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Abstract

Specialized renal epithelial cells known as podocytes are essential components of the filtering
structures within the kidney that coordinate the process of removing waste from the bloodstream.
Podocyte loss initiates many human kidney diseases as it triggers subsequent damage to the
kidney, leading to progressive loss of function that culminates with end stage renal failure.
Podocyte morphology, function and gene expression profiles are well conserved between zebrafish
and humans, making the former a relevant model to study podocyte development and model
kidney diseases. Recently, we reported that whole genome sequencing of the zegpelin (zep)
zebrafish mutant, which exhibits podocyte abrogation, revealed that the causative lesion for this
defect was a splicing mutation in the breast cancer 2, early onset (brca2) gene. This was a
surprising and novel discovery, as previous research on brcaZ?/BRCAZin a number of vertebrate
animal models had not implicated an explicit role for this gene in kidney mesoderm development.
Interestingly, the abrogation of the podocyte lineage in zep mutants was also accompanied by the
formation of a larger interrenal (IR) gland, which is analogous to the adrenal gland in mammals,
and suggested a fate switch between the renal and inter renal mesodermal derivatives. Mirroring
these findings, knockdown of brca2also recapitulated the loss of podocytes and increased IR
population. In addition, brca2 overexpression was sufficient to partially rescue podocytes in zep
mutants, and induced ectopic podocyte formation in wild-type embryos. Interestingly,
immunofluorescence studies indicated that zep mutants had elevated P-h2A.X levels, suggesting
that DNA repair is dysfunctional in these animals and contributes to the zep phenotype. Moving
forward, this unique zebrafish mutant provides a new model to further explore how brca2
contributes to the development of tissues including the kidney mesoderm—roles which may have
implications for renal diseases as well.
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Introduction

The classic tumor suppressor genes BRCAI, DNA repair associated and BRCAZ, DNA
repair associated (BRCAI1 and BRCAZ) have risen to notoriety as they are two of the most
frequently mutated genes found in hereditary breast cancer tumorsl!: 2. The BRCA1/2
proteins play central roles in repairing double-stranded breaks in DNA through mediating
homologous recombination in somatic cells and meiotic recombination in germ cells, where
they prevent the accumulation of genetic errors(3 41, People with severe heterozygous
genetic mutations in BRCA1 and BRCAZ have increased susceptibility to cancer because
the dysfunction of these proteins has widespread and catastrophic results that promote
genome instability[1~4]. While genetic mutations of BRCA1 and BRCAZ2 are widely
recognized to increase the risk of breast and ovarian cancers, mutations in these critical
genes have also been linked to tumor formation in dozens of other cancer types including
prostate, melanoma, pancreatic, and kidney among others[.

Additionally, the inheritance of homozygous copies of mild mutations in BRCAZ, which is
also known as FANCDI, results in Fanconi anemia (FA), a rare recessive disease that has
been associated with 22 genes to datel5-8l. The products of the FA genes all participate in
DNA damage repairl6-8]. FA is a phenotypically heterogenous condition, which is
characterized by anemia and congenital malformations that range in severity and can involve
any of the organ systems, though approximately one-third of patients do not exhibit major
malformations!9-13], FA patients also have increased risk for cancer due to their inherent
genome instability: 20% or more develop malignancies, where acute leukemia is by far the
most common pathology!®-131. While the effects of BRCA2 mutations have been extensively
studied in the cancer field, the impact of these mutations in the early developmental context
of FA has been less scrutinized. Thus, there is an unmet need to understand why FA patients
present with pleiotropic abnormalities of the skeletal, cardiac, nervous, gastrointestinal and
renal systems, and how these phenotypes could be prevented, lessened, or cured®1. In part,
this has been hampered because of limitations in existing animal models, as homozygous
null BRCAZ mutations in mice are embryonic lethal, highlighting the need for alternative
models like tissue-specific conditional knockouts14-161, Further, as tumors are capable of
activating long-dormant developmental pathways, exploring the roles of tumor suppressors
in developmental models can provide unique insights that may highlight new therapy
options.

One vertebrate animal model that has risen in popularity for developmental genetics and
disease research, including cancer and the FA genes, is the zebrafish, Danio reridX7-22], This
small freshwater fish has a number of attributes that have fostered its husbandry in a
laboratory setting and use as an experimental system[17]. These traits include high fecundity,
as large clutches (100-200 embryos or even several hundred more) can be obtained weekly
from a single pair of healthy breeding adults. The embryos are transparent and develop
externally from the parents, making them tractable for research at all stages of ontogeny, and
ideal for high-throughput genetic and chemical screens due to their size and ability to obtain
large sample sizes. Organogenesis occurs rapidly in zebrafish[23], and the ease of
visualization of the developing tissues is a unique advantage that is unrivaled in comparison
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to other vertebrate models. As there is considerable genetic conservation between the
zebrafish and humans(24], many biological aspects are highly similar or even have direct
relevance, which has opened many possibilities for translating zebrafish research findings
into new biomedical applications!2].

The embryonic kidney is just one essential organ that can be visualized in the zebrafish
embryo at 24 hours post fertilization (hpf), known at this stage as the pronephrosl28]. The
pronephros has a simple anatomy, with two nephron functional units that perform excretory
tasks beginning by the 48 hpf stage[27]. The rapid formation of the pronephros has facilitated
a steadily expanding literature in which many fundamental aspects of renal ontogeny have
been examined along with the establishment of powerful kidney disease models28-31],
Recent work on zebrafish kidney development has revealed insights ranging from the control
of cell fate decisions to the mechanics underlying tubulogenesis, and morphological
processes involving collective cell migration[32-43]. These exciting advances have been
fostered by the formulation of advanced cell, molecular, and imaging techniques along with
methods of transgenesis and genome editing[44-481,

The adult human kidney is comparatively much more complex, being composed of several
hundred thousand to upwards of over 1 million nephron functional units4%l. Fundamentally,
however, human and zebrafish nephrons exhibit a shared organization wherein a variety of
specialized epithelial cells form three distinct functional zones, known as the blood filter,
tubule and ductl49: 501, Each nephron part accomplishes explicit tasks that regulate excretion
and osmoregulation, such as the various tubule segments wherein groups of different
epithelial cells perform the absorption and secretion of metabolites4% 501, The blood filter,
also termed the renal corpuscle, is comprised of a glomerulus housed within the Bowman’s
capsulel®L: 521, The glomerulus forms an intricate sieve that sends filtrate into the capsule
and then into the nephron tubule where it will be refined to recover essential nutrients before
excretion of the solution. The glomerulus is a capillary tuft where fenestrated endothelial
cells make up the capillary walls, and mesangial cells, a type of modified smooth muscle
cell, lie between the capillaries. As the blood passes into the capillaries, a filtrate solution
from the circulation traverses the capillaries and is percolated through a surrounding
glomerular basement membrane (GBM) on which the specialized epithelial cells known as a
podocytes are situated. Podocytes are characterized by an octopus-like morphology with a
cell body that has long, intricate cell extensions known as foot processes, in which protein
complexes form interlocking structures that connect with neighboring podocytes, termed the
slit diaphragm. The integrity of the slit diaphragm and maintenance of podocyte attachment
to the GBM are among the essential components of each nephron filtration apparatus.

As such, damage to podocytes results in a compromised filtration system and can initiate a
cascade of phenotypes involving damage and/or death to nephron cells, leading to the
destruction of entire nephrons and chronic kidney diseasel®3: 541, In stark contrast to their
high importance in the kidney, mechanisms to regenerate podocytes are currently thought to
be quite limited. Indeed, there is strong evidence that adult podocytes are mitotically
quiescent, where podocyte loss can be compensated for through hypertrophy of remaining
cells. Medical options to reverse significant podocyte losses are unknown at present.
Therefore, it is of critical importance to learn the genetic pathways that promote the
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Results

formation of this cell type to gain a better understanding of kidney diseases and options to
treat them. Because of the well-demonstrated conservation in genetic ontogeny and cellular
morphology, our lab has chosen to use the zebrafish embryo to discover novel regulators of
podocyte development.

The zebrafish pronephros has been a particularly useful model for the /n vivo study of
podocyte and renal corpuscle development, real-time physiology assessment of filtration,
and how acute damage to the various components leads to regeneration or permanent
defects[®5]. With regard to development of the cellular components in the zebrafish
pronephros, the podocyte field is derived from the anterior portion of intermediate
mesoderm as marked by genes that include wilms tumor 1aand 16 (wtla, wtlb) (Figure 1A)
[27,56, 571 By 24 hpf these podocyte progenitors appear as two bilateral cell clusters situated
rostral to the tubules[27: 56. 571 Qver the next day of development, the podocytes undergo
maturation wherein the clusters migrate toward the midline of the trunk and recruit vascular
cells by secreting the growth factor encoded by vascular endothelial growth factor Aa
(vegfaa) (Figure 1A)[58-621 The podocytes and capillaries form a central renal corpuscle that
connects laterally to the pair of nephrons, which provide renal function for the first several
weeks of embryonic life. Subsequently, a kidney with several hundred nephrons (each with
their own blood filter) forms, which is termed the mesonephros, and provides renal function
for the remainder of juvenile and adult lifel53]. Although a number of key milestones of
renal corpuscle development are known, the genetic regulatory networks that control the
patterning and differentiation of the podocyte lineage are not yet fully understood[®4]. Thus,
forward genetic approaches with zebrafish are uniquely situated to facilitate discovery of the
conserved molecules responsible for podocyte emergence, and renal corpuscle development
as well, because of their rapid genesis and the other features of the zebrafish embryo as
outlined above.

Utilizing the advantages of the zebrafish as a model, a forward genetic screen to identify
novel genetic regulators of kidney development was performed using the mutagen
ethylnitrosourea (ENU)[5]. Hits were determined by the presence of pericardial edema,
which is a hallmark of fluid imbalance and can be an indicator of kidney dysfunction. Hits
were also assessed by using whole mount /7 situ hybridization (WISH) at 24 hpf to examine
changes in genetic territories of developing nephron segment cells. One such mutant line
exhibited edema that became so dramatic by 120 hpf that it was dubbed zeppelin (zep)
(Figure 1B)[68]. Tissue sections of these embryos revealed dilated pronephric tubules but an
absent glomerulus. Interestingly, WISH revealed that despite having an intact nephron tubule
at 24 hpf, zep homozygous (/=) mutant embryos, hereafter referred to simply as zep
mutants, exhibited a complete or nearly complete loss of podocytes at 24 hpf onwards as
evidenced by several podocyte-specific markers including wt1b (Figure 1C). The filtration
ability of these embryos also appeared to be debilitated as the mutants were unable to absorb
and clear injected fluorescent dextran compared to siblings.

While the podocyte cell type was missing in zep mutants, there were no significant
differences in cell proliferation or death events at several developmental time points, as seen
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using immunofluorescence assays to evaluate phosphorylated histone H3, which marks cells
in G2/M phase, or Caspase-3 which marks cells undergoing apoptosis, as well as acridine
orange which also labels apoptotic cells(®]. In exploring related tissue types, we noticed a
significant increase in area and volume of the interrenal gland (IR) in zep mutants, the
teleost equivalent of the adrenal cortex, which is marked by the transcripts of nuclear
receptor subfamily 5, group A, member 1a (nr5ala)at 36 hpf (Figure 1D). This expansion
was verified by 3p-hydroxysteroid dehydrogenase (3p-HSD) chromogenic staining, which
indicates an enzymatic property of differentiated IR cells(67]. In previous studies, it has been
shown that podocytes and IR cells arise from the wtla progenitor field, and that knockdown
of wtlaleads to a decrease in IR sizel®7: 681, Because there was no distinguishable difference
in proliferation and cell death, we hypothesized that the cells that would normally be
predestined for the podocyte lineage in the wtla-expressing renal progenitor field undergo a
fate change to the IR lineage in the zgp mutants.

To directly identify the causal lesion underlying the zep phenotype, we undertook a whole-
genome sequencing (WGS) strategy!8€l. In recent years, advances in using next-generation
sequencing (NGS) have made it possible to perform genetic mapping of spontaneous and
ENU-induced mutations by WGS in both zebrafish and mousel®9l. This approach takes
advantage of the fact that examination of mutant DNA pools (i.e. bulk segregant analysis) is
typified by a lack of genetic diversity of single nucleotide polymorphisms (SNPs) in the
region harboring the mutation compared to wild-type pools, while diversity increases as the
distance from the mutation position increases. We performed WGS as previously described,
invoking a hidden Markov model to define the likely mutation area, along with the web
based software SNPtrack to assess SNPs in the critical region[69 701,

WGS localized the zep lesion to zebrafish chromosome 15[%6]. Next, our SNP analysis
revealed a T to C mutation at the splice acceptor site between exons 20 and 21 in the brca2
gene within the zep mutant pools, where alleles were also detected within wild-type
genomic DNA pools, consistent with heterozygous animals in that group (Figure 2A). The
brca2 gene is ubiquitously expressed in zebrafish from early stages through the 24 hpf time
point, but expression had not been closely scrutinized in kidney development (Figure 2B)
[72-73] Our WISH analyses to assess brca2 expression in zep mutants and wild-type
embryos recapitulated these results and tantalizingly suggested that the mesodermal region
from which podocytes arise possibly exhibited an elevated number of brcaZtranscripts
(Figure 2B). Tissue-specific quantification of this observation is technically challenging, but
warrants further study and would likely require the development of transgenic lines to enable
isolation of kidney mesodermal precursors at very early stages. Interestingly, the level and
spatial distribution of brcaZtranscripts were unchanged based on our WISH studies of zep
mutants and wild-type embryos.

Next, we found that knockdown of brca2 using two independently verified morpholinos led
to a loss of podocytes and an expanded IR that resembles the phenotypes seen in zep
mutants(®6]. Interestingly, WISH with the podocyte marker wzZb conducted concomitantly
with immunohistochemistry with anti-phospho-H2AX antibody (P-h2A.X) to detect double-
stranded DNA breaks revealed a marked increase in damaged DNA in podocyte-absent zep
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mutants compared to siblings (Figure 2C). This suggested that the Brca2 protein was not
functioning in DNA repair in mutant animals.

Previous reports have isolated two different brca2 mutant alleles in zebrafish, one beinga C
to T point mutation that produces a glutamine (Q) to stop (X) change, termed the brca2@6%8X
allelel™] the other being an insertional mutation in exon 11, termed the brca2ZM.00057434
allelel”]. Neither mutant allele has been associated with renal defects, but instead with a
constellation of phenotypes including defects in ovary development, gametogenesis (both
oogenesis and spermatogenesis), sex determination, and genome instability leading to
gonadal tumors[’1-74]. With our collaborators, we explored kidney and IR development in
brca2?M_00057434 -I- mytants, and interestingly did not detect alterations in podocyte
precursors during early embryogenesis[®6]. However, we observed a modest but significant
increase in IR area at the 36 hpf stage in brca2ZM-00057434 =1~ mytant embryos. Similarly,
when performing complementation crosses between zep+/~ adults and brca2ZM-00057434 |-
adults, we observed a modest, but significant, increase in the IR area in compound
heterozygous zep+/—; brca2fM-00057434 1|— embryos, which resembled the IR area that
developed in the brca2?M_-00057434 =I= mutant embryos. We concluded that these two lines
failed to complement each other, and this provides further genetic evidence that Brca2 is
essential for mesoderm development.

We next examined the gain of function brcaZ2 phenotype, to test whether Brca2 was sufficient
to ameliorate the podocyte deficiency in zep mutantst¢l. zep mutants injected with brca2
capped mRNA (cRNA) exhibited a partial podocyte rescue, where 55% of mutant embryos
developed wtib+ podocytes (Figure 2D). Furthermore, some wild-type siblings injected with
a similar dose of brca2 cRNA had an expanded podocyte field and/or ectopic podocyte
formation, at a frequency of 13.5%, indicating that brcaZ2is sufficient for podocyte
formation. This overexpression result was particularly astonishing to us, as is the first time to
our knowledge that Brca2 has been shown to be sufficient to promote formation of a
particular embryonic lineage. This surprising result warrants further study so we can
understand the mechanisms by which Brca2 function influences mesoderm ontogeny.
Additional studies to examine the simultaneous outcomes of brcaZ2 overexpression for
podocyte and IR would be very interesting, and could be accomplished with more
sophisticated gene expression analyses such as the implementation of fluorescent WISH.

While these studies had validated that 6rcaZ acts as an intriguing regulator of podocyte and
IR formation in the embryonic zebrafish, how it coordinates this task with the greater
podocyte genetic network was unclear6]. Retinoic acid (RA) has been shown to act to
promote the formation of podocytes, in part through direct transcriptional regulation of
we1a 781, We performed exogenous RA treatments at a range of concentrations on zep
mutants and control wild-type siblings, which revealed that RA was not sufficient to rescue
podocyte formation in zep mutantst6]. This suggests that brca2 acts downstream of RA
signaling in podocyte development, or in an alternative essential pathway.

We also investigated the relationship between Notch signaling and 4rcaA5¢], as Notch is a
major pathway that promotes podocyte formation in zebrafish[®8] and also amphibiansl’7].
We utilized the transgenic line Tg (#sp70::GAL4, UAS.:NICD) that upon heat-shock
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induces the ubiquitous ectopic activation of Notch via expression of the transcriptional
regulator, known as the Notch intracellular signaling domain (NICD). NICD overexpression
led to a slight, though not significant, increase in podocytes in wild-type control embryos. In
contrast, heat-shocked brca2 morphants continued to show an absence of podocytes,
indicating a failure of NICD to rescue podocyte genesis. This suggests that Notch signaling
acts upstream of brca?in podocyte development, or in an alternative pathway. Inhibition of
Notch signaling via chemical treatments, using the gamma-secretase inhibitor known as N-
[N-(3,5-difluoro-phenactyl)-Lalanyl]-S-phenylglycine t-butyl ester (DAPT), led to a
reduction of the podocyte field in wild-type control embryos and absent podocytes in brca2
MO injected animals. With regard to IR development, inhibition of Notch led to an
expanded IR field in wild-type embryos, analogous to the brcaz-deficient embryos.
Overexpression of Notch was sufficient to decrease the enlarged IR typically seen in brca2
morphants, while DAPT had no additional effects in brca2 deficient embryos. While further
studies are needed to discern these tissue difference, our data suggest that Notch may act
downstream of brcaZto inhibit IR formation, but upstream of brcaZ, to promote podocyte
formation.

Conclusions and perspectives

We have shown in this study that zebrafish can be used to identify novel genetic regulators
of podocyte formation[®6]. While we collected compelling evidence that brca2is both
necessary and sufficient to promote podocyte development at the expense of the IR, the
molecular mechanisms by which Brca2 influences kidney mesoderm and related
intermediate mesoderm lineages like the IR have yet to be elucidated. For example, further
work is needed to assess whether Brca2 expression is autonomously required in mesodermal
precursors, along with the renal and IR precursors, or works cell-autonomously in
neighboring tissues. Our expression data in the mid-somitogenesis stages suggest that Brca2
could have roles in the mesoderm directly, but our analysis may be misleading for any
number of reasons. For example, the time window when Brca2 exerts its effects is unknown
at present and therefore the expression we noted may not be linked to kidney mesoderm
development. Manipulations of both the spatial and temporal activity of Brca2 would be
necessary to tease apart these nuances for its courses of action in development.

Like its mammalian counterpart, zebrafish Brca2 has previously been implicated to act as a
tumor suppressor through a complex it forms to repair double-stranded DNA breaks.
Deficiency of another critical member of this complex, rad51, has recently been studied in
zebrafish and shown to display symptoms of FA and smaller kidneys[78l. In light of this,
other gene members of the FA pathway should be more closely scrutinized in the context of
podocyte and kidney development to assess whether diminished DNA repair by other FA
genes is causative of the fate switch seen between podocytes and IR in zep mutants.
Continued study of FA has accumulated a list of 22 genes, to date, whose mutations result in
the disease, and the current list of these published genes is curated on the Fanconi Anemia
Mutation Database, (http://www.rockefeller.edu/fanconi/), a publicly available resource.
Something else to consider is the variation of IR and podocyte phenotypes seen in zep and
brca2ZM_00057434 homozygous mutants, as this possibly suggests that only a portion of the
Brca2 protein may be critical in regulating mesodermal development.
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Interestingly, there is clinical link between Fanconi anemia patients that have bi-allelic
BRCAZ mutations and kidney diseases such as Wilms’ tumor and clear cell carcinoma that
have been appreciated but never fully understood[11: 79-861, There have also been clinical
links between BRCAZ2 mutations and adrenal cortical carcinomal®7]. Our observations that
brca2 mutations cause expanded interrenal glands in a developmental context suggest that
adrenal gland neoplasms and the prevalence of kidney disorders in Fanconi anemia patients
could be caused by mutations in BRCAZ.

Future studies are needed to determine if BRCAZis capable of influencing renal progenitors
during mammalian kidney development. In mammalian development, three successive
kidney forms develop and degrade; the pronephros, the mesonephros and the terminal
kidney, the metanephros[88: 891 While the major cell components of the renal corpuscle and
nephron are conserved between the mammalian and teleost system, zebrafish only form a
pronephros followed by a mesonephros. Related to this difference, it is possible that BRCA2
only plays a role in the earliest kidney forms in mammalian development and may be less
effective in controlling podocyte fate than in zebrafish. In opposition to this notion, it is also
possible that brcaZis a more potent factor in regulating kidney development than we have
reported, as we have not exhaustively characterized all the nephron cell types or each time
point critical to kidney development in zep mutants.

Looking forward, given the strengths of the zebrafish system for studying glomerular
development and amenability to chemical genetics®0: 911 our brca2 model affords new
opportunities to identify modulators of Brca2 that influence mesoderm formation and other
tissues during ontogeny. Our findings indicate that brca2 can be considered in a new light, as
a participant in aspects of both development and cancer that may have important
ramifications and biomedical significance to humans as well.
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3p-Hsd 3p-hydroxysteroid dehydrogenase
P-h2A. X anti-phospho-H2AX antibody
brca2 breast cancer 2, early onset
BRCA1 BRCA DNA repair associated

BRCA2 BRCAZ2 DNA repair associated
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CcRNA capped mMRNA

ENU ethylnitrosourea

FA Fanconi anemia

GBM glomerular basement membrane

hpf hours post fertilization

nr5ala nuclear receptor subfamily 5, group A, member 1a
IR interrenal gland

SNPs single nucleotide polymorphisms
vegfaa vascular endothelial growth factor Aa
WGS whole genome sequencing

WISH whole mount /7 situ hybridization
wtla wilms tumor 1a

wtlb wilms tumor 1b

zep zeppelin.
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Figure 1. Zebrafish zeppelin (zep) mutant embryos exhibit edema, a decreasein kidney podocyte

(P) célls, and an increased interrenal gland (IR)

A) The zebrafish kidney arises from the intermediate mesoderm (1M, purple) and by the 15

somite stage (ss) the anteriormost region of the IM is patterned by two fields of P

progenitors, as distinguished by the marker wta, whereas non-wtZaexpressing cells are

predestined as kidney tubule (T). It is hypothesized that IR precursors arise from the wtla
expressing portion of IM. The P progenitor fields begin to migrate towards the midline after

24 hpf, and by 48 hpf this field is fused at the midline, has become innervated with

capillaries, and begins to function as the renal corpuscle (RC). The IR cells also exhibit a

migration toward the midline and fuse to become a single organ by the 36 hpf time point. B)
Brightfield imaging showing live morphology: zep mutants appeared similar to siblings at

the 48 hpf time point, but by 120 hpf they exhibited severe edema including around the
pericardial region (black arrowheads). C) zep mutants exhibited a severe decrease in

podocytes at 24 hpf and 48 hpf compared to siblings, demonstrated by whole mount /n situ
hybridization (WISH) using the podocyte marker wt1b. D) WISH on zep mutants at 36 hpf
with the IR marker nr5alashowed an increased IR in mutants compared to siblings. C-D)

Black boxes demarcate the embryonic region where P or IR areas are located. Figure
adapted from[®6], and reprinted as allowed by the terms of the CC BY 4.0 Creative
Commons License of the Authors.
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Figure 2. brca2 is necessary and sufficient to promote podocyte development in the embryonic
zebr afish kidney

A) Whole genome sequencing (WGS) revealed that zep mutants containa T to C
transversion in the brca2 gene that we found resulted in aberrant splicing. This schematic
map also indicates the location of the lesion in brca2ZM-00057434 jnsertional mutants used in
our study. B) WISH on wild-type fish at a variety of stages showed that brcaZtranscripts
(purple stain) were expressed ubiquitously throughout the organism, including the
intermediate mesoderm (IM) which gives rise to kidney (boxed area). C) zep siblings and
mutants at the 24 hpf time point were subjected to WISH with wtZb6to demarcate podocytes
(boxed area), then immunofluorescence to detect phosphorylated h2A.X (P-h2A.X). There
was a significant increase in cells positive for P-h2A.X in zep mutants, which indicates an
accumulation of double stranded DNA breaks, and suggested that zep mutants have
dysfunctional brcaZ protein (* = p<0.05). D) Both zep siblings and zep mutants were
injected with brca2 capped RNA (cRNA) and then subjected to WISH with wzib.
Interestingly, some injected wild-type and heterozygous sibling embryos had drastically
increased areas of podocytes (frequency of 13.5%) compared to uninjected controls.
Podocyte development was partially rescued in zep mutants (frequency of 55%) following
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brca2 overexpression. Figure adapted froml[®€], and reprinted as allowed by the terms of the
CC BY 4.0 Creative Commons License of the Authors.
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