
36 | Smed-slc6a-4 transporter 0 ATTCTCTG g'IéCGGTTCA
sodium- and chloride- ACAGCTCGT | CATACCGGT
37 | Smed-slc6a-5 dependent glycine transporter | O GGAAATTGG | CGTCAATCT
TC C
sodium- and chloride- ATGAGATGA
. CAGACTCCT
38 | Smed-sic6a-6 dependent glycine transporter | 9E-169 é(CBZAGTTCCC TTTGCTTTGG
sodium-dependent ACGAAACGT | CAGGAATTT
39 | Smed-sic6a-7 noradrenaline transporter 0 CTAATGGTC | CCAGCAGAT
isoform 2 CG CcC
. . TCAAATTGT | TATTCGGTA
40 | Smed-siceag | Sodium-dependentdopamine | e 165 | cCGAACAATC | GAGGACCAC
transporter
GC GC
sodium- and chloride- CAAAGGCTT | TCGGAGAAT
41 | Smed-sic6a-9 dependent glycine transporter | 1E-156 GAGACAATC | AACAGCCAA
CG cC
sodium- and chloride- CACAAGACG | TATGACAAA
42 | Smed-slc6a-10 | dependent glycine transporter | 3E-113 TTGAGGCAG | AATCGCCAA
2 AC CG
sodium-dependent proline CCCAATAGA | TACGAGGGC
43 | Smed-slc6a-11 3E-114 TTGGTGGAT | GATGGAATA
transporter
CG AC
sodium- and chloride- TCAAGAACG | AGTAGACCT
44 | Smed-slc6a-12 | dependent glycine transporter | 9E-129 TGCAATGTG | GATGCGAAC
1 isoform 3 G CG
sodium- and chloride- AAAAATCGA | AAAATAAAT
45 | Smed-slc6a-13 | dependent glycine transporter | 0 TTCATGGCA | TGGCACTGC
2 GC GG
sodium-dependent proline CAAAACCTC | TCGGTCTTG
46 | Smed-sic6a-14 2E-106 TTGGATCTG | GGAATGTAT
transporter
GG GG
sodium-dependent proline AAATGAGGA | TCGGGATTG
47 | Smed-slc6a-15 3E-104 TTCCCCTCCA | GTCTAAAGC
transporter G AC
sodium- and chloride- CATGTGTCG | TTTCGAAGA
48 | Smed-slc6a-16 | dependent glycine transporter | 4E-98 GATATGCTG | CCCAATTCT
TTG GG
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No. Gene ID Top Hit - Homo sapiens E-value For_ward Re\_/erse
Primer Primer
sodium-dependent proline TGTAAATGG | ACTATTTCTC
49 | Smed-slc6a-17 4E-113 GTTTTCTCCC | CCCAAAGCG
transporter G G
sodium-dependent TGCAGATGA | TTTCGATTTC
50 | Smed-slc6a-18 | noradrenaline transporter 3E-80 AGACAAGGC | AAAGCAAGG
isoform 2 AC G
. . TAATGGCCG
sodium-dependent proline CTCCCAAGC
51 | Smed-slc6a-19 transporter 3E-82 TCCTGTATTG ?CG:GAAGTGT
sodium- and chloride- GCGGTGAAA | AATATGGCC
52 | Smed-slc6a-20 | dependent GABA transporter | 4E-42 AATCTCATT | CGTAGATGT
2 isoform 1 G CG
sodium-dependent serotonin ACATTTTCTC | TCAGTGGCT
53 | Smed-slc6a-21 P 5E-42 GGTGCCAAA | TGGGATACA
transporter c cC
sodium- and chloride- AAATGAATG | ACTGGATAC
54 | Smed-slc6a-22 | dependent glycine transporter | 1E-61 AACTCGATT | CACGGCTTG
GCG TC
sodium- and chloride- GGAAAATGC | AAATCATGA
55 | Smed-slc6a-23 | dependent glycine transporter | 8E-127 ATAGAGTTG | CTGCAAACT
2 G GACC
sodium-dependent neutral CCATTGGTC | ATTCTTGGA
56 | Smed-sic6a-24 | amino acid transporter 1E-18 GATTTTTAC | TTTGGGAGG
B(0)AT3 G C
probable cationic amino acid GAATCGTGT | CTGTCGGAG
57 | Smed-slc7a-1 4E-145 GTCATGTTG | AGTTCATTG
transporter
G cC
low affinity cationic amino AATTCGGAG | TCGCTGGGA
58 | Smed-slc7a-2 . . 0 CTAGGGTTC | TACATCTTTG
acid transporter 2 isoform 2 c G
. - L . AACTCAACT
high affinity cationic amino TTTTCTCTTC
59 | Smed-slc7a-3 acid transporter 1 9E-92 ggAACACAC CGCCTTTTCC
CATCAGCGT | TCAGACTCA
60 | Smed-slc7a-4 cystine/glutamate transporter | 9E-124 CAAAGAACT | TCCTGGCAC
G TG
high affinity cationic amino TTTCCCAACT | GTGCAAGTG
61 | Smed-slc7a-5 : 3E-82 GCAGACATT | GCATTAAAG
acid transporter 1 G G
. . GATCAATTA
Y+L amino acid transporter ACTTTCTTTT
62 | Smed-slc7a-6 1 5E-153 gEGGGTCTG GACTCGGG
Y+L amino acid transporter CAATGAGGA | TCAAATAAA
63 | Smed-slc7a-7 3E-133 TAAATGCCA | CCGGAACTG
2
AC cC
ACTCCGTTG | TTCTGTGAG
64 | Smed-slc7a-8 cystine/glutamate transporter | 6E-127 GAATGTCGA | ATTGGTCAC
TG CG
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Y+L amino acid transporter CTAGCATGA | ATTCGATTG
65 | Smed-slc7a-9 2 2E-140 TTGGGTCTG | AATGGTTTC
G GG
. . TTCGCCAAT
Y+L amino acid transporter CCACCTGAA
66 | Smed-slc7a-10 2 1E-144 AATTCTTCCC ,_?CAAGGTTGG
CATTACCAT
67 | smed-sic8a-1 sodium/calcium exchanger 3 0 CCCGATGGA gC!A!(éAA'E;I'_I'_I'TC
isoform D precursor TTCAATGCG GC
AACCTC
sodium/calcium exchanger 1 CATGTGGCA | TTTAGGACC
68 | Smed-slc8a-2 . 0 ACCAGCAAT | GCCAAGTTC
isoform D precursor
AG AC
sodium/calcium exchanger 3 TCAATTGAT | TTTTTCGGTC
69 | Smed-slc8a-3 isoform F 2E-100 GAGGAAAAG | CTCCTAGTTC
TCAC AC
sodium/calcium exchanger 1 TGCTTCAAT | ACCTCCGAG
70 | Smed-slc8a-4 . 0 GAAACGGTC | TTCTCCACCT
isoform B precursor TG c
sodium/calcium exchanger 1 ATTCTAAAT —| GCCAAACAT
71 | Smed-slc8a-5 . g 0 GCGTGGAAG | ATGCTACTA
isoform B precursor
G TGG
sodium/hydrogen exchanger TTTAATGGT | AATGCCATT
72 | Smed-sicoa-1 yarog 9" [ 2e.81 | GTTCGGCTG | GGATTTTCCT
2 precursor
TG G
. AGGAATGCA
) ) sodium/hydrogen exchanger i ATTTGTGCA
73 | Smed-slc9a-2 6 isoform a precursor 2E-168 TGAAACGAG ;CCZ:GGAACTC
. TTGTTGGGG
) ) sodium/hydrogen exchanger i CATTTCTGAT
74 | Smed-slc9a-3 2 precursor 1E-61 TACCGCTGG iéCTGAGGT
sodium/hydrogen exchanger CATCACATG | CAATTGACA
75 | Smed-sic9a-4 | ydrog 9T | 7e-97 | CCGAGATTG | TTTGCTGCGT
TC C
sodium/hydrogen exchanger AAAATGATG | CAAATTTGG
76 | Smed-slc9a-5 - 4E-179 GGTAATTGG | CCCACAAAA
8 isoform 2
CG TC
sodium/hydrogen exchanger CCAGTAATC | CATGGTGCC
77 | Smed-slc9a-6 2E-80 CTGCCTTGA | ATATTTAGG
2 precursor G GG
sodium/hydrogen exchanger TATTTCTCTT | TTCTGGCTGT
78 | Smed-slc9a-7 2E-76 GTCGGGTGG | TGGGTGTAT
2 precursor c G
sodium/hydrogen exchanger CATCATCGG | CTTAGCTATT
79 | Smed-slc9a-8 - 1E-74 TTTCCACATT | GCCTCCGCA
3isoform 1 G c
sodium/hydrogen exchanger TGTTTGCGA | TCATTCTGCT
80 | Smed-slc9a-9 1E-63 CAATCATTT | CATGGCTTT
2 precursor GC G
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P3 protein isoform 2 AAGCATCGA | AGGCATTCA
81 | Smed-slcl0a-1 2E-25 ATCTTTGCTC | CTTGGCTCTT
precursor G c
ileal sodium/bile acid TTTTATTGTT | TACGATGAG
82 | Smed-slcl0a-2 2E-42 ACGCGAATG | CGGCATTAC
cotransporter GO AG
ileal sodium/bile acid AAATGAGGG | CTTGTGCAG
83 | Smed-slc10a-3 3E-35 AGAATCGCA | CCTCATATTC
cotransporter
AG o
sodium/bile acid GTTCAATTG | AAAGCCTAT
84 | Smed-slc10a-4 cotransporter 3E-11 TACGTGCTG | CTGATTCCC
P cc ATC
ileal sodium/bile acid CAACATTGG | CATCACAGA
85 | Smed-slc10a-5 1E-38 CAGCAGTTG | TCCCAAATC
cotransporter G cC
. TGTTGTGAC | GCCATTTTA
86 | Smed-slc10a-6 | F° Protein isoform2 3E-11 | TCCTCAAAC | GCCAGACTT
precursor GG G
natural resistance-associated AATCAAACT | ACAGGAGGT
87 | Smed-siclla-1 | macrophage protein 2 0 CAACTGCCG | AAAGGGCCA
isoform X3 C AG
solute carrier family 12 AGATTCGGA | CTTTGCCAG
88 | Smed-slcl2a-1 . y 0 CAACCAAAA | TTCCTCTGAC
member 4 isoform e CG C
solute carrier family 12 TGGTGATCG | TAGTCCCCT
89 | Smed-slc12a-2 . y 0 CTCTTGTTCA | CACGAAAAC
member 9 isoform 1 G G
. . TGAAAAATC
solute carrier family 12 GACTGGGTT
90 | Smed-slc12a-3 member 9 isoform 3 2E-54 .?é‘gé GGTTC CTTTTCGATG
solute carrier family 12 AGTTTCAGG | ATCCAAATC
91 | Smed-slcl2a-4 . 0 AACCGCTTT | ACCAATCGA
member 5 isoform 1 G GC
solute carrier family 12 ACTGGTCGA | AAGGCAATA
92 | Smed-slcl2a-5 1E-126 AATTTGGGT | AATCCGTGT
member 8
TG GG
solute carrier family 13 TTCGGGAAT
93 Smed-slc13a-1 member 3 isoform a 8E-126 ?ggllgﬁ;gg TCATTCAGA
precursor CcC
solute carrier family 13 ATCCCGATC | TCCAGTCGG
94 | Smed-slc13a-2 . y 1E-118 GTTCTCTTTC | GAAATTCAT
member 2 isoform b c TG
solute carrier family 13 AGCAGCATT | TTGAACAAA
95 | Smed-slc13a-3 | member 3 isoform a 8E-60 CTGGGCATT | AGGTAAGCG
precursor AG GG
. . AAACCCGAC
solute carrier family 13 GGATCGCTA
96 Smed-slc13a-4 member 1 7E-105 CTATTCCCG GTGACCATA

TC
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solute carrier family 13 AACCCGGAT | CAATTGCAT
97 Smed-slc13a-5 member 3 isoform a 2E-108 TTCCACTAT TTGGTGGAG
precursor G TG
solute carrier family 13 AGCGAAAAC | CAATGACAT
98 | Smed-slc13a-6 . y 2E-101 TGTGGAAGA | GAACCCTTC
member 5 isoform a
GC CcC
solute carrier family 13 TAGATCCAG | ATTTGCAGA
99 | Smed-slc13a-7 y 8E-118 TCAGGGATG | AATCCAGTC
member 1
GC CG
solute carrier family 15 TTCACGACA | GTAACAGAA
100 | Smed-slc15a-1 . y 3E-112 ATTATTGGG | AGGGCGAGG
member 2 isoform a
AGC TG
. . CAAAGCCGA | ATAAAAATG
101 | Smed-slc15a-2 | Sclute carrier family 15 9E-59 TCAGACCAA | TTCCCCAGG
member 2 isoform a
AC GC
solute carrier family 15 AAATTTCCG | GTCAGTTTG
102 | Smed-slc15a-3 y 8E-116 CTTCCATGTT | CTCCCAACT
member 1 G c
solute carrier family 15 AAATTTCCT TATTGGGCC
103 | Smed-sic15a-4 . y 2E-59 AAAGGAGCC | GACAAAAGA
member 2 isoform a
GC AC
solute carrier family 15 CTAGCGCAA | AAGATACCA
104 | Smed-slc15a-5 8E-61 ATGTTAGAG | TTGGTGACC
member 4
CG GC
solute carrier family 15 AATCTGATG | TCCAACAAA
105 | Smed-slc15a-6 5E-75 CCGCAAAAG | ATGATCCCT
member 4
TC CcC
solute carrier family 15 CTTGTGCTC TTTCAAATC
106 | Smed-slcl15a-7 y 3E-06 GTTGATTGT | GGGTCATCA
member 4
GG GC
solute carrier family 15 TGTCCAAGT | ACCTGTGAG
107 | Smed-slc15a-8 6E-15 GAACATCCA | GAAACCGAT
member 4
GG TG
PREDICTED: solute carrier CCACTTTGA | AGCGGCAGC
108 | Smed-slc15a-9 | family 15 member 2 isoform | 3E-08 TGACCAACA | AAAATAAGA
X3 CG G
monocarboxylate transporter GAGAGCGIT | CCGTCAGTC
109 | Smed-slcl6a-1 12 y 3E-09 TGGAAGTTT | CGTTTTCTAG
CG G
ATTCCAAAT
monocarboxylate transporter TTTCGGCAG
110 | Smed-slcl6a-2 9 0.00002 TTTTGTAGC gCCATTCCT
CAATGGAAC
monocarboxylate transporter AGGCGCCTT
111 | Smed-slcl6a-3 5 isoform 5 3E-10 iéCGATGGT CATAGTTTTC
AAATCCAAG | GTGGCATCG
112 | Smed-slci6a-4 | /Monocarboxylate transporter | oe 57 | ATGGTGGCT | AAAATGAAA
5 isoform 1 G c
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monocarboxylate transporter CTCATTCATT | TCAATCCAG
113 | Smed-slc16a-5 9 y 0.00005 | TCTCCCTCG CACCAATTC
G C
monocarboxylate transporter TTTGTGGAT - | TGAATGAAA
114 | Smed-slc16a-6 2E-48 CAGGATTTG | GAGTCGCAT
14
GG CG
monocarboxylate transporter ATCAGGAAA | TTTAATAAT
115 | Smed-slc16a-7 0.006 TGACGGTTT | CACGGGCTG
12
GG GC
monocarboxylate transporter AGATTCCTA | GCCGAAATG
116 | Smed-slc16a-8 14 y P 3E-07 TGCTGCGCT | ATCAAGATT
C GC
monocarboxylate transporter AAGAGATTG | AATCGCTCC
117 | Smed-slc16a-9 y P 1E-37 TCCCGATGG | TGACATTGG
7
TG AG
AGCAGTTTT
monocarboxylate transporter TTTTGGTGTC
118 | Smed-slc16a-10 9 4E-06 _CI_:SGTGGTTT TTGGTCAGC
monocarboxylate transporter TGCGAGCTT | CCACCGAGA
119 | Smed-slc16a-11 y P 6E-52 GCTTAGTGA | GCAATACAT
12
TG CcC
monocarboxylate transporter TTTGAAAAC | AAACGGCGG
120 | Smed-slc16a-12 | y P 1E-29 CCCACGAAA | TATTCAAAC
5 isoform 1
AC TG
monocarboxylate transporter TATGGTTGG | TTGAGATCG
121 | Smed-slc16a-13 14 y P 6E-27 TCGCTTTTTC | GGGAAACTC
G TG
monocarboxylate transporter ATGATCTTG | CGAGGAAGA
122 | Smed-slc16a-14 . 4E-59 ATGGAGGCT | GCATTAAAC
5 isoform 1
GG CG
monocarboxylate transporter ACCAAACCA | TCCACTGCA
123 | Smed-slc16a-15 12 5E-44 TTCTCTCGTG | AATCATGAA
G GC
monocarboxylate transporter GTCAATGTA | TAGCCAGCT
124 | Smed-slc16a-16 2E-60 GCAAGGCCT | AAAGGTGGT
12
CcC CcC
monocarboxylate transporter ATTCCAGAT | ATGTCAAAG
125 | Smed-slc16a-17 9 TE-37 GGTGGCTAT | ATCAAACCG
GG G
monocarboxylate transporter TCACAGCTT | CTGACAACA
126 | Smed-slc16a-18 y 1E-26 ATCCAACGC | CCATTTGGA
14
AC CcC
monocarboxylate transporter GTAATCCGA | CAATAAATT
127 | Smed-slc16a-19 12 2E-38 AAACGCAAA | GCGAAACCA
CG TCTC
monocarboxylate transporter GTGGCTATG [ TTTCTGAAG
128 | Smed-slc16a-20 12 y P 3E-38 GATGGGTTG | GTTTTCGAC
TC GC
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monocarboxylate transporter AACGAACGA | CCAATTGAA
129 | Smed-slcl6a-21 . y 8E-38 GGACAACAA | GGATTTCGT
5 isoform 1
CcC GG
monocarboxylate transporter CCCAAATGG | CATAATATT
130 | Smed-slcl6a-22 4E-21 GAGATATCG | CCCGCCAGC
12
AG AC
monocarboxylate transporter AGCGATATA | AACCGCATG
131 | Smed-slcl6a-23 7 8E-39 TTCGGCAGT | AAATAAACG
GG G
monocarboxylate transporter CTCATCTATC [ CAGTGCAAT
132 | Smed-slcl6a-24 14 y P 1E-29 GGCCAATTC | AATCGGTGG
C C
monocarboxylate transporter TGTCGGCTT CACCCATTG
133 | Smed-slcl6a-25 5 y P 4E-06 GTGGTATTG | TCGATTGAC
AC TG
AATAGCCTT | AGGCATGAA
134 | Smed-slc16a-26 8m°”°°arboxy'ate transporter | 4e 54 | GCTTGGTGG | AATGACCCA
TG TC
monocarboxylate transporter TTTGCTGAT AACAGAAAT
135 | Smed-slc16a-27 9 y P 1E-32 GCAACTGGT | GCGGGTACA
TC GG
monocarboxylate transporter CATGGAGTG | CCAAGTGCT
136 | Smed-slc16a-28 12 3E-17 TCACGATAG | AAAATAGCG
G CC
vesicular glutamate TTTTTCGGA | TGCATTTGA
137 | Smed-slcl7a-1 0 ATGGTGCTA | CACTCTCAG
transporter 2
GG GG
vesicular glutamate AATTTCGGC | ACTGTGTTG
138 | Smed-slc17a-2 5E-71 TCAATCGAC | AAAGCGAAA
transporter 2
AC CG
ATTTTTGGG | TTTCAATTGC
139 | Smed-slc17a-3 sialin isoform X1 1E-128 ATTCGCAGT | CCAACTTTG
C C
. TCTGACGAT
vesicular glutamate CTGAGATTG
140 | Smed-slcl7a-4 transporter 2 3E-76 GGATTTTTC igAAAAAGC
CCATTGTGT | CACCTGCCA
141 | Smed-slcl7a-5 sialin isoform X1 3E-101 AATTCCAAG | CGTAAATGA
CG TG
ACGGCACCG
. CCGATTTATT
142 | Smed-slc17a-6 sialin 9E-86 TTTGCATGG ﬁéGAACATA
vesicular alutamate ACCCTTGGG | TCCGTCAAA
143 | Smed-slcl7a-7 glut 3E-98 AATGAGATG | AATAAGCCA
transporter 3 isoform 1
TG CcC
vesicular alutamate TGTTATTGG | TCATCAATT
144 | Smed-slc17a-8 g 2E-64 AATGCGCTC | GGTGGGAAA
transporter 2 AG GC
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TGTTGCGAG | CAGGATCCA
145 | Smed-slcl7a-9 sialin isoform X1 5E-88 TCAATCTCA | AGATAGCCC
GTG AC
vesicular glutamate CCATTTTGG | CTGAATTCC
146 | Smed-slc17a-10 transporter 1 6E-97 ATACTGACG | AGTTTAGGC
P CAC GG
solute carrier family 17 ATCAACGGG | AACCACCTG
147 | Smed-slcl7a-11 4E-96 AATTGTGCT | ATTTCCAGT
member 9
C GC
TTGGGTTTTT | TGTGACTCC
148 | Smed-slc17a-12 | sialin isoform X2 2E-53 GAGCAGTAT | ATAAGAAAA
GG TAGCG
vesicular acetylcholine TGTGATGAT | TGGGCCACT
149 | Smed-slc18a-1 y 3E-19 TGTTTGGCA | TGATAAGGT
transporter
GC TC
synaptic vesicular amine TCCTCGGTA | TAAACAAGC
150 | Smed-sici8a-2 | Y"%P 8E-12 | TCAAGTACG | CATAAACGG
transporter
CcC GG
synaptic vesicular amine AATCTCTGC | GCGCTGATT
151 | Smed-sic18a-3 | Y"%P 2E-12 | CAGTTCCAG | CTACACGAA
transporter c c
synaptic vesicular amine TCGGATGGG | TGCTTAAAT
152 | Smed-slc18a-4 yhap 2E-160 AATCACAAA | CGTTTGAGG
transporter
TC GC
synaptic vesicular amine CAAGCGTGA | TTGATGAAG
153 | Smed-slc18a-5 transporter 7E-14 TTTTCAAAT | TGATTGAGG
P GG TTCC
. . AGCCGTGTC
vesicular acetylcholine AGGACGACT
154 | Smed-slc18a-6 transporter 2E-149 SAGGTAGTT TGTTCTGTG
synaptic vesicular amine ATTGATGAA | ATTGTACCC
155 | Smed-slc18a-7 2E-156 AATGGCGAA | AACCATCGA
transporter
CG CcC
synaptic vesicular amine CAATCAAAC | ATTTGTGCC
156 | Smed-slc18a-8 y 2E-19 GTCGATTTC | GAAAAATTG
transporter
GG C
sodium-dependent phosphate TTGGCTTTTG | ACGCCCACT
157 | Smed-slc20a-1 2E-81 GTATTGGTG | TTTTGAGAC
transporter 1
C AG
. TGATGTGGC
sodium-dependent phosphate CTTATTCCTG
158 | Smed-slc20a-2 transporter 1 isoform X1 4E-72 éAATTCTTTC CCGAAACTG
solute carrier organic anion TTATTTCCCC | TCTGATTTCC
159 | Smed-slc21a-1 | transporter family member 2E-98 AAGTCAACC | TGAAAGGCT
5A1 isoform 1 G G
solute carrier organic anion TAACAAATC | GACCATACC
160 | Smed-slc21a-2 | transporter family member 3E-60 CCAAAATCG | GGCTAAAGG
1B3 CcC TG
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solute carrier organic anion AGGCTCAAG | TTTATACGTC
161 | Smed-slc21a-3 | transporter family member 1E-59 CCTTCCAAG | AATGCCGTG
1B3 AG G
. . TTCAATTCA
solute carrier family 22 GTGCTCTCA
162 | Smed-slc22a-1 member 3 9E-40 _CI_;((;AGCCAAA TTGGTTTTC
solute carrier family 22 ATGATCTCG | GAATGAAAG
163 | Smed-slc22a-2 y 2E-40 GTCCACAAG | CGAAGACGA
member 5 G G
solute carrier family 22 CTCGGAGGG | AACCCCTGT
164 | Smed-slc22a-3 . y 2E-50 AAGAACAAA | CAACAAACA
member 7 isoform a
TG GC
. . TTTACGGCC | TTTCTGTGCC
165 | Smed-sic2oa-4 | SOlute carrier family 22 4E-38 | GGTCAAATA | TTAGGAACC
member 5 TC c
solute carrier family 22 AATGCGTTG | TTCATTGCCT
166 | Smed-slc22a-5 y 6E-48 ATCCGATTTT | TCTTCCAAG
member 5 C G
solute carrier family 22 CACCGAAAC | CTTGGAACT
167 | Smed-slc22a-6 . 5E-31 CAATTCAAA | TTTCCTCCAC
member 6 isoform a GC G
solute carrier family 22 ACTGTCTTTG | CATCAGAAT
168 | Smed-slc22a-7 y 1E-37 CCAGCCTTT | CCTCTCGGT
member 3 C C
solute carrier family 22 TTATGTTGG | TTTGAAAGT
169 | Smed-slc22a-8 2E-71 CCCTTTCTGA | TAAGCCGCC
member 5
TG AG
solute carrier family 22 AAAAACCTG | TTCACAGTA
170 | Smed-slc22a-9 1E-42 TGGGCTGAT | AATGGCATC
member 3
TG GC
. . ATCGTCTCG
solute carrier family 22 CATTCAATC
171 | Smed-slc22a-10 member 24 isoform 3 5E-07 AAACCTACG SATCATTCCT
solute carrier family 22 ATTTGCGGA | TGTGGTACC
172 | Smed-slc22a-11 y 1E-20 CTCTGATTG | CTATCTAAC
member 2
G CCG
. . TATACCAGC
solute carrier family 23 TTTGCCTGAT
173 | Smed-slc23a-1 | \\oier 1 isoform a 78-93 é-(I;GGCACTT CCTTGCTTTC
. . TGACTTCAA
solute carrier family 23 GAAATTTGA
174 | Smed-slc23a-2 member 2 7E-100 _CIEéCCCCTCC GAGCTACCC
. . . AGCCAACTG | TGATGCAGC
175 | Smed-sicoaa-1 | Sodium/potassium/calcium | e 157 | cTCACCAAA | TTTGAAAAA
exchanger 5 precursor
AG GG
sodium/potassium/calcium TTTGATAAT | TTTCGCAAG
176 | Smed-slc24a-2 | exchanger 6, mitochondrial 7E-41 CGTTGGGCT | AGTGACATT
isoform X1 cC GG
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sodium/potassium/calcium TTGAAGTTT | TCGGTTTTTG
177 | Smed-slc24a-3 | exchanger 6, mitochondrial 4E-46 CCGTTTTTCC | TGCAGTCTT
isoform X1 G G
sodium/potassium/calcium CATAAAGCG | TCACATGAG
178 | Smed-slc24a-4 ) 8E-82 CCACAATCA | GAATCAGCA
exchanger 2 isoform 2
AC GC
sodium/potassium/calcium TCTTCTCTTA | TGCAGCATA
179 | Smed-slc24a-5 | exchanger 6, mitochondrial 6E-49 GCAGTGGCC | AGCGATTCT
isoform X1 G TG
. . . CAACGATAT | GGTAAGCCA
180 | Smed-slc24a-6 | Sodlum/potassium/calcium - ge 157 | TGGGGGAAA | AGACCGACA
exchanger 5 precursor
AG AG
sodium/potassium/calcium TTATTAGCG | CCAAGAGAA
181 | Smed-slc24a-7 | exchanger 6, mitochondrial 1E-40 CTGGGAAAT | TTGGCAAAA
isoform X1 GG GC
sodium/potassium/calcium CCAAATGAT | TGAACCCAA
182 | Smed-slc24a-8 exchanger 5 precursor 5E-130 TTCATGACC | GGAAACGAT
AGG TG
TTTGGTTTGA | AATCCTGCT
183 | Smed-slc25a-1 ADP/ATP translocase 3 4E-91 GTGGTGTTG | AAAACGCCA
C G
GTAAAGCTT | CCCCAACTT
184 | Smed-slc25a-2 mitoferrin-1 1E-91 TTGGCGTGA | ATTGCAGAA
C cC
calcium-binding TAAATCTTTT
185 | Smed-slc25a-3 | mitochondrial carrier protein | 3E-120 iﬁ’{\g%?g CCCGGGCTT
SCaMC-1 isoform 1 C
CCTTAATTTC | GAAACAGAA
186 | Smed-slc25a-4 hexokinase-1 isoform X3 1E-119 AGGAATCGC | ACAACTGGA
C ACC
tricarboxylate transport CCTAAAAGG | AGCAGATAT
187 | Smed-slc25a-5 | protein, mitochondrial 4E-129 AATAATTGC | TTCCACAAC
isoform a precursor CG CAATG
S-adenosylmethionine CATAACGTC | CCATTTATCT
188 | Smed-slc25a-6 | mitochondrial carrier protein | 7E-57 TGGTGCTGT | ATTGACGGA
isoform a GG TTC
calcium-binding ATGCCGATG | TTCCCAGAA
189 | Smed-slc25a-7 | mitochondrial carrier protein | 1E-167 ACAAAATGA | AGTGTCTTG
SCaMC-1 isoform 1 GC TTTG
CACATGATT | AGCCGATAT
190 | Smed-slc25a-8 mitoferrin-2 2E-87 GCTGGTTCC | CTGGTGCTG
TG AG
calcium-binding TGATGCATC | TTGCAAAAA
191 | Smed-slc25a-9 | mitochondrial carrier protein | O GAGCAGATA | TAGAGACCG
Avralarl CAG GG
mitochondrial coenzyme A TGAGCTCAC | CACTCGCAA
192 | Smed-slc25a-10 4E-72 AAAATCGTC | TCCCATGTA
transporter SLC25A42 AAC ATC
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solute carrier family 25 AGAGCACAT | TCTCACACA
193 | Smed-slc25a-11 member 51 y 3E-59 GTTCAAAGA | ATTCGCAGG
TCAAG AG
solute carrier family 25 AAAAACCCG | ATATCTTTGT
194 | Smed-slc25a-12 ; 1E-33 TAGGCCGTA | CGACACCGG
member 48 isoform X6 AC c
solute carrier family 25 AAATGGAGC | CTAAAATAC
195 | Smed-slc25a-13 member 38 3E-39 TTGTAGTGG | CCACCGATG
TTTTG cC
mitochondrial thiamine AATTCAGCA | ATTGGCCAT
196 | Smed-slc25a-14 . 4E-67 AGGGAATCT | CTGAACTCC
pyrophosphate carrier GC TG
solute carrier family 25 TATTTGAAT | ATTTACACT
197 | Smed-slc25a-15 : Y 2E-64 GGATTCAGC | CTTCCGCCG
member 44 isoform 2
CG TC
. S ATAGCTGGT | ATCGTTGGA
198 | Smed-sic25a-16 | Mitochondrial thiamine AE-67 | GCTTCTGGT | ACTCAGAAT
pyrophosphate carrier GG CG
. . TGGTCTGAA
solute carrier family 25 CCTTTATATA
199 | Smed-slc25a-17 member 46 1E-67 'CI';'IC';AGCAACA AGCCGCCAG
mitochondrial 2- TGTCATCGC | TGAACTACC
200 | Smed-slc25a-18 | oxoglutarate/malate carrier 1E-141 AAAACATTT | TTTCGATGG
protein isoform 1 CcC GC
mitochondrial dicarboxylate CCCAAATGA | TCCTATTCTG
201 | Smed-slc25a-19 S 1E-92 AGAAACCTT | ACAAATGCC
carrier isoform 2
CTG G
mitochondrial thiamine TCAGCTTTTA | CCTTTAAAC
202 | Smed-slc25a-20 - 9E-72 CTGCTGGTG | AAACCCGAA
pyrophosphate carrier
C ATCC
mitochondrial 2- CCAAAATTC
203 | Smed-slc25a-21 | oxoglutarate/malate carrier 2E-110 GGCAAAGCA TGTATGCTTC
- TTCCAATTCC
protein isoform 1 ACTC
calcium-binding TGAACCTGT | CCAAAGGAT
204 | Smed-slc25a-22 | mitochondrial carrier protein | 1E-141 GCATTTGAT | TATCCAATG
SCaMC-2 isoform a TTG cC
mitochondrial GTGGGGTTG | TATCCTAAA
205 | Smed-slc25a-23 | carnitine/acylcarnitine carrier | 1E-132 GTGGTATAT | AAGCAAGCC
protein G GC
kidney mitochondrial carrier ATTCAGGCA | TACAATGAA
206 | Smed-slc25a-24 L 1E-94 CATTCCCAA | CCGGGATGA
protein 1 isoform 1
TC TG
mitochondrial carrier CTTCGAAAA | AGGGTTCTC
207 | Smed-slc25a-25 6E-25 GCGATAGCC | CAGCACTTA
homolog 1 PSAP-LL
TG CG
. . ATATTCGGC
mitochondrial glutamate GTGGTATTG
208 | Smed-slc25a-26 carrier 1 7E-116 CTGGCATTG AACTCCGAG

G
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phosphate carrier protein, AACGACACA | CAAACATTC
209 | Smed-slc25a-27 | mitochondrial isoform a 3E-153 CACAGCCAT | GAAAAACAC
precursor TG C
mitochondrial folate TCGAACAGT | ACCACTAGC
210 | Smed-slc25a-28 . 3E-104 TCAGTGGGA | TGGCGTTAC
transporter/carrier
GC AC
solute carrier family 25 TGGAATCGG | CACACACAC
211 | Smed-slc25a-29 : 2E-94 TGGAACAGT | ACAGGTTTG
member 36 isoform a
C AGG
TTTGGACTC | TATCAAAAC
212 | Smed-slc25a-30 | ADP/ATP translocase 3 2E-94 AGTGGATGT | CAGCCAGGA
GC CAC
mitochondrial dicarboxylate AAGTGCCTT | TGCAATATC
213 | Smed-slc25a-31 A y 6E-95 GGCCATAAG | ACAAAATGC
carrier isoform 2
TG GG
. . I ATGTCGGTC | ACACACACA
214 | Smed-sic25a-32 | Mitochondrial omithine 1E-68 | AACCTTTGG | GGCAAACAA
transporter 1
AC GC
mitochondrial dicarboxylate ACAAATGAT | AATCGAGTT
215 | Smed-slc25a-33 L y 4E-51 CAAAAACCC | CGGAATTGC
carrier isoform 2
CG TC
mitochondrial dicarboxylate TTGGTGGAG | TCAAACTCA
216 | Smed-slc25a-34 L y 2E-116 TAGCAAGTG | ATAAAGAAG
carrier isoform 2
CcC TC
solute carrier family 25 GGCAACGAT [ TTGTAGCAA
217 | Smed-slc25a-35 member 40 y 2E-81 TAGTCTCAT | TGACAACAC
CAAG GC
. . TACGGTGTG
solute carrier family 25 AGGAAATGA
218 | Smed-slc25a-36 | 1o or 35 isoform X1 4E-92 | TrTeTCGGTG ég‘GTGTCAA
ACGATGAAA | TGGATCACT
219 | Smed-slc26a-1 prestin isoform a 1E-126 ACTCGGACG | GGCAATTCT
AC TG
sodium-independent sulfate ACGGATCTA | TCGATTTTCT
220 | Smed-slc26a-2 . 3E-112 TGCACGGTG | GCTTCCATT
anion transporter
AC G
TACCATCAC
L CTGACGCAA
221 | Smed-slc26a-3 prestin isoform a 3E-130 L(éGTCCGAC AATACTGAC
TGAATTCGA | AAAGCGCTA
222 | Smed-sic26a-4 prestin isoform b 2E-114 TGAGGATCA | CAGTGGAAT
CG GG
ACAAGGAAT
. ACTTAGGTT
223 | Smed-slc26a-5 prestin isoform b 6E-108 E‘;‘SCGTATGG ATCCTCGGC
solute carrier family 26 c TTCAC | TCCGCAGGG
224 | Smed-slc26a-6 . y 2E-107 ATTTTTCCAG | AATGACTTA
member 6 isoform 3 C TG
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Primer Primer
CACTCCGCA | ATCTGGGAT
225 | Smed-slc26a-7 prestin isoform a 4E-131 ATACAAAGT | TTCATGCCA
CG AC
TATGGCATA | ACGTTTTCC
226 | Smed-slc26a-8 prestin isoform a 1E-134 CGCTCACTT | ATTTTGCGTT
GG C
solute carrier family 26 CGACACCTT | ATGCATTCA
227 | Smed-slc26a-9 . 6E-76 TCAATGGGA | ACACTGCAT
member 6 isoform 1
AC CG
ATGAAATCC | CAAAACTGC
228 | Smed-slc26a-10 | prestin isoform a 6E-50 CAGATGGCA | GTCATGGAT
AG TG
long-chain fatty acid ATTTACTGC | TGTTCAAAA
229 | Smed-slc27a-1 . 0 GCATTTGGA | ATTGCGCTG
transport protein 1
GG TC
solute carrier family 28 AAATGACAT | TTTGCAAAT
230 | Smed-slc28a-1 5E-126 AGAAAGCCG | CCACAAAGT
member 3
GG GC
sodium/nucleoside CCAATTTTTG | CCTATTAAA
231 | Smed-slc28a-2 cotransporter 2 2E-29 AAAGTTTCC | AATGCGATG
GC GGC
solute carrier family 28 ATTAGATTG | TGACGTTTTT
232 | Smed-slc28a-3 2E-126 CGATTCACC | GCAAGTTTG
member 3
CG G
S . TTACGGGAA | GCAACTCCA
233 | Smed-slc2ga-1 | Sauilibrative nucleoside 5E-73 | TCGGAGTCT | AAAGCTAGT
transporter 1 isoform X2
TG cC
A . CGAAGAAAG | TGTCGTCATT
234 | Smed-slc20a-2 | Sauilibrative nucleoside 2E-75 | GCAAGAAAA | AGATTCCCC
transporter 4 isoform 1 AG G
ATTCGAAGC | TCAATATGT
235 | Smed-slc30a-1 zinc transporter 9 2E-125 AACCACCAA | TTGACCGAA
AG GGG
zinc transporter 10 isoform TGTGTGTTTC | GTTCTCTTCT
236 | Smed-slc30a-2 X1 1E-09 ACTCAGAAA | TAACCCCAC
TGTG CG
ATACTATGC | TATCGGATC
237 | Smed-slc30a-3 zinc transporter 2 isoform 1 | 1E-125 TCGCGGCTT | TGCGATTTTC
TC C
TTGTTTGACC | CACTCCACA
238 | Smed-slc30a-4 zinc transporter 5 isoform 1 | 2E-165 CAGATCATC | TTGACTGCT
G G
AATTGCTGC | TGAATTTTC
239 | Smed-slc30a-5 zinc transporter 1 8E-74 CAGGCGTAT | ACACCCCCA
AG G
CTTTTTCGCC | ACTGACCCG
240 | Smed-slc30a-6 zinc transporter 10 6E-32 GAACTGATT | ACAAAGTCA
G GC




211

No. Gene ID Top Hit - Homo sapiens E-value For_ward Re\_/erse
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TGGGAAAAT | TCATTCCCA
241 | Smed-slc30a-7 zinc transporter 1 7TE-73 ACAATGGCA | GTTCCCAAA
AG C
AAAGCACCT | GCGATCTGG
242 | Smed-slc30a-8 zinc transporter 2 isoform 1 | 7E-128 GCACCCTTT | AATCTCTGT
C C
AGTCTTGGC | TCGGGAGAT
243 | Smed-slc30a-9 zinc transporter 6 isoform 4 | 1E-84 GATTTTTACC | TTGAATGGT
G TC
L GAATGCAAA | ACGGCTTTG
244 | Smed-slc30a-10 | - REDICTED: zine 2E-82 | TTCAAGTCC | CTGAAGACT
transporter 3 isoform X7 cC c
. - AATCATACC | ACAGTGCTC
245 | Smed-slc31a-1 *}'O%Zi?]ffl'”'ty copperuptake | o¢ 17 | AATGGATCG | ATTGGAGTC
P TCG cc
high affinity copper uptake TCAAATGAA | AATAAGGGC
246 | Smed-slc3ta-2 | 910N COPPEED 2E-25 | ACACGGAGC | TTGATAACG
P TG ACAC
high affinity copper uptake TAATAGCGA | TGCCAAAGA
247 | Smed-slc31a-3 r(ftein 1 Y COpperup 1E-07 | ATCCAAACC | ATAGCTTCTT
P GC AACG
vesicular inhibitory amino ATATGGAAG | TAATGGATC
248 | Smed-slc32a-1 : y 1E-45 GCAGTGTTC | CCACCAAAC
acid transporter GG c
vesicular inhibitory amino TTAAAAGGC | TTCGCAGCA
249 | Smed-slc32a-2 - y TE-60 AGCTGGATT | AAAATCATT
acid transporter
GG cC
acetvl-coenzvime A TTCCAGTAA | ATTTCCCTTG
250 | Smed-slc33a-1 y y 1E-151 | ATTTGGCCG | CAGTTGCTT
transporter 1
TC G
. AATTCGTTG
UDP-N-acetylglucosamine ACGGCTCTG
251 | Smed-slc35a-1 transporter isoform 1 3E-135 GTTTTAATC gTTGGTTTTG
AAATGACCA
) i probable UDP-sugar i AGTAATGTT
252 | Smed-slc35a-2 |y ncnorter protein SLC35A4 | B4 g\gACGCTA GCTTGCGTG
UDP-galactose translocator TGATGCGAT | ATTACACCC
253 | Smed-slc35a-3 isoforn%a 2E-79 ATTGCAGAA | CGATTTCAA
CAAG GC
CACTCGTCC | TTCCTGTGG
254 | Smed-sicasa-4 | ODP-galactosetranslocator | g g9 | AGGAGATTT | AGTTTTGGA
isoform ¢ G GG
UDP-xylose and UDP-N- TGTTCAACA | AATGGCCGT
255 | Smed-slc35b-1 | acetylglucosamine 3E-35 GTTGTCAGT | ATGTTTCAC
transporter TTCATC AG
adenosine 3-phospho 5-- CACTTAAAG | TCCTCCATTT
256 | Smed-slc3sb-2 | hosulfat'z traﬁs ers | 2E-126 | TICCAAATG | CAAACAACA
pnosp P ATCCTG cc
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solute carrier family 35 CTTATTCGGT | CATTTGATC
257 | Smed-slc35b-3 . y 1E-89 TGTTCATTG CAAAACCAG
member B1 isoform 1
GG CcC
adenosine 3'-phospho 5'- TCTGACAGA
258 | Smed-slc35b-4 | phosphosulfate transporter 1 | 1E-114 AGAGGAGAA AACATGTGC
' TGGCGATAG
isoform a precursor CG
GDP-fucose transporter 1 AAAGTAACC | TGAGCACCA
259 | Smed-slc35c-1 . P 5E-52 TTTCCTGTCG | CCAGAACAG
isoform b
CTG TG
GDP-fucose transporter 1 GTTCATTTCA | CATACACCA
260 | Smed-slc35c-2 . P 4E-101 ATTTCTCTCG | AAGAGCCTC
isoform b
TG o
. . GAAAATTTC | TCAATCGTT
261 | Smed-sicasc-3 | Solute carrier family 35 2E-111 | ACCATCTGG | ccaAaATTCC
member C2 isoform X2 C AC
solute carrier family 35 TGGACGAAG | TAACGAGAT
262 | Smed-slc35c-4 . y 6E-64 TGCACTGTA | TCCGAGCAA
member C2 isoform ¢
TTG GC
UDP-glucuronic acid/UDP- CCGTATTCT | TATAATCTC
263 | Smed-slc35d1 N-acetylgalactosamine 2E-75 ATGGTTTTGT | CCGCGAAAT
transporter TTC GC
solute carrier family 35 TGCCCATAC | TGCACCAGA
264 | Smed-slc35el y 3E-67 GTAGAAGTC | AGGAAGTTG
member E1
GG TG
solute carrier family 35 ATTCTTTCGG | CCTCTGAAT
265 | Smed-slc35f-1 : y 8E-115 AACACAAGC | CCGTTTCAA
member F5 isoform X1 G cC
solute carrier family 35 TTTTTGTGGT | TGCAACATA
266 | Smed-slc35f-2 y 3E-75 CAGGTTCTC | CATTCCAAC
member F2
TC ACC
solute carrier family 35 ATAAGGCAT | TATTGCCGA
267 | Smed-slc35f-3 ; 1E-25 CTGTTGCGA | TTTTGTGCA
member F3 isoform 1
GG AC
roton-coupled amino acid ATGTCCCTA | CCTCCCAAA
268 | Smed-slc36a-1 P P 3E-51 GACAACAGC | GAACAACAT
transporter 2
CG CG
. . TTGAACTAG | ATCCTCATTT
269 | Smed-slc36a-2 tf;gzogr‘tf:‘f'ed aminoacid | 4r 67 | CTGTTCCAC | GTCAGATTC
P CG CAG
roton-coupled amino acid CCTGACCAT | CTGGAATTG
270 | Smed-sic36a-3 | .° e 5E-26 | CTGAACAAT | GGCTTGGTA
transporter 1 isoform X3
CG TC
sugar phosphate exchanger 2 AGAAACTCC | TTCTCCTGGC
271 | Smed-slc37a-1 | .>u9ar Pnosp 9 1E-162 | TATCGGCTG | ATATCCGTT
isoform 2 G c
sugar phosphate exchanger 3 CCTCTGAAA | AGCTTTTTCG
272 | Smed-slc37a-2 . 1E-146 AATTGGAAG | CAATCATGT
isoform 1 CG G
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sugar phosphate exchanger 2 AATGCGTAC | CAGAATGAT
273 | Smed-slc37a-3 | . 2E-153 TAAACCCCC | GAACACCGT
isoform 1
AC CG
putative sodium-coupled ATATTGCAG | CAATTGAAT
274 | Smed-slc38a-1 | neutral amino acid 8E-62 AATCGCCTT | GGGCGGTAG
transporter 7 CG AG
putative sodium-coupled TTTTCTCCTC | TGCCCTGTTT
275 | Smed-slc38a-2 | neutral amino acid 4E-105 CAGACGATG | ATGCATTTT
transporter 9 isoform 1 G G
putative sodium-coupled CAATTGGCG | TGCTGTCAC
276 | Smed-slc38a-3 | neutral amino acid 7E-58 CAACACTTA | CGAAACAGT
transporter 10 isoform b TG TG
putative sodium-coupled TACAGTGGC | AGTACAGTT
277 | Smed-slc38a-4 | neutral amino acid 4E-117 ACAGAACCA | GACCCCTCC
transporter 11 isoform X1 GG G
putative sodium-coupled AAGCGGCAT A A
278 | Smed-slc38a-5 | neutral amino acid 1E-50 ACAGATCCA AAGC AT
GTTCCAAG
transporter 7 AG
putative sodium-coupled TATGCCGTG | AACCACAGA
279 | Smed-slc38a-6 | neutral amino acid 1E-73 GGCTATTCA | ATGATCCTC
transporter 9 isoform X5 AC CG
zinc transporter ZIP14 TCGCGTCAG | GATTTGGAA
280 | Smed-slc39a-1 | . P 2E-68 TTCTTCTGTT | TGAGCGAAT
isoform X1 G c
. TGCAAAATA | CACACACGC
281 | smed-slcaga-2 | ZINClransporter SLC3OAT 1 op 07 | TTTCGGCAC | GATTCATTTT
isoform 1 precursor
AC C
. AAAATTGGA
zinc transporter ZIP1 GGTCAATGA
282 | Smed-slc39a-3 isoform a 6E-42 'gEGGTGTTC AGAACGAAG
zinc transporter ZIP10 AGTGCATTC | TGAAAACCA
283 | Smed-slc39a-4 | . P 4E-49 CTTAGCTCC | CCAAAACCA
isoform X4
G GAG
zinc transporter ZIP13 TTCGTGTGA | AAACATGCT
284 | Smed-slc39a-5 | . P 9E-76 AACTATTGT | CTCAATCAC
isoform b precursor
GGC GC
zinc transorter ZIP11 GGAACATTG | TGTTGTTTGT
285 | Smed-slc39a-6 | . P 3E-105 TTTACGTGG | CGTGTTGCT
isoform 2 G G
zinc transporter ZIP9 TTGGATGTT | TTGGAAAGT
286 | Smed-slc39a-7 | . P 1E-92 ATTTAGCGG | TCTGGGAGC
isoform 1
GC AC
zinc transoorter ZIP3 TCGAAACCC | TCTGGCACC
287 | Smed-slc39a-8 | . P 2E-31 TTCAGAAAT | AGCTATCAA
isoform a
CcC TG
. CAAAATTCA | TCACTGATG
288 | Smed-sic30a-9 | 2InC transporter ZIP13 1E-29 | CACGCTATG | ACAAAAGGC
isoform b precursor GG cC
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zinc transporter ZIP10 AGCGATTCG | TCATACAGG
289 | Smed-slc39a-10 P 7E-83 AAGTGGTTC | GCAATCAGC
precursor
TG AG
sinc transporter ZIP1 CTGCTGTCG ACACAAGCC
290 | Smed-slc39a-11 | . P 2E-39 TAATGCTCG AGTTTTGCTC
isoform a
TC C
zinc transporter ZIP14 TTTTTCGTTG | CCCATACAA
291 | Smed-slc39a-12 | . P 3E-64 CAAAATGCT | AGCCATCAA
isoform ¢ precursor
G AAG
Zinc transporter ZIP1 TGTCGAATT TCCTTGTAA
292 | Smed-slc39a-13 | . P 3E-43 CATCAACGA | AACACCAGC
isoform a
CcC GAC
. . ATCCTGGGA | AGAGGGTCA
203 | Smed-slca0a-1 | SClute carrier family 40 2E-92 | TGATCGAAG | AAGTTGGCT
member 1 C G
solute carrier family 41 GAGATTGGA [ TTGTTGCTAC
294 | Smed-slc4la-1 . y 9E-33 AAACTCCGT | ATGCTCCTG
member 3 isoform X7 G TG
ammonium transporter Rh ACAGCTTCA | TTTCGGTATC
295 | Smed-slc42a-1 . P 5E-123 CTTCTCCAG CACCACACT
type B isoform a GC G
ammonium transporter Rh TGATATTTG AGACGTCTC
296 | Smed-slc42a-2 tvoe A P 8E-117 GTTTTTGCGT | TTCTGGAAC
yp GAG GG
. . TTGTCGCAG
solute carrier family 43 TTTTCATTCG
297 | Smed-slc43a-1 member 3 isoform 1 4E-20 ,_?éATCGAGA GGGAAATTG
solute carrier family 43 AAATTCGAC | TTTTAATGA
298 | Smed-slc43a-2 . y 5E-29 AAAAGCATG | AATCTGCGC
member 3 isoform 1
GC CcC
solute carrier family 43 AATGGTATG | TTGGCTTCG
299 | Smed-slc43a-3 . y 1E-36 CTTCAGCGG GGATAATTT
member 3 isoform 1
AG TG
solute carrier family 43 CTCCCAATA | CATCCGGTA
300 | Smed-slc43a-4 . y 7E-20 CTGTCATCC AATGATCGT
member 3 isoform 1
CG CcC
solute carrier family 43 TGTCCAATA | ATCAATTCTT
301 | Smed-slc43a-5 . y 2E-25 CAATTCCTG GCTTGGCCT
member 3 isoform 1 GC c
. . TTTGGTATA TGAATGCCA
302 | Smed-slc43a-6 ;Z'r‘:]tbeefasf rl'segf‘;arm"f’ 43 1E-23 | ATTGCAGGC | AACATGACA
CcC TACC
solute carrier family 43 CCCCAAATG | ACAAGGATT
303 | Smed-slc43a-7 . 7E-12 GAATTATCA | TCGGGGTCT
member 3 isoform 1 C TC
choline transporter-like CTAAGCCCA | TCAGATCGG
304 | Smed-slc44a-1 . . 5E-104 AACGACCTC | ATGAGATTC
protein 1 isoform a AG cC
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. . TGGAAAGAA
choline transporter-like CTTCCTTTTG
305 | Smed-slc44a-2 protein 5 isoform A 7E-149 ééGTCCCAA ATTGCATCG
PREDICTED: choline TTCTGGGCG | CCAAGTCCT
306 | Smed-slc44a-3 | transporter-like protein 2 1E-153 TATTTATTCG | CACAGAAGC
isoform X1 G AG
thymic stromal cotransporter CCAAGGATG | CAAACAGGC
307 | Smed-slc46a-1 Y P 4E-16 CTTTGGATTT | GTCAATGTA
homolog G G
roton-counled folate TGATAACTT | TCCATGGAA
308 | Smed-slc46a-2 P P 1E-26 GGGGACATC | AATTCGGAA
transporter isoform 1
GC AG
solute carrier family 46 TCTGTAATC | TGAATTGAT
309 | Smed-slc46a-3 | member 3 isoform a 3E-19 GCACAAGTG | GGATTCGAA
precursor GC GG
ACCCAAACA
) i proton-coupled folate i AAAGACAAA
310 | Smed-slcdba-4 | 4o nsporter isoform 1 4808 | TcACGTTGC EEAAAAGCA
roton-counled folate TGATGTCTTC | AATGCAATG
311 | Smed-sic46a-5 | P P 4E-27 | CAAAAGTTA | GAAAGCAGG
transporter isoform 1
CGC AC
multidrua and toxin TTTTCAGAA | GATGCATTC
312 | Smed-slc47a-1 drug A 7E-70 TGCTCAACC | AATTCCGGT
extrusion protein 2 isoform 2 CG TC
multidrug and toxin AATTAGACG | AATCGGGAA
313 | Smed-sic47a-2 | extrusion protein 2 isoform 7E-61 CCCCTAAAC | TGCAAGATA
X2 CG CG
multidrug and toxin TCAGCGAGA | TTAAATGGT
314 | Smed-slc47a-3 | extrusion protein 2 isoform 2E-46 ATTCAGTCTT | TCGTTGGCT
X9 TTG cC
multidrua and toxin CCTCATGTTT | AAATTCAAT
315 | Smed-sic47a-4 drug . 2E-93 ATTGCATTTT | TCCTTGCCA
extrusion protein 1
CG CG
multidrua and toxin AGCGTCATC | GGACAGACG
316 | Smed-slc47a-5 drug . 9E-80 CATATTTTCG | CCCAATAAT
extrusion protein 2 isoform 2 G TC
multidrua and toxin ATCTCGAAC | TTTTCCAGAT
317 | Smed-slc47a-6 drug . 3E-68 ATCAACCCC | TTGTCCGAG
extrusion protein 2 isoform 2 AG G
multidrug and toxin GCTTTTGCG | TCG GCG
318 | Smed-slc47a-7 arug ; 1E-81 AGAATGAAA | GCCAATATA
extrusion protein 1 cC AC




APPENDIX B

EXPRESSION DOMAINS OF SOLUTE CARRIER GENES IN

THE PLANARIAN PROTONEPHRIDIA



Planarian
solute carrier

Smed-sicla-3

Smed-slc2a-2

Smed-slc2a-4

Smed-slc4a-2

Smed-slc4a-6

Smed-slcd4a-7

Smed-slc5a-2
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Smed-slc5a-4

Smed-slc6a-5

Smed-slc6a-9

Smed-slc6a-12

Smed-slc6a-13

Smed-slc6a-17

Smed-slc7a-6

Smed-slc9a-3

Smed-slc10a-2

Smed-slc12a-1

Smed-slc12a-4

Smed-slc13a-2

Smed-slc13a-7

Smed-slc15a-2

Smed-slc15a-3

Smed-slc16a-22

Smed-slc17a-3

Smed-slcl7a-5

Smed-slc20a-1

Smed-slc20a-2

Smed-slc22a-3

Smed-slc22a-5

Smed-slc22a-6

Smed-slc23a-1

Smed-slc23a-2

Smed-slc24a-2

Smed-slc24a-3

Smed-slc24a-5

Smed-slc24a-7

Smed-slc24a-8

Smed-slc25a-22

Smed-slc26a-5

Smed-slc26a-8

Smed-slc28a-1

Smed-slc28a-2

Smed-slc28a-3

Smed-slc30a-3

Smed-slc40al

Smed-slc42a-2

Smed-slc43a-7

Smed-slc44a-2

Smed-slc44a-3




APPENDIX C

EXPRESSION DOMAINS OF SOLUTE CARRIERS IN

THE RODENT METANEPHROS



Solute
carrier

S1

Intermediate
tubule

DTL | ATL

TAL
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Reference(s)

slc6al3

slc6al9

slc13al

slc13a2

(Raciti et al., 2008)

(Kleta et al., 2004)

(Lotscher et al., 1996)

(Chen et al., 1998)

slc13a3

(Raciti et al., 2008)

slc22a2

slc22a5

slc22a6

slcbal

slc5a2

slclal

slc15al

slc15a2

slc28al

slc28a2

slc28a3

slc23al

(Koepsell et al., 2003)

(Tamai et al., 2001;
Tamai et al., 2004)

(Kojima et al., 2002;
Ljubojevic et al., 2004)

(Lee et al., 1994; Sabolic
et al., 2006)

(Raciti et al., 2008)

(Shayakul et al., 1997)

(Shen et al., 1999; Smith
etal., 1998)

(Daniel and Rubio-
Aliaga, 2003; Shen et al.,
1999; Smith et al., 1998)

(Rodriguez-Mulero et al.,
2005)

(Rodriguez-Mulero et al.,
2005)

(Rodriguez-Mulero et al.,
2005)

slc23a2

slc23a3

(Eck et al., 2013)

(Eck et al., 2013)

(Burzle et al., 2013)
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Solut Intermediate
olute tubule Reference(s)
carrier
S1

slcd4al (Alper et al., 1989)

slc4a2 (Castillo et al., 2000)
(Endo et al., 2006; Raciti

slc4ad et al., 2008; Roussa et
al., 2004)

slcl2al (Raciti et al., 2008)

slc12a3 (Raciti et al., 2008)
(Eladari et al., 2002;

slc42a3 Verlander et al., 2003)
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No. Gene ID Forward Primer Reverse Primer

1 Smed-NPHP1 ATCCAACACTTGCGACGTTC TGCAAAGGTACAAAAGAGTGCT
2 Smed-NPHP4 CAAACTTGCATTGGATGGTG TTTTCCACTTGGTTTGCCTC

3 Smed-NPHP5 TGAACCGAAATCCTGGAAAG ATCCAAATCCACAGGTTCC

4 Smed-NPHP6 TGAGATCTGTCGGCTGTACG CTTTTCCAGCTCCTTTGTCG

5 Smed-NPHP8 ATACACCGAATTCTGCTCGG AACATTGACCTTTGCGGTTC

6 Smed-NEK8-1 CTGTTCTCTACAGGAATGCCG CCTCCTGCAATTCTTTACGC

7 Smed-NEK8-2 CGGAACTGCGGTTCTTTATC TTCATTGAATGGCACAAACC

8 Smed-LRRC50 | TCGGAAACTACCCCAATTTC ACAAGTTGATCCGGCTTGAG

9 Smed-DNAHb-1 | ACCTATTTCCAGCTCTTGATGTC | AGTCCAATATCTCTCCTGATGC
10 | Smed-NEPH-1 | GCCAGGACCAAGAGAAACTG ACGGACGTCTGTTAAATCCG

11 | Smed-NEPH-2 | TGGGTTAAAAGTGGCTTTGG GCATCATTTGTGTCGATTGG

12 | Smed-NEPH-3 | TGGGTAAAAGACGGATTTGG CGGGGATCCTTTTCTCTAGG

13 | Smed-NPHS1-1 | TTTGAGTGGAGCGTCAACAG AGAAATTGGGCCGGTAAATC
14 | Smed-NPHS1-2 | AACATTCCATTCAAGCCTCG ATTTCGCACTTTGTCCCAAC

15 | Smed-NPHS1-3 | GTTGTCAACAATCAGCACGG GAAAGTTTGTTCGCTGCCTC

16 | Smed-NPHS1-4 | TGTGCTACCGTCAGTTCCAG AGTTTCGTTCCGATTGATGG

17 | Smed-NPHS1-5 | AAGTCACGATGGGTTTCGAC TGACTGCGTTCGATTTGAAG

18 | Smed-NPHS1-6 | AATCCACCTGCGGTTGTTAG CGAGGCAGATATTGGGAATC
19 | Smed-NPHS1-7 | AATCACAATTAAGGCTGCCG CGTGAGGGATGAGCTTTCTC

20 | Smed-PKD1L-1 | CAATCACACTTTCACCGTGG ACGTAGACAAATCCCGCAAC
21 | Smed-PKD1L-2 | AAATTGTGACAACCCTTCGC ATGTCGACAGGGACTATCGC

22 | Smed-PKD1L-3 | ACAAAATGTCGGTCCAGGAG TCCAGGCAAAAATCCTCATC

23 | Smed-PKD2-1 AACAGCCCTTAGGGAATTGG GAGTCATACCGCATGAACAGC
24 | Smed-PKD2-2 ACTGCAATGGAAGATCAACA CTATTTCGGCTTTTACCTCAGC
25 | Smed-PKD2-3 AGACCTGAAACAAGCACTGA TGCAGCTCAATAGATTCCATGC
26 | Smed-PKD2-4 TACCAAGACTTAGACAGGTTCG | CCCATAGTTTCTCTGCTTCTAGC

N
-~

Smed-PKD2L-1

CAAAAGGATGGTCAACTGAAG

TGCTGAGAATAACATGAGGAAT

N
(o]

Smed-PKD2L-2

TCGTATCGACATTGTGGGTC

TCCACCATCATTGAAAAGGC
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