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Abstract

Kidney development requires the differentiation and organization of discrete nephron epithelial
lineages, yet the genetic and molecular pathways involved in these events remain poorly
understood. The embryonic zebrafish kidney, or pronephros, provides a simple and useful model
to study nephrogenesis. The pronephros is primarily comprised of two types of epithelial cells:
transportive and multiciliated cells (MCCs). Transportive cells occupy distinct tubule segments
and are characterized by the expression of various solute transporters, while MCCs function in
fluid propulsion and are dispersed in a “salt-and-pepper” fashion within the tubule. Epithelial cell
identity is reliant on interplay between the Notch signaling pathway and retinoic acid (RA)
signaling, where RA promotes MCC fate by inhibiting Notch activity in renal progenitors, while
Notch acts downstream to trigger transportive cell formation and block adoption of an MCC
identity. Previous research has shown that the transcription factor ets variant 5a (etv5a), and its
closely related ETS family members, are required for ciliogenesis in other zebrafish tissues. Here,
we mapped etv5a expression to renal progenitors that occupy domains where MCCs later emerge.
Thus, we hypothesized that etv5a is required for normal development of MCCs in the nephron.
etvba loss of function caused a decline of MCC number as indicated by the reduced frequency of
cells that expressed the MCC-specific markers outer dense fiber of sperm tails 3b (odf3b) and
centrin 4 (cetn4), where rescue experiments partially restored MCC incidence. Interestingly,
deficiency of ets variant 4 (etv4), a related gene that is broadly expressed in the posterior
mesoderm during somitogenesis stages, also led to reduced MCC numbers, which were further
reduced by dual etv5a/4 deficiency, suggesting that both of these ETS factors are essential for
MCC formation and that they also might have redundant activities. In epistatic studies, exogenous
RA treatment expanded the etv5a domain within the renal progenitor field and RA inhibition
blocked etv5a in this populace, indicating that etv5a acts downstream of RA. Additionally,
treatment with exogenous RA partially rescued the reduced MCC phenotype after loss of etv5a.
Further, abrogation of Notch with the small molecule inhibitor DAPT increased the renal
progenitor etvsa expression domain as well as MCC density in etvba deficient embryos,
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suggesting Notch acts upstream to inhibit etv5a. In contrast, etv4 levels in renal progenitors were
unaffected by changes in RA or Notch signaling levels, suggesting a possible non-cell autonomous
role during pronephros formation. Taken together, these findings have revealed new insights about
the genetic mechanisms of epithelial cell development during nephrogenesis.
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INTRODUCTION

The vertebrate kidney maintains fluid homeostasis within the body, a function essential for
survival. In contrast to the development of most vertebrate organs, kidney ontogeny involves
the progressive formation of several structures, such that the earliest forms are transient and
become degraded when more complex kidney structures are generated (Saxen, 1987). The
pronephros is the first kidney structure to form, and it is derived from bilateral stripes of
intermediate mesoderm (IM). Although the pronephros has become a vestigial organ in
mammals, lower vertebrates such as frogs and fish require this structure during embryonic
development as a functioning excretory organ (Dressler, 2006). The second kidney structure,
known as the mesonephros, serves as the functional fetal kidney in mammals and is drained
by a nephric duct (Dressler, 2006). The third kidney emerges from an outgrowth of the
nephric duct, termed the ureteric bud, which undergoes branching morphogenesis and
complex interactions with the surrounding IM that induce mesenchymal-to-epithelial
transitions to generate the final adult kidney, or metanephros (Little and McMahon, 2012).
All of the three stages are primarily composed of a conserved functional unit known as the
nephron, which is structured into three parts: a blood filter, a segmented epithelial tubule
that reabsorbs nutrients and secretes solutes, and a collecting duct that drains the nephron
and also participates in electrolyte and fluid balance (Vize, et al., 1997; Cheng, et al., 2015;
Desgrange and Cereghini, 2015).

Failure of nephron function leads to kidney disease, the 8 leading cause of death in the
United States alone. Over 20 million Americans have kidney disease, of which 200,000 are
adolescents (Center for Disease Control and Prevention, 2014; Saran, et al., 2015). Further,
congenital and acquired diseases of the urinary tract (CAKUT) account for 20-30% of
genetic malformations diagnosed during gestation, and are a major cause of morbidity and
chronic kidney disease in children worldwide (dos Santos Junior, et al., 2014). Despite the
increasing global prevalence of renal disease, many aspects of the genetic and molecular
pathways that control nephron development are poorly understood (Cheng and Wingert,
2014; Marra and Wingert, 2014). Furthermore, the mammalian kidney contains millions of
intricately arranged nephrons, making nephrogenesis challenging to study (Costantini and
Kopan, 2010).

Recently, the embryonic zebrafish (Danio rerio) kidney, or pronephros, has emerged as a
useful nephrogenesis model that is highly amenable to experimental analysis (Ebarasi, et al.,
2011). The zebrafish pronephros is comprised of two nephrons that share a single blood
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filter and common collecting duct (Drummond, 2005), and exhibits a conserved
segmentation pattern when compared to the mammalian nephron (Wingert, et al., 2007,
Wingert and Davidson, 2008). Recent studies have established the timing of renal progenitor
development and continued to identify essential patterning factors (O'Brien, et al., 2011;
Naylor, et al., 2013; Gerlach and Wingert, 2014; McKee, et al., 2014; Cheng and Wingert,
2015), demonstrating that the zebrafish pronephros provides an excellent opportunity to
delineate the fundamental genetic and molecular pathways that are relevant to
nephrogenesis.

At just 24 hours post fertilization (hpf), the zebrafish pronephros is fully segmented and
contains a mixture of two functionally distinct populations of epithelial cell types:
transportive cells and MCCs (Fig. 1A) (Kramer-Zucker, et al., 2005; Wingert, et al., 2007).
Transportive cells have a single primary cilium and recover ions based on their expression
of ion transporters. Like populations of these cells make up the different tubule segments of
the nephron, which include the podocytes (P), neck (N), proximal convoluted tubule (PCT),
proximal straight tubule (PST), distal early (DE), corpuscle of Stannius (CS), distal late
(DL), pronephric duct (PD) and cloaca (C) (Fig. 1A) (Wingert, et al., 2007). By comparison,
the epithelial population of MCCs functions in fluid propulsion and they are dispersed in a
“salt-and-pepper” fashion within the tubule, located in the caudal portion of the PCT and
throughout the PST and the DE segments (Liu, et al., 2007; Ma and Jiang, 2007; Li, et al.,
2014). Transporter versus MCC fate choice is mediated by Notch signaling (Liu, et al.,
2007; Ma and Jiang, 2007), and recent work has also revealed that the transcription factor
mecom acts through the Notch signaling pathway to restrict MCC formation (Li, et al.,
2014). Further, RA signaling acts upstream to regulate the expression domain of mecom in
the renal progenitors and thereby promote MCC fate (Li, et al., 2014). However, much still
remains unknown about the other factors that regulate MCC identity.

To date, a complex renal transcription factor code has been established for the zebrafish
pronephros at 24 hpf (Wingert and Davidson, 2011), but the location of gene expression
does not necessarily discern functionality. In fact, the role(s) of most genes expressed in the
renal progenitors that form the pronephros are undetermined at present (Gerlach and
Wingert, 2013). Of these factors, etvba stood out to us as an intriguing candidate for MCC
development due to its expression in the central region of the developing nephrons (Wingert
and Davidson, 2011).

etvba is a member of the conserved family of E26 transformation-specific (ETS)
transcription factors, categorized within the polyomavirus enhancer activator 3 (Pea3)
subfamily (Oh, et al., 2012), which have been shown to have diverse roles in tissue
patterning and ciliogenesis (Wasylyk, et al., 1998; Kobberup, et al., 2007; Eo, et al., 2008;
Mao, et al., 2009; Znosko, et al., 2010; Chen, et al., 2013; Janesick, et al., 2013; Akagi, et
al., 2015). Furthermore, the mammalian homologue of etv5a, Etv5, is known to be required
for development of the murine kidney. Elegant genetic studies in the developing mouse
metanephros have identified important roles for Etv5, as well as Etv4, another Pea3
subfamily member, in development of the ureteric bud and nephric duct (the latter also
known as the Wolffian duct) (Lu, et al., 2009; Kurre, et al., 2010; Costantini, 2010;
Costantini and Kopan, 2010; Little and McMahon, 2012). In contrast, the possible roles of
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these factors in nephron patterning have not been investigated to date. Previous studies have
documented the homology between zebrafish etv5a and mammalian Etv5 (Chen, et al.,
2013), which suggests they are orthologous genes. Also, etvba is one of the few transcription
factors that map principally to a lone nephron segment at the 24 hpf stage (Wingert and
Davidson, 2011). However, the role of etv5a in zebrafish nephrogenesis has not been
examined until now.

Here, we confirm that etvba is expressed predominantly in the PST segment of the zebrafish
pronephros, and that etv5a expression correlates to the MCC domain within the tubule.
Through loss of function studies, we demonstrate that etv5a is required to promote MCC
identity. Interestingly, the deficiency of its related gene etv4 also caused reduced MCC
numbers that were further reduced when in double etv5a/etv4 deficient embryos, suggesting
redundancy between these factors. The overexpression of etv5a alone was not sufficient to
produce an MCC phenotype, adding further support to the notion that etv5a is just one target
in the developmental pathway of MCCs. Through a combination of traditional molecular
and chemical genetic approaches, we have placed etvba downstream of RA in promoting
MCC fate, where RA is a positive regulator of etv5a expression in the developing
pronephros. Further, we ascertained that Notch signaling inhibits etv5a to restrict MCC
identity. The concept that etvba is induced by RA and inhibited by Notch was supported by
the rescue of MCC density in etv5a morphants after treatment with exogenous RA, and by
inhibition of Notch via DAPT. Interestingly, the expression domain of etv4 suggests that this
factor may serve non-cell autonomous roles in renal progenitor development. Taken
together, these data reveal a novel role for etv5a in the ontogeny of MCCs in the zebrafish
pronephros, and indicate that further studies with etv4 will be useful in further defining the
mechanisms of MCC formation.

MATERIALS AND METHODS
Zebrafish husbandry

Zebrafish adults were maintained and cared for by the Center for Zebrafish Research at the
University of Notre Dame as described under protocols 13-021 and 16-025, and zebrafish
embryos were raised in E3 embryo media and fixed as described (Kimmel, et al., 1995).

WISH, flat mounting, and image acquisition

Whole-mount in situ hybridization (WISH) was performed as previously described
(Wingert, et al., 2007; Galloway, et al., 2008), with antisense RNA probes either
digoxigenin-labeled (etv5a, odf3b, centrin, slc4ada, slc12a3) or fluorescein-labeled
(smyhcl) that were synthesized as described using in vitro transcription with IMAGE clone
templates (Wingert et al., 2007; Wingert and Davidson, 2011). Embryos at the 15 somite
stage (ss) were flat mounted using a previously described protocol (Cheng, et al., 2014). All
images were taken at 4x and 20x magnification by using a Nikon eclipse Ni with a DS-Fi2
camera, and all figures were generated with Adobe Photoshop CS5.
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Morpholino knockdown

Antisense splice-blocking morpholino (MO) etv5a MO (5’-
ATACATTAGGGAGTACCTGTAGCTG-3’) (Mao, et al., 2009) (ZFIN Annotation MO1-
etv5a), start-site blocking etvba MO2 (5’-TCACCTGGGTCTTCAAAGAGGCTCC-3%)
(Chen, et al., 2013) (ZFIN Annotation MO5-etv5a), splice-blocking etvda MO (5’-
TTAAAAGTCTAATGTTTACCTCCTC-3’) (Mao, et al., 2009) (ZFIN Annotation MO2-
etv4), and start-site blocking etv4 MO2 (5’-ATCCATGCCTTAACCGTTTGTGGTC-3%)
(Znosko, et al., 2013) (ZFIN Annotation MO3-etv4) were purchased (Gene Tools, LLC) and
prepared to a 4 mM stock concentration that was stored at —20°C. Wild-type (WT) embryos
were injected with approximately 1 nL of etv5a MO (1:18), etvSa MO2 (1:15), etv4 MO
(1:10), etvd MO2 (1:10), or a combination of etva MO (1:18) and etv4 MO (1:10) and
examined at desired time points.

Dextran excretion assay

WT and etvba morphants were treated with 0.003% PTU/E3 around 24 hpf, then
anesthetized with 0.02% tricaine before 40 kDa dextran-fluorescein (FITC-dextran) from
Invitrogen was injected into a caudal somite at 48 hpf (Li, et al., 2014). After FITC-dextran
injection, embryos were washed and placed in fresh PTU/ES, then assessed for renal
function based on PCT endocytosis and dextran clearance with a fluorescent microscope
(Anzenberger, et al., 2006). Live fluorescent images were taken by mounting the embryos in
a solution of 2% methylcellulose/0.02% tricaine.

Fluorescent staining and imaging

Whole-mount fluorescent in situ hybridization (FISH) was combined with whole-mount
immunofluorescence (IF) to visualize MCCs and cilia in the pronephros of both WT and
etvba morphant embryos. FISH was performed as prescribed (Brend and Holley, 2009)
using an antisense RNA probe for odf3b that was digoxigenin-labeled. Embryos were
incubated in a solution of 1% H,0, in methanol to remove the first peroxidase (Brend and
Holley, 2009) before continuing with IF. Anti-acetylated a-tubulin was used to mark cilia
via IF (Jaffe, et al., 2010). Embryos were then mounted by removing the head and yolk ball
(Jaffe, et al., 2010) and imaged as z-stacks at 60x magnification with a Nikon C2 confocal
microscope.

Benzidene staining

To visualize blood flow, o-dianisidine staining was performed as described (Wingert, et al.,
2004; Wingert, et al., 2005; Dooley, et al., 2008; Fraenkel, et al., 2009). Representative
images of embryos were taken at 36, 48, 60, and 72 hpf with a Nikon eclipse Ni with a DS-
Fi2 camera.

MCC Quantification

Total MCC number was found by viewing 24 hpf embryos dorsally at the highest
magnification on a Nikon SMZ1000 stereomicroscope and counting all MCCs within both
nephrons as marked by odf3b or cetn4. MCC density was found by counting the MCCs on
one nephron in a 3-somite boundary at 20x magnification through a Nikon eclipse Ni with a
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DS-Fi2 camera. The area was outlined by the rectangle tool on Nikon imaging software and
had the dimensions 626.008 px(w) x 752.657 px(h). For both MCC number and MCC
density, at least 50 embryos were analyzed and averaged. Significance was determined by a
two-tailed student's t-test.

cRNA synthesis and microinjection of etv5a and etv5aacidic constructs

The zebrafish etvba open reading frame (ORF) was PCR amplified using high fidelity TAQ
polymerase from the Expand PCR kit (Roche) in combination with a PCR Mix solution (100
mM dNTPs, 1 M MgCly, 1 M Tris-HCI (pH 8.4), 4 M KCI, 1% Gelatin, 100 mg/mL BSA,
and sterile H,0) and primers (5’-
TGACGAATTCGCCGCCACCatggacggattttatgaccagcaagttccatttatggtcccacctaatcagaagtcatty
caagtggaggaaccatataac—-3’ and 5°-
gcgcattatgacgacgggtcttcgtatttagttgacggtggcgagceagtgtgtttctgggatgcectttccctgatggttacgtgtactga
CTCGAGTGAC-3’). The 100 bp forward primer was designed with a 4 bp anchor (bold
print) followed by the 6 bp EcoR1 sequence (italicized), the Kozak consensus (underlined),
and finally a sequence beginning at the etvba start site (lowercase). Alternatively, the reverse
primer contains the etvba stop sequence (lowercase), 6 bp Xhol sequence (italicized), and a
4 bp anchor (bold print). Amplified ORF was ligated into the pCS2 vector and transformed
into DH5a competent cells (Invitrogen). etv5a capped RNA (cCRNA) was synthesized using
the MMESSAGE mMACHINE SP6 Transcription kit (Ambion) and stored at —80°C.
Overexpression experiments were performed by injecting 220, 300, 400, and 500 pg/nL
etvba cRNA into WT embryos. For rescue experiments, a combination of 220 pg/nL with
either etvba MO (1:18) or etv5a MO2 (1:15) was injected into WT embryos. The
etvsalacidic construct was synthesized in a similar fashion, using the same reverse primer as
above, but with a forward primer (5’—

TGACGAATTCGCCGCCACC Catgtcggagagcttgatgtttcatggcccacccctggccaagatcaaacgggaactg
agtccctctaaagagctctcceec—3’) that has a 4 bp anchor (bold print), 6 bp EcCoR1 sequence
(italicized), the Kozak consensus (underlined), and the etv5a start sequence beginning after
the acidic domain of etv5a (lowercase). etv5a®acidic microinjection was done at 10 pg/nL.
For all overexpression, rescue, and etv5aacidic experiments, WT embryos were injected at
the one-cell stage with approximately 1 nL solution. All images are representative of at least
50 embryos.

Acridine Orange (AO) assay

AO (250 pg/mL) was diluted 1:50 in E3 without methylene blue to make a final working
solution. At the 24 ss, control and etv5a MO?2 injected embryo clutches were divided. Half
of the embryos were incubated at the 24 ss in AO working solution for 45 minutes under
foil, and then rinsed in E3. Representative embryos for both control and injected phenotypes
were mounted in 2% methylcellulose/0.02% tricaine and immediately imaged using a
fluorescent microscope. The second half of embryos were incubated in AO working solution
for 45 minutes under foil at the 30 ss, rinsed in E3, and then immediately imaged in 2%
methylcellulose/0.02% tricaine using a fluorescent microscope. Before imaging at the 24 ss
and 30 ss, embryos were quantified by similar amounts of cell death in the head.
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20-30 uninjected and injected embryos at the 28 ss were homogenized in 500 uL TRIZOL
(Ambion) and RNA was isolated according to manufacturer insructions. PCR amplification
was performed using the SuperScript® IV First-Strand Synthesis System (Invitrogen)
according to manufacturer instructions with the etvba primers (forward 5’-
TGATGTTTCATGGCCCACCCCTGGCCAAGATCAAACGGGAACTGAGTCCCTCCA
AAGAGCTCTCCCCCTGTAGCCAGGATAGAAGTCCCATGCCGTATGG and reverse
5-
CTAGGTTCGTTACTGAAGTGAGTTTCACGGTTCAGGGGTGGACAGGGCACTACA
AAGGGTGGGCTCTGGCTGTGGTGAGGGACACACGTCTGGTTGGGTG) designed to
amplify the region between exons 6 and 7, or etv4 primers (forward 5’-
ATGTGCCTGGCTGCCCATCCATGTACCATCACAACGAAGGCTACTCCAACCCAC
AGCACAACAGTGAAG and reverse 5’-
CTTTTGCATAATTCCCTTCTCATAATAGTAACGCAAAGAGCGACTCAGTTTGTCA
TAGTTCATGGCTGGACGGTTCTTCTGCATCCCCCAGAGTCTTGCC) designed to
amplify the region between exons 8 and 11. Products were isolated by agarose gel extraction
(Qiagen QIAquick Gel Extraction) and sequenced.

Chemical treatments

Both RA and DEAB (Sigma-Aldrich) were dissolved in 100% DMSO to make 1 M stock
solutions, as previously described (Wingert, et al., 2007; Lengerke, et al., 2011). For all RA
treatments, WT and etv5a morphants were incubated and protected from light in 1x10~7 M
RA/DMSO made with E3 from 60% epiboly to 24 hpf. The chemical was then washed off
and the embryos were fixed in 4% PFA. Embryos were incubated in the dark in 1.6x10™> M
DEAB/DMSO made in E3 for the same time period. For both RA and DEAB experiments,
control embryos were incubated in the dark in a solution of ZuL DMSO per 10 mLs E3.
DAPT (Calbiochem), the small molecule Notch inhibitor, was dissolved in 100% DMSO to
make a 10 mM stock solution as described (Li, et al., 2014). Embryos were incubated in the
dark with either 100 uM DAPT/DMSO made in E3 or DMSO in E3 from 90% epiboly to 24
hpf. At 24 hpf, the chemicals were washed off and the embryos were fixed. All chemical
treatments were fully penetrant and produced similar results between replicates. At least 50
embryos were treated and analyzed via WISH for all treatments, and representative images
were taken at 4x and 20x magnification with a Nikon eclipse Ni with a DS-Fi2 camera.

etvba length quantification

To measure etv5a domain length in the pronephros, the polyline tool on the Nikon imaging
software was used to trace the expression domain at 20x magnification. At least 50 embryos
were measured, and the average was found. Significance was determined by a two-tailed
student's t-test.
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RESULTS

Early expression of etvba transcripts in the renal progenitor field correlates to the
pronephros domains where MCCs later emerge

By the 28 somite stage (ss), or approximately 24 hpf, the zebrafish pronephros is comprised
of at least two functionally discrete epithelial cell types: transportive and MCCs (Gerlach
and Wingert, 2013). Transportive cells recover and secrete ions based on their expression of
ion transporters, and like populations make up the conserved nephron segments (Fig. 1A)
(Wingert, et al., 2007). MCCs function in fluid propulsion (Kramer-Zucker, et al., 2005),
and are dispersed in a “salt-and-pepper” fashion throughout the tubule, with the densest
populace located in the PST (Fig. 1A). Interplay between the Notch signaling pathway and
RA mediates epithelial cell fate during pronephric development, however much remains
unknown about the additional factors that regulate MCC identity (Liu, et al., 2007; Ma and
Jiang, 2007; Li, et al., 2014). Previous studies have demonstrated that expression of the
transcription factor etvba is restricted to the PST of the zebrafish nephron at the 28 ss
(Wingert and Davidson, 2011) and that etv5a is required for ciliogenesis in Kuppfer's vesicle
(Znosko, et al., 2010), but the functional role of etv5a in nephron patterning has not been
determined.

To gain further insights into the spatiotemporal expression of etv5a, and thus better consider
its possible task(s) during nephrogenesis, we performed additional gene expression studies
using whole-mount in situ hybridization (WISH) in wild-type (WT) zebrafish embryos. At
the 15 ss, the renal progenitor field is organized into rostral, central and caudal domains
(Wingert and Davidson, 2011). These domains can be visualized by performing WISH using
a riboprobe to detect the expression of solute carrier family 4 (sodium bicarbonate
cotransporter), member 4 (slc4a4a) in the proximal and central domains, and the marker
solute carrier family 12 (sodium/chloride transporter), member 3 (slc12a3) within the caudal
domain (Fig. 1B). In contrast, the MCC lineage, which is labeled specifically by odf3b,
cannot be detected via WISH at this time point (data not shown) (Liu, et al., 2007; Ma and
Jiang, 2007). Interestingly, we found that etv5a transcripts were expressed in renal
progenitors at the 15 ss, and were distinctly restricted to an area within the rostral and
central regions of the developing pronephros (Fig. 1B). Between the 20 and 28 ss, etvba
transcripts were strongly expressed in the PST segment, with faint expression in the directly
adjacent domains of the PCT and DE segments (Fig. 1C). The etvba expression domain in
the developing nephrons between 20-28 ss correlated with the expression domain of the
mature MCC marker odf3b (Fig. 1C). Interestingly, the odf3b domain was initially detected
in a small proximal region at the 20ss, which progressively became longer at the 24 and 28
ss (Fig. 1C), consistent with a sequence of advancing MCC differentiation within the
pronephros within the PCT, PST, and DE segments.

Earlier studies have demonstrated that the Etv5a protein in zebrafish has two functional
domains: a 5° acidic transcriptional activation domain and terminal ETS DNA-binding
domain (Fig. 1D) (Chen, et al., 2013), the latter of which forms a winged helix-turn-helix
(WHTH) motif that binds DNA elements approximately 10 basepairs long that contain the
motif GGAA/T (Dittmer and Nordheim, 1998). Additionally, etv5a belongs to the conserved
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ETS transcription factor family, which has been shown to have roles in tissue patterning as
well as in ciliogenesis (Wasylyk, et al., 1998; Kobberup, et al., 2007; Mao, et al., 2009;
Znosko, et al., 2010; Chen, et al., 2013; Janesick, et al., 2013). These previously described
functional roles of etv5a in tissue development, together with the early onset of etvba
expression before mature MCCs can be detected and the continued expression of etvba
throughout the MCC domain at later time points, led us to hypothesize that etv5a was
involved in MCC formation in the renal progenitor field.

etvba loss of function and kidney dysfunction

To investigate the possible requirement(s) for etv5a function during nephrogenesis, we used
a previously characterized splice-blocking morpholino (MO), etv5a MO (Mao, et al., 2009),
and a start-site blocking MO, etv5a MO2 (Chen, et al., 2013), to conduct a series of loss of
function studies. MOs were injected into WT embryos at the one-cell stage, and their
development was monitored over subsequent time points. Through the 72 hpf age, etvba
morphants were grossly normal, though they had slightly smaller heads, and we noted
subtle, diffuse tissue darkening in the central nervous system at approximately 24 hpf,
suggestive of possible cell death in this area (Fig. 2A; Fig. S1A). By 120 hpf, we noticed
that etv5a MO morphants had pericardial edema (Fig. 2A), which indicates fluid imbalance
and possible kidney dysfunction (Li, et al., 2014). At the minimum injection dosage of etvba
MO2 that was associated with alterations to cranial development, most embryos were not
edemic by 120 hpf (with 84% WT (158/188) and 16% edemic (30/188)) (Fig. S1A).
However, due to the presence of edema in the etvsa MO morphants, we performed o-
dianisidine staining to examine blood circulation and found that approximately 30% of the
morphants had abnormal blood pooling in the head (Fig. S1B, S1C). This observation is
consistent with the previous observation of defective blood vessel formation in etvba
deficient embryos (Chen, et al., 2013). Acridine orange staining revealed that etv5a deficient
embryos had slightly elevated cell death at the 24 and 30 ss (Fig. S2A; data not shown), an
aspect that was not examined at these explicit stages during previous characterization of
etvba knockdown (Chen, et al., 2013) (Fig. S2B; data not shown). Further, we utilized RT-
PCR to confirm knockdown with etv5a MO, and determined that this reagent led to
missplicing, generating transcripts that encoded truncated versions of the protein (Fig. S3).

To further assess kidney function in the context of etv5a deficiency, we injected
fluorescently labeled dextran (FITC-dextran) into 48 hpf morphant and control embryos to
analyze renal clearance and PCT endocytosis (Anzenberger, et al., 2006; Li, et al., 2014).
Both WT and etvba deficient embryos displayed FITC-dextran staining in the proximal
tubule, indicating functional PCT endocytosis (Fig. 2B). Unlike their control siblings,
however, etva MO morphants maintained overall fluorescence after the initial injection of
FITC-dextran (Fig. 2B), implying that etv5a deficient zebrafish embryos were incapable of
clearing significant dextran from the body. This further suggested altered renal function due
to the absence of etvba expression, though these phenotypic alterations could be a secondary
consequence of decreased cardiovascular flow and/or defects to fluid flow within the
pronephros.

Dev Biol. Author manuscript; available in PMC 2017 March 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Marra and Wingert

Page 10

Nevertheless, given the etv5a expression domain where MCCs emerge, and the role of
MCC:s in fluid propulsion, we wondered if MCC formation was altered in the absence of
etvba function. In order to ascertain the status of MCC development in the nephron tubule of
etvba morphants, we combined whole-mount immunofluorescence (IF) with whole-mount
fluorescent in situ hybridization (FISH) to concomitantly label MCCs based on odf3b
transcripts and the presence of a-tubulin which labels cilia (Fig. 2C). We discovered that
etvba morphants had fewer odf3b* cells than control siblings, however, all odf3b* cells were
associated with a-tubulin (Fig. 2C). This data suggests that etv5a morphants were capable of
developing mature MCCs, but that this cell type was reduced in number. This could
contribute to the phenotype of a fluid imbalance in etv5a deficiency, though systemic
defects in vascular flow likely impact overall osmoregulation.

etvba is required for MCC development

As etvba deficiency produced a kidney failure phenotype associated with decreased MCC
formation, we next further analyzed the morphants via WISH to characterize the role of
etvba in MCC pronephric development. We found that etv5a morphants, generated by the
microinjection of either etv5a MO or etv5a MO2 into WT embryos, displayed decreased
numbers of MCCs based on expression of the specific MCC markers cetn4 and odf3b (Fig.
3A, 3C, 3D). By close examination of the WISH-stained embryos in a dorsal aspect, we
were able to reliably count the total number of MCCs per embryo (Fig. S4). Overall, while
WT embryos develop an average of approximately 40-45 MCCs in the pronephros, etvba
deficiency was associated with formation of only approximately 28-30 MCCs, which was
equivalent to a highly significant ~33% reduction in MCC number (Fig. 3C, 3D).

Next, to further assess the effect of etvba deficiency, we utilized an independent knockdown
strategy. Prior work has established that abrogation of the acidic domain in etvsa, that
encodes one of the two functional domains of the Etv5a protein, causes a dominant-negative
effect when this variant is expressed during zebrafish embryogenesis (Chen, et al., 2013).
Thus, in addition to these two independent MOs, we also injected WT embryos at the one-
cell stage with capped RNA (CRNA) synthesized from a deletion construct (etv5afacidicy
where we removed the acidic domain of etv5a cDNA to generate a dominant-negative
reagent (Fig. 1C) (Chen, et al., 2013). In embryos injected with approximately 10 pg of
cRNA encoding the etv5a2acidic transcript, there was a significant decline in the number of
pronephros cells that displayed odf3b or cetn4 expression compared to WTs (Fig. 3A). This
decreased number of MCCs was similar to that seen in embryos injected with either etv5a
MO or etv5a MO2, with an average of approximately 28-30 MCCs formed, thereby
displaying around a ~33% reduction in MCC quantity (Fig. 3D). At the dosage of
etv5alacidic expression that was associated with significantly decreased MCC number, the
embryos also displayed the morphology of tissue darkening in the cranial area but did not
develop edema through the 120 hpf time point (Fig. S1A). At higher dosages of etv5a2acidic
expression, embryos displayed pericardial edema (20 pg) and expression was early
embryonic lethal at even higher dosages (50 pg) (data not shown). Taken together, the result
of etv5alacidic expression independently suggests that etv5a deficiency leads to the reduced
formation of MCCs in the pronephros.
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To further validate MO specificity as well as further examine the role of etv5a in MCC
development, we performed rescue experiments for each of the two MOs. Co-injection of
either etvba MO or etvba MO2 with etv5a cRNA was able to partially rescue the incidence
of MCC formation within the pronephros tubule (Fig. 3B), where quantifications revealed
that an average of approximately 35 MCCs were formed (Fig. 3D). This partial rescue was
significant, where MCC number was reduced by ~22% rather than the ~33% reduction
observed in etv5a morphants (Fig. 3D). These results suggest that our morpholinos
specifically target etv5a. Full rescue of the etv5a knockdown phenotype was precluded by
developmental delay and toxicity when with higher cRNA dosages were microinjected (data
not shown).

Additionally, we also conducted etvba overexpression experiments to explore whether
elevation of etv5a transcripts was sufficient to induce elevated numbers of MCCs within the
renal progenitors. In WT embryos injected at various doses (220, 300, 400, 500 pg/nL) with
cRNA encoding WT etvba, we did not observe a significant change in odf3b expression or
average MCC number when compared to the uninjected siblings (Fig. 3B, 3D). Together
with the loss of function data, these results suggest that etv5a is required for MCC
development, but that etv5a is not sufficient independently to promote MCC fate.

Redundancy between etv5a and etv4 during MCC formation in the zebrafish pronephros

Previous studies about the roles of ETS transcription factors during zebrafish ontogeny have
demonstrated that the closely related etv5a and etv4 family members have overlapping
functions in a number of tissues (Znosko, et al., 2010). Our discovery that etv5a deficiency
was associated with a partial decline in MCC numbers within the pronephros, corresponding
to an approximate 33% reduction, suggests that another factor(s) are involved in promoting
MCC fate choice. We hypothesized that etv4 was a possible candidate for regulating MCC
development along with etv5a given its broad expression pattern in the posterior mesoderm
during somitogenesis stages (Brown, et al., 1998; Miinchberg, et al., 1999; Roehl and
Nisslein-Volhard, 2001; Thisse and Thisse, 2004; data not shown).

To test whether etv4 deficiency affected MCC formation, we injected one-cell WT embryos
with either a splice-blocking etv4 MO (Mao, et al., 2009), that we found generated a
misspliced etv4 transcript that encoded a truncated peptide (Fig. S5), or a start-site blocking
etvd MO2 (Znosko, et al., 2010). MCC formation was then assessed in control embryos and
etv4 morphants by WISH using the specific marker odf3b (Fig. 4A). Compared to WTs, etv4
deficient embryos had significantly reduced MCC numbers (Fig. 4A, 4B; data not shown).
This reduction was similar to that observed with etv5a knockdown, in which there were
approximately 33% fewer MCCs within the pronephros (Fig. 4A, 4B; data not shown).

Given these findings, we next assessed the combined loss of function phenotype of etvba
and etv4 during MCC development. Dual knockdown of etv5a and etv4 led to a severe
reduction in MCC numbers, with an average total of approximately 15 MCCs within the
pronephros, or a ~66% loss of MCCs compared to WT controls (Fig. 4A, 4B; data not
shown). Taken together, these data indicate that etvba and etv4 are both required for normal
MCC development during nephrogenesis. Further, as etvba and etv4 are related members of
the Pea3 subfamily, which have been shown to share promoter targets in other contexts,
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these findings may suggest that etv5a/4 occupy redundant, overlapping roles in MCC
formation as well.

RA acts upstream of etvba to promote MCC fate

Because we determined that etvsa is required for MCC formation, we were next interested
to see where etv5a fit into the known MCC developmental pathway. Previous research has
demonstrated that RA promotes MCC fate, where the either reduction or blockade of RA
synthesis leads to the reduction or abrogation of MCC formation in the pronephros,
respectively (Li, et al., 2014). Further, elevation of RA levels is sufficient to increase the
MCC number and domain size during nephrogenesis (Li, et al., 2014). These observations
support a model in which RA is an early-acting regulator of MCC fate (Li, et al., 2014). At
present, the molecular mechanism(s) by which RA regulates MCC formation remain
unknown. However, RA is postulated to entail direct or indirect interaction on MCC target
genes that include the transcription factor mecom, whose activity regulates Notch signaling
to restrict MCC number in the pronephros (Li, et al., 2014).

To examine the epistatic relationship between RA and etv5a, we utilized chemical genetics
(Wingert, et al., 2007). Either exogenous RA at a concentration of 1 x 10~ M or the small
molecule RA biosynthesis inhibitor DEAB at a concentration of 1.6 x 10~ M was added to
WT and etvba MO injected embryos at 60% epiboly, and embryos were raised to the 24 hpf
stage for expression studies. Compared to WTs, RA-treated embryos possessed a
significantly expanded etvba domain (Fig. 5A, 5B). This suggests that RA positively
regulates etvba. Consistent with this interpretation, embryos treated with DEAB displayed
an abrogation of etv5a expression in the pronephros (Fig. 5A). In sum, these experiments
suggest that RA signaling promotes etv5a expression and is requisite for etv5a expression in
renal progenitors during nephrogenesis.

Similarly, the MCC domain as marked by odf3b was also expanded in etv5a morphants
treated with RA, and was dramatically reduced in DEAB treated embryos (Fig. 5C, 5D).
Although RA-treated morphants had reduced odf3b expression via WISH when compared to
control RA-treated siblings (Fig. 5C), exogenous RA did rescue morphant MCC density to
the control value (Fig. 5D). These data suggest that etv5a responds to RA signaling, but that
etvba is just one target of RA in MCC development.

In addition, we explored whether the expression pattern of etv4 is affected by alterations in
RA levels. While etv4 displays a broad expression pattern in the posterior mesoderm during
somitogenesis stages, which includes the somatic mesoderm and tailbud mesoderm, etv4
transcripts have not been detected explicitly in the renal progenitors that give rise to the
pronephros through to the 24 hpf stage (Brown, et al., 1998; Miinchberg, et al., 1999; Roehl
and Nsslein-Volhard, 2001; Thisse and Thisse, 2004; data not shown). We observed that
WT embryos treated with exogenous RA (1 x 10~/ M) or the RA inhibitor DEAB (1.6 x
1075 M) from 60% epiboly to the 24 hpf stage did not evince specific expression of etv4 in
the pronephros, similar to controls (Fig. S6). Taken together, these observations suggest that
etv4 likely acts non-cell autonomously to regulate MCC development, although it is also
possible that etv4 transcripts are expressed at low levels within the renal progenitors that are
not readily detectable by WISH above the level of background staining.
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Notch signaling inhibits etv5a to restrict MCC development

In contrast to RA, Notch signaling promotes transportive cell identity by restricting MCC
fate through a mechanism of lateral inhibition between neighboring renal progenitors in the
pronephros (Liu, et al., 2007; Ma and Jiang, 2007). Further, Notch signaling was found to
act downstream of RA to mitigate epithelial cell type development in the pronephros (Li, et
al., 2014). Thus, we next sought to establish the relationship between etv5a and Notch
during nephrogenesis.

To determine whether Notch inhibits etvba, we treated WT embryos with DAPT, a small
molecule gamma secretase inhibitor, from 90% epiboly to 24 hpf (Li, et al., 2014). The
etvba expression domain was expanded in DAPT-treated embryos compared to DMSO-
treated control siblings (Fig. 6A). To quantify this phenotype and assess significance, we
measured the etvba domain length in WT controls and DAPT-treated embryos (Fig. 6B). We
found that Notch inhibition was accompanied by a significant increase in etv5a domain
length compared to WT (Fig. 6B), suggesting that one role of Notch signaling is to restrict
the etvba domain.

Given these findings, we also examined whether inhibition of Notch signaling had any
effects on the expression levels of etv4 within the pronephros. Compared to WT controls,
however, DAPT-treated embryos displayed no changes in etv4 expression at the 24 hpf stage
(Fig. S6). This is similar to our previous findings that altered RA levels did not lead to
changes in etv4 transcripts within the pronephros (Fig. S6). In sum, these observations
indicate that many further studies are needed to address the complexities as to how etv4
expression is regulated to control MCC fate choice among renal progenitors.

Finally, to further investigate the interaction between Notch and etv5a in MCC
development, we treated etv5a morphants with DAPT from 90% epiboly to 24 hpf. Similar
to the etvba domain, DAPT-treated morphants had an expanded odf3b domain (Fig. 6A).
Although etv5a morphants treated with DAPT had a MCC density that surpassed both the
untreated morphants and control, Notch inhibition could not increase MCC density in the
morphants at the same level seen in the DAPT-treated controls (Fig. 6C). These data further
support that etv5a is required to promote MCC fate, but that it is not the only factor in the
developmental pathway.

DISCUSSION

Identification of the mechanisms that influence fate decisions of renal progenitors has broad
implications for understanding the processes of kidney development and regeneration
(McCampbell and Wingert, 2014). Herein, we have described novel roles for etvba and etv4
in mediating MCC fate during zebrafish nephrogenesis, thus adding several new aspects to
the known genetic pathways that regulate MCC development in the pronephros (Fig. 7).

Firstly, the presence of etv5a transcripts in renal progenitors, followed by correlative
expression domains of etvba and odf3b in the developing tubule through the 24 hpf stage,
led us to hypothesize that etv5a is involved in MCC patterning. The data presented here
establishes the relationship between etv5a and several key MCC signals, and are consistent
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with a model in which etv5a is a target of RA to promote MCC fate, while Notch signaling
restricts etvba to limit MCC identity (Fig. 7). Indeed, both exogenous RA and Notch
inhibition are able to restore MCC density in etv5a morphants. Interestingly, the loss of
etvba resulted in a ~33% reduction of MCC number, similar in magnitude to its related
family member etv4, a gene expressed broadly in the posterior mesoderm (Thisse and
Thisse, 2004; data not shown). Further, dual etv5a/4 deficiency led to a more severe 66%
reduction in MCC formation. These findings suggest that both etv genes are required to
promote MCC development (Fig. 7), though whether they participate in a common pathway
or represent distinct pathways will require additional studies to resolve.

Intriguingly, our present data suggests the possibility that etv4 may serve non-cell
autonomous roles that impact MCC fate choice in the kidney. Based on the explorations of
RA and Notch signaling reported herein, it remains unresolved whether the activities of
these pathways regulate etv4 in tissue(s) that are relevant to pronephros development. Many
more studies are needed to assay when changes in etv4 activity affect renal progenitors, and
which tissue(s) are involved. A clear limitation on our work is the reliance on the detection
of transcripts by WISH, which may have alternatively limited the ability to resolve etv4
expression changes within renal progenitors, and thus future work with detection of
transcripts using signal amplification is likely to be useful in addressing this aspect further.

By comparison, it is reasonable to hypothesize that Etv5a likely acts within MCC
precursors, given the striking expression pattern of its gene transcripts in renal progenitors.
The observation that the overexpression of etv5a alone was insufficient to increase MCC
numbers, however, supports the additional conclusion that other factors contribute to the
developmental pathway mediating epithelial cell fate within the nephron tubule. However,
more studies are needed to discern other possible players in the MCC pathway. Continued
analysis of etvba/4 and other relevant genes during zebrafish renal development will greatly
benefit from mutant models created through genome editing. While our morpholino
experiments are supported by an assortment of controls including analysis of changes in
transcript splicing, rescues, and dominant-negative studies, the ability to analyze compound
deficiencies is limited by toxicity of complex cocktails of microinjection reagents. Thus,
mutant models will enable these constraints to be overcome in several regards in future
studies.

In addition, while etv5a deficiency led to fewer MCCs, further physiological studies are
needed to determine whether alterations in fluid balance in these embryos are impacted due
to the overall reduction in pronephros MCC number. Based on the reduced MCC number
observed in the present studies, and the prior observations of vascular defects in the context
of etv5a deficiency (Chen, et al., 2013), we favor the hypothesis that overall fluid
homeostasis is disrupted due to a complex interplay of defects stemming from multiple
tissue alterations. Studies examining tissue-specific abrogation of etv5a would be necessary
to begin to distinguish individual organ contributions to fluid imbalance during
embryogenesis. Nevertheless, future studies to examine the role of etv5a in mechanisms of
MCC differentiation and functionality are also valuable, as they could provide further
insights into the pathways that regulate ciliogenesis, for example.
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MCCs and their roles in diverse animal tissues

Diverse tissues within the vertebrate body contain MCCs, however, the genetic mechanisms
that control MCC formation remain only partly understood, making them a fascinating area
of research (Brooks and Wallingford, 2014). For example, in mammals MCCs line the
airway epithelium where they drive the fluid movement of mucus (Wanner, et al., 1996),
and MCCs are also located in the brain, on the surface that lines the ventricle where they
propel cerebrospinal fluid (Worthington and Cathcart, 1963). Given these locations, MCCs
have been challenging to study, though a useful model has been the Xenopus epidermis
(Nokhbatolfoghahai, et al., 2005), which has facilitated live imaging of MCCs (Werner and
Mitchell, 2012).

MCC:s are also known to exist in the kidney of many species, documented based on the
appearance of cells with cilia displaying a 9+2 microtubule pattern. Motile cilia are found in
the excretory systems of many lower vertebrates, such as planarians, where they are
essential to drive fluid flow into and through the tubules (Vu, et al., 2015). In the hagfish,
classified today as an elementary vertebrate, the proximal nephron tubule contains epithelial
cells with the 9+2 pattern (Fawcett and Porter, 1954). Among vertebrate species, the
elasmobranch known as the spiny dogfish possesses cells with numerous cilia in the
collecting ducts (Lacy, et al., 1989). In contrast, in the adult human kidney, MCCs have not
been described to exist during healthy conditions but have been noted in biopsies obtained
from patients with an assortment of pathological renal conditions, ranging from those with
various forms of the nephrotic syndrome or hypercalcemia, for example (Datsis and
Bowman, 1974; Duffy and Suzuki, 1968; Hassan and Subramanyan, 1995; Katz and
Morgan, 1984; Ong and Wagner, 2005). These observations suggest that understanding the
mechanisms of MCC formation is likely to be relevant to clinical aspects of renal disease.
However, a role for MCCs during kidney development may exist, as histological studies
have observed multiple cilia in the metanephric tubules of human fetus samples (Katz and
Morgan, 1984; Zimmerman, 1971). Interestingly, there has been speculation that the absence
of MCCs in higher vertebrates, including both mammals and birds, coincides with an
elevation in blood pressure that made the fluid flow role of MCCs unnecessary and led to
their evolutionary loss (Marshall, 1934; Vu, et al., 2015).

The zebrafish pronephros provides a genetic model to study MCC development in renal
tissue, as MCCs can be readily observed unlike the challenges of MCC visualization within
analogous internally located vertebrate organs. A growing list of zebrafish studies has
identified genetic regulators of MCC formation, ranging from transcription factors like
mecom (Li, et al., 2014) to microRNAs. Regarding the latter, recent studies have
demonstrated that miR-34b is enriched in MCCs of the zebrafish pronephros as well as in
other organs (Wang, et al., 2013). In their study, the data suggest that miR-34b acts through
v-myb avian myeloblastosis viral oncogene homolog (myb) to promote multiciliogenesis, a
pathway that when impaired led to defects in the formation of cilia bundles (Wang, et al.,
2013). At present, it remains unclear if etv5a interacts with mecom, miR-34b or myb to
promote MCC identity in the pronephros.
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Mechanisms of etv5a/4 regulation and function during zebrafish pronephros patterning

As described previously, in the zebrafish, etv5a belongs to the ETS transcription factor
family, which also includes closely related etv5b and etv4 (Kudoh, et al., 2001; Roussigne
and Blader, 2006; Znosko, et al., 2010). Zebrafish etv5b shares about 70% homology with
its paralog etv5a, though sequence and syntenic analyses suggest that etvsa is more similar
to other vertebrate Erm/Etv5 genes and therefore is held to be orthologous to mammalian
Etv5 (Chen, et al., 2013). Expression of etv5b during embryogenesis has been documented
in numerous embryonic tissues, of which include the neural plate, developing central
nervous system, and gut; however, etvsb has not been documented in the pronephros
(Minchberg, et al., 1999; Roehl and Nsslein-Volhard, 2001; Thisse, et al., 2001).
Similarly, etv4 is expressed broadly during early somitogenesis throughout the trunk
mesoderm, and at later stages high transcript levels are localized to the paraxial mesoderm,
notochord, pancreas, and pectoral fin buds (Brown, et al., 1998; Miinchberg, et al., 1999;
Thisse and Thisse, 2004). In previous zebrafish studies, etvba loss of function in
combination with other ETS family members resulted in more severe phenotypes than etv5a
knockdown alone (Znosko, et al., 2010), similar to our findings in the present work with
etvba and etv4. Whether etv5b also has redundant activities in the pronephros to mediate
MCC formation remains to be determined. Thus, future studies are needed to explore if
multiple ETS transcription factors are relevant to MCC pattern formation and to elucidate
functional redundancies or specializations.

There is also rich evidence that etv5a and its family members are downstream of FGF
signaling in a myriad of tissues (Raible and Brand, 2001; Roehl and Nusslein-Volhard,
2001; Mao, et al., 2009; Znosko, et al., 2010; Little and McMahon, 2012; Janesick, et al.,
2013). In particular, research has demonstrated that etv5b and etv4 expression is completely
lost after treatment with a pan-FGF inhibitor SU5402 (Roehl and Niisslein-Volhard, 2001).
Additionally, a more recent zebrafish study demonstrated that ETS transcription factors
respond to both RA and targets of FGF signaling (Janesick, et al., 2013). Therefore, how
FGF signaling impacts etv5a, etv4 and MCC formation will be important to investigate in
future studies as well.

Finally, research has shown that Notch signaling restricts MCC fate through lateral
inhibition and the transcription factor mecom (Liu, et al., 2007; Ma and Jiang, 2007; Li, et
al., 2014). Previous studies have shown that mecom acts as a regulator of both nephron
segmentation patterning and MCC development (Li, et al., 2014). The data presented in this
paper allows us to hypothesize that there may be an interaction between etv5a and mecom,
however it is unclear if this is direct or through Notch. It will be interesting to determine the
relationship between these factors and to elucidate how/if their combined activity promotes
MCC fate at a molecular level. One potential mechanism might entail the regulation of
transcription factors known to be involved in ciliogenesis, such as forkhead box Jla (foxjla)
or regulatory factor X, 2 (rfx2) (Znosko, et al., 2010).

The Etv5 and Etv4 transcription factors in the mammalian kidney

Both Etv5 and Etv4 impact ureteric bud formation during murine metanephric kidney
formation (Lu, et al., 2009; Kurre, et al., 2010; Costantini and Kopan, 2010; Little and
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McMahon, 2012). Interestingly, studies in the mouse have revealed that Etv5 and Etv4 are
expressed in both the ureteric bud tip cells and the metanephric mesenchyme, and that these
genes are jointly essential for kidney development. While individual knockouts of these
genes did not disrupt renal ontogeny, mice with combined genetic deficiency of these Etv
factors have severe defects. Namely, Etv4—/— and Etv5+/— compound mutants show renal
agenesis and/or dysplasia, and double homozygote mutants fail to develop kidneys
altogether (Lu, et al., 2009; Kurre, et al., 2010). Through a series of studies including
metanephric organ culture, Etv4—/— and Etv5+/— compound mutant kidneys were found to
undergo reduced ureteric bud branching, revealing that these genes are essential for normal
branching morphogenesis (Lu, et al., 2009). However, the functional role(s), if any, of these
Etv factors in nephron patterning have not been addressed.

Interestingly, researchers of the genitourinary developmental molecular anatomy project
(GUDMAP) consortium have annotated the expression of both Etv5 and Etv4 within the
developing mouse metanephric nephrons. There, Etv5 transcripts mark nephrons at the S-
shaped body stage, or early nephron, and Etv4 expression has been annotated in the renal
vesicle, comma and S-shaped nephron. These observations raise the possibility that these
ETS transcription factors may have functions during mammalian nephrogenesis. It will be
intriguing to ascertain such roles, as they could potentially entail the processes of epithelial
cell fate decisions and/or ciliogenesis, and may impact our understanding of congenital
kidney defects, such as CAKUT or other kidney diseases.
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C cloaca

CAKUT congenital and acquired diseases of the urinary tract
cetn4 centrin 4

cRNA capped RNA

CS corpuscle of Stannius
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DAPT N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-
butyl ester
DE distal early
DEAB 4-diethylaminobenzaldehyde
DL distal late
ETS E26 transformation-specific
etv4 ets variant 4
etvba ets variant 5a
etvsb ets variant 5b
FISH fluorescent in situ hybridization
hpf hours post fertilization
IF immunofluorescence
IM intermediate mesoderm
MCC multiciliated cell
MO morpholino
N neck
odf3b outer dense fiber of sperm tails 3b
ORF open reading frame
P podocyte
polyomavirus enhancer Pea3
activator 3
PCT proximal convoluted tubule
PD pronephric duct
PST proximal straight tubule
RA retinoic acid
SS somite stage
WISH whole-mount in situ hybridization
WT wild-type
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- zebrafish renal progenitors show regionalized etv5a expression in multiciliated cell
precursors

- etvba deficiency leads to reduced MCC formation that can be rescued by etvba
overexpression

- etv4 deficiency leads to reduced MCC formation and etv5a/4 knockdown leads to a
dramatic reduction in MCC number

- retinoic acid signaling positively regulates etvba expression during MCC formation

- Notch signaling negatively regulates etv5a expression during MCC formation
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Figure 1. etv5a transcripts show early expression in the renal progenitor field where the MCC
domain later emerges

(A) Schematic of the fully segmented zebrafish pronephros at 24 hpf, shown in both a lateral
and dorsal view. Enlargement depicts the somite map of transporter cell segments and the
MCC domain. (B) WISH at the 15 ss reveals that the etvba (purple) expression domain
correlates to the rostral and central regions of the renal progenitor field, demarcated by the
marker slc4ada (purple). slc12a3 (purple) denotes the caudal region, and somites are stained
by smyhcl in red. Black brackets highlight etv5a, slc4ada, and slc12a3 expression domains
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in the pronephros. (C) The expression domain of etvba is restricted in the proximal tubule
during nephrogenesis, where the MCC domain, marked by odf3b (purple), expands. Insets
show magnified view of etv5a and odf3b domains in the pronephros, denoted by the black
bars. At the 28 ss, the etv5a domain is largely restricted to the PST (black bar), with weak
expression in neighboring pronephros segments (black dots). The expression domain of
odf3b at the 28 ss stage spans a caudal portion of the PCT (black dots), the PST (black bar),
and the DE segment (black dots). (D) Schematic of etv5a cDNA depicting the two
functional domains, acidic (light green) and ETS (dark grey), of the Etvba protein.
Abbreviations: P (podocyte), N (neck), PCT (proximal convoluted tubule), PST (proximal
straight tubule), DE (distal early), CS (corpuscle of Stannius), DL (distal late), PD
(pronephric duct), C (cloaca), ss (somite stage), etv5a (ets variant 5a), slc4ada (solute
carrier family 4 (sodium bicarbonate cotransporter), member 4a), slc12a3 (solute carrier
family 12 (sodium/chloride transporter), member 3), smyhcl (slow myosin heavy chain 1),
odf3b (outer dense fiber of sperm tails 3b), TAD (transactivation domain).
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Figure 2. etvSa morphants have possible kidney dysfunction
(A) Live time course demonstrates the formation of an edema (black arrowhead), indicative

of fluid imbalance and possible renal dysfunction, by 120 hpf in etv5a morphants (etv5a
MO) compared to control siblings. etv5a morphants also have a smaller, darker head (black
arrow) than the control embryos. (B) Control embryos demonstrate proper renal function by
clearing FITC-dextran over time. etv5a morphants continue to accumulate fluorescence
(white arrow), suggesting improper renal clearance. White asterisks denote uptake of
dextran by the PCT of both the control and etv5a morphant. (C) Whole mount IF in
combination with FISH demonstrates that etv5a morphants have fewer odf3b* cells (red)
than control siblings at 24 hpf. Insets show digital zoom of single odf3b* cells (white
arrowhead) associated with multiple cilia (green) marked by a-tubulin in both the control
and etvba morphants. Nuclei are stained by DAPI in blue. Abbreviations: MO (morpholino),
hpf (hours post fertilization), hpi (hours post injection).
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Figure 3. etvba is required for MCC development
(A) At 24 hpf, WISH analysis demonstrates etvba loss of function via morpholino (MO)

knockdown (etv5a MO, etvsa MO2) and deletion of the acidic domain (etv5afacidic) resulted
in reduced expression of the MCC markers odf3b and centrin 4 (cetn4) (purple) in the
pronephros. Insets are a magnification of the MCC domain in both a lateral (top) and dorsal
(bottom) view. (B) odf3b expression via WISH in 24 hpf embryos co-injected with etvba
capped RNA (cRNA) and each morpholino (MO) was not as reduced as MO injection alone.
Injection of etvba cRNA also did not produce a great change in odf3b expression in the
pronephros. (C) Quantification demonstrates a significant decrease in average MCC number
for cetn4 in all three etv5a knockdown versions. (D) etv5a loss of function (etv5a MO, etvba
MO2, and etv5a2¢idicy produced a significant reduction in the average MCC number
compared to the control, as marked by odf3h. Co-injection of etva cRNA and MO partially
rescued the MCC phenotype seen in embryos injected with MO only, where injection of
etvba cRNA alone did not produce a significant change in average MCC number compared
to the control. Images and quantification are representative of at least 50 embryos, and error
bars denote standard error. P-values: *****p<0.001, ****p<0.002, **p<0.02
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Figure 4. Redundancy between etv5a and etv4 in MCC formation
(A) In embryos injected with either etvSa MO, etv4 MO, or a combination of etvba MO and

etvd MO, there is reduced expression of odf3b (purple), where the greatest loss appears in
the absence of both etv5a and etv4 transcripts. (B) A significant decrease in average MCC
number results in the loss of etv5a, as well as the loss of etv4. Injection of etvba and etv4
together caused a greater decrease in the average number of MCCs. Representative images
are shown for the quantified groups (n>50 for each), and standard error is depicted by the
error bars. P-values: *****p<(.001, ****p<0.002
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Figure 5. RA signaling acts upstream of etvba to promote MCC fate
(A) WISH analysis on 24 hpf embryos demonstrates an increased etvba expression domain

after treatment with exogenous retinoic acid (+RA). Conversely, treatment with the pan-RA

inhibitor DEAB completely ablates etvba expression in the pronephros. Insets show a
magnified view of the pronephros, where black bars denote the etv5a domain. (B)

etv5a MO + RA

etv5a MO + DEAB*
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Exogenous RA significantly increased average etv5a length (um) in the pronephros, but

etvba expression is lost after DEAB treatment. (C) Exogenous RA increases odf3b
expression in both control and etv5a morphant embryos (etv5a MO), however etvba

morphants still appear to have a reduction of odf3b transcripts when compared to control
siblings analyzed by WISH. odf3b expression is greatly reduced in both control and etv5a
morphant embryos treated with DEAB. A magnified lateral (top) and dorsal (bottom) view

of the odf3b domain is presented in the insets. (D) Quantification shows a significant
increase of average MCC density/somite in etv5a morphants + RA compared to etv5a

morphants, and that treatment with RA rescues average MCC density in etv5a morphants to
the control value. Morphants treated with DEAB have a significantly lower MCC density/
nephron* than control embryos treated with DEAB. At least 50 embryos were analyzed for

each treatment, and the error bars represent standard error. P-values: *****p<0.001
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Figure 6. Notch signaling acts upstream to inhibit etv5a and restrict MCC fate
(A) WISH staining demonstrates expanded etv5a and odf3b domains after treatment with the

Notch-inhibitor DAPT. A magnified lateral view of the etvba domain with expression
denoted by the black bars can be seen in the insets. odf3b domain is shown both laterally
(top) and dorsally (bottom) in the insets. (B) Quantification of etv5a expression length (um)
in the pronephros shows a significant increase in DAPT-treated embryos. (C) MCC density
is significantly increased in control and etv5a morphants (etv5a MO) both treated with
DAPT, however there is still a significant difference in MCC density between DAPT and
etvba MO + DAPT embryos. Error bars represent standard error. P-values: *****p<0.001;
**p<0.10
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Figure 7. Working model of etv5a AND etv4 function in MCC patterning during nephrogenesis
Interplay between retinoic acid (RA), etv5a, and Notch signaling in the renal progenitor field

mediates multiciliated cell (MCC) formation during nephrogenesis. etvba responds
downstream of RA signaling to promote MCC fate, although it is likely that etv5a is not the
only target of RA in this pathway. Conversely, Notch signaling inhibits etvba activity to
restrict MCC formation and favor transportive cell identity. In addition, etv4 promotes MCC
fate, although it is not resolved if etv4 acts within renal progenitors or neighboring tissues,
and whether other known MCC specification factors impact etv4 in other embryonic locales
to affect pronephros development. Abbreviations: P (podocyte), N (neck), PCT (proximal
convoluted tubule), PST (proximal straight tubule), DE (distal early), CS (corpuscle of
Stannius), DL (distal late), PD (pronephric duct), C (cloaca).
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