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gdf11is required for pronephros/
cloaca development through
targeting TGF-f3 signaling

Xinning Tian¥2, Wantao Yao?, Jin Tan*2, Zhangle Hu'*" & Jingwen Liu%?"*

The kidney is a vital organ responsible for removing toxins, producing urine, and regulating
homeostasis. Developmental defects in the kidney lead to various congenital abnormalities that
impair renal function. Gdf11, a member of the transforming growth factor B family, is associated with
numerous renal abnormalities. In the early developmental stage, the pronephric duct and hindgut
open into the cloaca, and Gdf11 shows significant expression in the hindgut of mice. However, the
molecular and cellular roles of gdf11 in kidney and cloaca organogenesis remain unclear. Our study
revealed that pronephros and cloaca formation were significantly disrupted upon gdf11 deletion or
knockdown in zebrafish. Additionally, we found that the TGF-f pathway acts downstream of Gdf11l

in promoting pronephros and cloaca development. Treatment with a TGF-B small molecule activator
partially rescued the pronephros and cloaca developmental defects observed in gdf11~- mutants. In
summary, our findings provide strong evidence of a critical link between pronephros/cloaca formation
and TGF-B signaling mediated by Gdf11. Our study also provides new insight into diseases related to
renal and cloaca development.
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The kidney is essential for waste removal and the regulation of fluid homeostasis in the body'. Kidney
development is a complex process that involves multiple signaling pathways, including Wnt, Notch, MAPK/
ERK, JAK/STAT, FGF, BMP, and TGF-B2’7. In lower vertebrates, the pronephros functions as the initial filtration
unit. The zebrafish larval kidney, or pronephros, contains two nephrons consisting of glomerulus, the proximal
convoluted tubule (PCT), the proximal straight tubule (PST), the distal early tubule (DE), and the distal late
segment (DL)°. The cloaca serves as the shared opening for the urinary and gastrointestinal tracts to the external
environment. The formation of the cloaca requires epithelial cell remodeling and apoptosis of epidermal cells
to facilitate duct opening. If the this process goes wrong, pronephric duct cells cannot penetrate the ectodermal
layer and thus cloaca fail to open!®!!.Previous research reports that Shh, BMP, and Wnt signaling pathways play
roles in cloaca development in zebrafish!!~!3. Understanding the molecular mechanisms involved in pronephros
and cloaca formation is vital for guiding future research.

Growth differentiation factor 11 (GDF11), a critical signaling protein of the TGF-P family, is essential for
normal development, aging, and cancer!*. Recent studies suggest that Gdf11 is also a key factor in the development
of the metanephric kidney by inducing Gdnf expression, and Gdf11 deletion leads to kidney fibrosis in mice!>1°.
Additionally, Gdf11 is expressed in the hindgut and is implicated in anorectal malformations!”. Despite these
findings, the molecular mechanisms by which Gdf11 functions in development remain largely unexplored.

In our study, we aimed to assess the molecular impact of Gdfll on pronephros and cloaca formation.
We observed that gdfl1 knockout significantly compromised pronephros and cloaca function in zebrafish.
Furthermore, deletion or suppression of gdfl1 expression resulted in a decrease in the expression of genes
associated with the pronephros and an impairment of pronephric duct specification in zebrafish. Consistent
with these findings, cloaca formation was notably affected in gdf11 mutant and morphant embryos. Importantly,
we found that the TGF-p signaling pathway was involved in pronephros and cloaca development downstream of
gdf11. Based on these findings, we demonstrated that treatment with a TGF-p signaling activator could partially
rescue defects in pronephros and cloaca formation of gdf11 mutants. Our results suggest that Gdf11 supports
pronephros and cloaca organogenesis through TGF-f signaling, providing new insights into related renal and
cloaca diseases.
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Materials and methods

Animal models

The adult wild-type zebrafish of AB strain was purchased from China Zebrafish Resource Center (http://www.zfi
sh.cn/). Adult wild-type zebrafish and embryos were raised under standard laboratory conditions. Embryos were
maintained in Holtfreter’s solution at 28.5 °C and staged according to morphological criteria. gdfl1 mutants,
constructed and utilized in prior experiments, were included in this study'®.

Morpholinos and microinjection

Control and gdf11 MO were synthesized by Gene Tools (Philomath, USA) and diluted to a concentration of 1
mM in nuclease-free water. The gdf11 MO sequence was 5’-ATACCTTTTCATGTTGTTAAATATC-3’'?, while
the 5 bp mismatch control MO sequence was 5-ATAGCTTTTGATCTTCTTAAAAATC-3’ gdf11 expression in
zebrafish was knocked down by injecting gdf11 MO at 4 ng/embryo.

Whole-Mount in situ hybridization

Whole-mount in situ hybridization was performed using the NBT-BCIP substrate according to previously
established protocols?’. Zebrafish embryos were harvested at indicated stages and fixed with 4% PFA
(paraformaldehyde) overnight. These embryos could be stored at -20°C after graded dehydration in methanol for
long time. For WISH, zebrafish embryos were rehydrated in PBST buffer, and pre-hybridizated with HYB~ buffer
at65 C for 15 min. After that, these embryos were hybridizated with HYB* buffer at 65 ‘C overnight. At the second
day, zebrafish embryos were washed with 50% formamide/ 2xSSCT, 2xSSCT, 0.2x SSCT buffer sequentially. After
inactivated goat serum blocking for 1 h, Digoxigenin-AP antibody (11093274910, Roche, 1:3000) was used to
incubate with embryos overnight at 4 “C. At the 3rd day, MABT buffer was employed to wash embryos for many
times. After that, embryos were visualized with substrate BM-Purple (11442074001, Roche) and imaged with
Nikon SMZ18 research-grade stereomicroscope. Digoxigenin-UTP —labeled RNA probes were transcribed from
a linearized plasmid in vitro with RNA Polymerase T7/Sp6 system (10881775001/11487671001,Roche) and the
primer sequences for probe amplification are listed in Table S1.

Renal filtration

Wild type or mutant embryos were anaesthetised with 2% tricaine (E10521, Sigma-Aldrich) at 56 hpf. After
that, embryos were immobilised in 2.5% methyl cellulose, and were injected with 1 nl Tetramethylrhodamine-
labeled dextran (70,000 MW; Invitrogen, Carlsbad, CA) into the pericardium, following previously described
procedures?!. Embryos were imaged Nikon A1R+ confocal microscope immediately post-injection, at 61 hpf,
and at 80 hpf. These images were processed with Nikon NIS-Elements ver. 5.20 software.

Cloaca excretion assay
Both wild-type and mutant embryos were injected with fluorescent rhodamine dextran (Molecular Probes) at 4
dpf and imaged with Nikon A1R + confocal microscope, consistent with previous report!!.

Cell Preparation

The HEK 293T cell line (Cell Bank, Shanghai, China) was cultured in DMEM supplemented with 10% fetal
bovine serum at 37 °C in a humidified incubator with 5% CO,. Primers used for plasmid construction are listed
in Table S2. Transfections were performed using Lipo3000 (L3000008, Thermo Fisher) method for HEK293T
cell.

Western blotting

For Western blotting, we first remove the medium in dish and wash with PBS buffer. After that, RIPA lysis
buffer (R0010, Solarbio, Beijing, China) was added with protease inhibitor and placed in a mixer for 10 min.
After mixing, the lysate was centrifuged at 4 °C 12,000 rpm for 5 min, then we collected the supernatant, add
6 x protein loading buffer. After that, these lysates were placed in heat bath at 100 °C for 5 min. Protein lysates
were separated by SDS-PAGE. After SDS-PAGE, the membrane was transferred and blocked with skimmed
milk for 1 h. After blocking, the membrane was incubated with primary antibody overnight. After the primary
antibody incubation, the membrane was washed with MABT solution three times for 10 min each time. Next,
the membrane was incubated with secondary antibody for one hour, and the membrane was washed with MABT
solution three times for 10 min each time. The bands were imaged with ChemiDoc MP Imaging System. The
primary antibodies were listed in Table S3.

For Western blot after FACS, zebrafish embryos were anesthetized, and then we used a needle to roughly cut
the pronephros and cloacal area of the Tg (cdh17-dsRed) transgenic embryos on the ice under a fluorescence
microscope. Approximately 300-400 embryos were processed at the same time. After FACS, RIPA buffer and
dephosphorylase inhibitors were added to these cells following Western blot process. The primary antibody
concentrations for p-Smad2 and p-Smad3 were adjusted to 1:80.

Real-time qPCR

Total RNA was extracted using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA). cDNA synthesis was conducted
using SuperScript™ VILO™ cDNA Synthesis Kit (11754050, Invitrogen) with 2 pg of total RNA following the
manufacturer’s instructions. Quantitative real-time PCR was performed with SYBR Premix Ex Taq II (Takara,
Japan) on an Mx3000P real-time PCR system (Stratagene). Ct values were analyzed using the comparative Ct
(22 method. The primer sequences used are listed in Table S4.
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Immunofluorescence (IF) staining

Immunofluorescence staining of zebrafish embryos was carried out with established protocols*. Firstly, the
zebrafish embryos in methanol rehydrate to PBST gradually. The embryos were incubated with 1 mM EDTA (pH
8.0) for antigen repair in a microwave when embryos became transparent, followed by blocking with inactivated
goat serum. Primary antibody was added and incubated with embryos at 4 °C overnight, followed by PBST
washing three times for 15 min each. After that, embryos were incubated with secondary antibody at 1:200 for
1 h at room temperature and then washed three times for 15 min each in PBST. DAPI was added (1 pg/ml) and
incubated with embryos for 5 min at room temperature. Following washing three times with PBST, the embryos
were mounted in 2% methylcellulose and observed under a confocal microscope (Nikon A1R+). The primary
antibodies used were was listed in Table S3.

TUNEL staining

Zebrafish embryo samples were fixed and stained with a TUNEL staining kit (12156792910, Roche), according
to the manufacturer’s instructions. After fixation, the embryos were washed with PBST buffer again, and then
permeabilized with 0.1% Triton X-100 to increase the permeability of the cell membrane so that the TdT enzyme
could enter the cell. After pretreatment, the embryos were incubated with the TUNEL reaction mixture. TdT
enzyme and rhodamine-labeled dUTP were added to the sample and prepared in the proportion recommended
by the kit. The incubation condition was 37 ° C for 1 h. After incubation, the samples were washed three times
with PBST for 5 min each time to remove the unbound dUTP and TdT enzymes.

BrdU staining

For BrdU incorporation assays, WT and gdfI I mutant embryos at 46 hpf were incubated in 10 mM BrdU (B5002,
Sigma-Aldrich) for 30 min at 4 °C. The embryos were then transferred to Holtfreter’s solution to develop to
48 hpf, and BrdU incorporation was detected using an anti-BrdU antibody (1:1000; B5002, Sigma) following
immunofluorescence experiments.

RNA deep sequencing

WT and gdfi1”~ embryos in a Tg(chdl7-dsRed) background were collected at 24 hpf, and these embryos
were sorted using flow cytometry. These cells were subsequently sequenced by SHBIO Technology Company
(Shanghai, China). Total RNA was extracted using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA). NEBNext
rRNA depletion kit (New England Biolabs) was used to purify mRNA. NEBNext Ultra RNA Library Prep Kit
for Illumina (New England Biolabs) was employed to construct sequencing libraries. Illumina HiSeq 2500 was
used to read these libraries, and reads were mapped to the zebrafish GRCz10 genome using TopHat v2.0.12. We
calculated FPKM values to determine gene expression levels.

SRI-011381 treatment

SRI-011381 (HY-100347 A, MCE) was dissolved in DMEM at a concentration of 10 uM for 6 h prior to cell
lysis for Western blotting or IE. For rescue experiments, SRI-011381 was dissolved in Holtfreter’s solution, and
WT or gdfl] mutant embryos were treated with 20 uM SRI-011381 from the one-cell stage to the indicated
developmental stage?’.

Statistical analysis

Comparisons among multiple groups were analyzed using Student’s t-tests in GraphPad Prism 9.4 (GraphPad
Software, Inc., San Diego, CA, U.S.A.). Unpaired two-tailed t-tests were used for comparisons between different
groups. Values are reported as mean+SD. “*” p<0.05 was considered to indicate a statistically-significant
difference, very significant at p<0.01 and labeled with “**”, and extremely significant at p<0.001 and labeled
with 7,

Results

The functions of pronephros and cloaca were impaired after gdf11 deletion

Previous studies report that Gdf11 deletion results in kidney absence in mice?, with Gdf11 expression also
observed in the hindgut!'®. However, the downstream mechanism by which Gdf11 regulates pronephros and
cloaca development remains largely unknown. In prior research, we generated gdfl1 mutants in zebrafish
and observed that the pronephric duct appeared narrower in gdfl1 mutants compared to WT embryos's.
Additionally, a significant percentage of gdfI11 mutants exhibited malformations at the phrephros -cloaca area, as
observed in bright-field microscopy (Fig. 1A). To further analyze pronephric duct and cloaca morphology, we
used anti-atypical PKC (aPKC) to highlight the apical surface of pronephros and cloaca according to previous
report?®. Consistent with previous observations, gdfI I mutants displayed pronephric stenosis accompanied by
cloaca malformations (Fig. 1B). Given the morphological defects in the pronephros and cloaca of gdf11 mutants,
we investigated whether these structures retained normal function following gdf11 deletion. At approximately 48
hpf, the pronephros attains functionality and commences the process of filtering the circulation?. We conducted
a fluid excretion assay to evaluate renal function in gdfl1 knockout embryos, in accordance with previously
established protocols””. Our results showed that gdf11 mutants cleared fluids more slowly than WT embryos
(Fig. 1C and D). To further assess cloaca function, we injected fluorescent rhodamine dextran into the anterior
gut of embryos, following established methods!!. While both WT and gdfi17/~ embryos exhibited peristalsis,
the mutant embryos were unable to excrete dextran through the cloaca (Fig. 1E and Supplementary Movies 1,
2). These findings indicate that Gdf11 is essential for maintaining the normal function of the pronephros and
cloaca.
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Fig. 1. gdf11 knockout disrupts the function of the pronephros and cloaca in zebrafish. (A) Lateral view of
pronephric tubules and cloaca at 36 hpf in WT and gdf1 17~ mutants. Scale bar: 200 pum. (B) Lateral view

of immunofluorescence images of a-PKC staining in both wild-type and gdf11 mutant embryos. Scale bar:

100 pm. (C,D) gdf11 mutant embryos exhibit slower clearance of dextran compared to WT embryos. Confocal
images of embryos injected with 40 kDa rhodamine-dextran in the pericardial area immediately, and at 5-24 h
post-injection (C). Quantification of fluorescence intensity (D). Scale bar: 50 pm. (E) Wild-type embryos
rapidly secrete rhodamine dextran from the cloaca within minutes, while gdf11 mutants excrete only minimal
dye. Scale bar: 50 pm.

gdf11 knockout comprises the development of pronephros and cloaca

Given the morphological and functional defects observed in the pronephros and cloaca of gdfII mutants, we
examined the developmental progression of these structures following gdflI knockout. Hematoxylin-Eosin
staining revealed that gdf11 deletion led to reduced glomeruli size and dilation of the pronephric tubules and
ducts (Fig. 2A). The transcription factor cdhl7, known to mark early epithelial development in the pronephric
tubule and ducts?®, was assessed using a transgenic fish line expressing dsRed in the pronephric tubule and
duct (cdh17-dsRed). This analysis showed a significant reduction of cdhl7 expression in gdfl1 mutants at 48
hpf (Fig. 2B). The zebrafish pronephros comprises paired glomeruli and two pronephric tubules/ducts, which
eventually fuse with the cloaca®. WISH experiments utilizing nephrin and wtla probes, which mark early
pronephric glomerulus development at 48 hpf>**!, revealed a significant decrease in nephrin and wtla expression
within the developing glomerulus following gdf11 knockout (Fig. 2C). Nephrons, the functional units of the
kidney, consist of segments that regulate fluid balance, osmolarity, and metabolic waste disposal*>. We employed
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Fig. 2. gdfl1 is essential for pronephric tubule and cloaca organogenesis. (A) Hematoxylin-Eosin stained
sections of WT and gdf11 mutant larvae at the level of the glomerulus and proximal tubules at 48 hpf. Scale
bar: 50 um. (B) The expression of cdh17 in WT and gdf11 mutants under Tg (cdhl7-dsRed) background. Scale
bar: 200 um. (C) In situ hybridization of nephrin (left) and wtla (right) in wild-type and gdf11 mutant embryos
at 48 hpf. (D) WISH analysis in WT and gdf11 mutants at 48 hpf for slc4a4, trpm?7, and slc12a3 probes. (E)
H&E staining of the pronephric duct and cloaca region in WT and gdfI1 mutants at 48 hpf. Scale bar: 200 um.
(F) In situ hybridization with pax2a in WT and gdf1 1 mutants at 24 hpf. (G) Confocal images showing cilia
specification in WT and mutant embryos at 24 hpf and 48 hpf. Scale bar: 50 um. (H) Comparative in situ
hybridization of cdh17 and pax2a expression in WT and gdf]11 mutants at 10 ss. (I) WISH analysis for evxI and
prdml in WT and gdf11 mutants from 24 hpf to 72 hpf.

slc4ad, trpm7, and slc12a3 to respectively label PCT, DE, and DL’. Our findings revealed that the expression
of these marker genes was notably diminished and exhibited discontinuity in gdf11 mutants (Fig. 2D and Fig.
S1A). Additionally, Hematoxylin-Eosin staining confirmed the presence of pronephric stenosis in gdf11 mutants
(Fig. 2E). pax2a, which is expressed in the lateral cells of the pronephric primordium™®, showed significantly
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reduced expression in gdfiI mutants at 24 hpf (Fig. 2F). Based on these findings, we further examined
pronephros cell differentiation following gdf11 knockout. In the pronephric tubules, primary cilia are located
on the epithelial cells of tubules**>. Immunofluorescence analysis using a-PKC and acetylated-Tubulin in gdf11
mutants with pronephric stenosis revealed pronephric duct dilations and disrupted cilia distribution, suggesting
that cell differentiation within the pronephric tubules was significantly impaired in gdf11~'~ mutants (Fig. 2G).
The intermediate mesoderm, situated between the somite and lateral plate mesoderm, gives rise to pronephros
progenitors’. Given the preceding data, we assessed cdh17 and pax2a expression at the somite stage, finding that
gdf11 knockout led to defects in the intermediate mesoderm or presumptive pronephric mesoderm (Fig. 2H and
Fig. S1B). Finally, we investigated tissue specification in the cloaca region by evaluating the expression of two
cloacal markers from 24 hpf to 72 hpf, including prdm1 and evx13738. Expression of these cloacal marker genes
was reduced in mutant embryos compared to WT embryos (Fig. 2I and Fig. S1C). In summary, these findings
indicate that gdf11 deletion results in aberrant development of the pronephros and cloaca.

Suppression of gdf11 expression also leads to pronephros and cloaca developmental defects
To verify the role of gdfll in pronephros and cloaca formation during embryonic development, we used a
previously validated translation-blocking MO targeting the start codon of zebrafish gdf11, known to be essential
for liver development in zebrafish®. To assess the knockdown efficiency, we constructed a plasmid containing
part of the 5-UTR and the open reading frame of gdfl1, tagged with GFP. Co-injection of this plasmid with
a control MO produced green fluorescence in zebrafish embryos. However, when co-injected with the gdfi1
translation-blocking MO, fluorescence was effectively suppressed, indicating successful knockdown of gdfi1
expression by the MO (Fig. 3A). To further confirm gdf11 knockdown, we examined Gdf11 protein levels in
embryo lysates injected with control or gdfl1 MO. Western blot analysis revealed a significant reduction in
Gdf11 protein levels upon gdfl11 MO injection (Fig. 3B). Injection of gdfl11 MO at the one-cell stage produced
notable embryonic defects, including pronephric stenosis, pericardial edema, hydrocephalus, reduced eye size,
shorter body length, and cloaca malformation from 36 hpf to 72 hpf, consistent with previous reports (Fig. 3C)*.
Importantly, these phenotypes induced by gdf11 knockdown could be rescued with 200 pg of full-length gdfi1
mRNA, demonstrating the specificity of the gdfI1 MO (Fig. 3C). The development of the glomerulus and
pronephric tubule was also disrupted in gdfl1 morphants, consistent with our earlier findings (Fig. 3D,E, Fig.
S2A,B). WISH and real-time qPCR analyses indicated that gdf11 also affected cloaca formation (Fig. 3F and Fig.
S2C). These results confirm that the developmental defects in the pronephric tubule and cloaca arise specifically
due to suppression or deletion of gdf11 expression.

The cell death of pronephros and cloaca was severely affected when gdf11 was deleted
During development, pronephric duct cells migrate toward the proctodeum epidermal cells, after which the
pronephric duct tip cells continue migrating until they reach the cloaca. Some epidermal cells undergo apoptosis
to help shape the pronephric duct or cloacal opening during this process*'. To investigate apoptosis in pronephric
duct and cloaca cells, we performed a TUNEL assay. In wild-type embryos, apoptosis occurred normally in
both the pronephric ducts and cloaca; however, in gdfI1 mutant embryos, apoptosis was significantly reduced
(Fig. 4A,B). We also analyzed cell proliferation in the pronephric ducts and cloaca of both wild-type and gdfl1
mutant embryos, finding no differences in proliferation between wild-type and mutant embryos (Fig. 4C,D). The
BrdU incorporation experiments showed no change in pronephric and cloaca cells that excluded the problem
with cell proliferation, and these data suggest that the malformation of pronephric ducts and cloaca was mainly
due to defective apoptosis.

TGF-f signal acts downstream of gdf11 regulating pronephric tubule and cloaca
development

In zebrafish, pathways involving Notch, retinoic acid, Yap, and Wnt signaling contribute to pronephric kidney
formation®>42-*, while Wnt and Hedgehog signaling are reported to regulate cloaca formation!!~!34°. To identify
signaling pathways or genes with altered expression in pronephros and cloaca in the absence of Gdf11, we
analyzed transcriptomic changes using RNA deep sequencing on WT and gdf11 mutant embryos in Tg(cdhl7-
dsRed) background at 24 hpf. The heatmap displayed overall gene expression changes in the pronephros and
cloaca tissue of gdf11~/~ mutants compared to control embryos (Fig. S3). A volcano plot further highlighted
genes that were significantly up- or down-regulated in gdf11~'~ pronephric tubule/cloaca tissues relative to wild
type (Fig. 5A). Gene ontology (GO) enrichment analysis of down-regulated genes revealed the TGF-B, AKT,
MAPK, and Wnt pathways were among the most affected signals in gdfI1 mutants (Fig. 5B). Given that gdfI1 is
a member of the TGF- superfamily and signals through type I and II receptor serine/threonine kinases?6*”, we
hypothesized that gdf11 primarily influenced pronephros and cloaca development through TGF-{ signaling. To
test this, we examined SMAD2/3 and ALK5 phosphorylation levels in WT and gdf117/~ pronephric duct lysates.
Consistent with prior studies*®*°, we found that phosphorylation of SMAD2/3 and ALK5 was significantly
reduced in gdf117'~ pronephric duct lysates, while SMAD?7, an inhibitory SMAD, was significantly elevated in
mutant lysates (Fig. 5C). SRI-011381, an agonist of the TGF-p/Smad signaling pathway, is known to promote
Smad2 and Smad3 phosphorylation and reduce SMAD?7 expression®. We transfected Flag-zGdf11 into HEK
293T cells, with and without SRI-011381 treatment. Overexpression of zGdf11 notably increased the levels of
p-Smad2 and p-Smad3, and this effect was further amplified by SRI-011381. SMAD? levels were significantly
reduced following Gdf11 overexpression, with an additional decrease upon SRI-011381 treatment (Fig. 5D).
Given these findings, we conducted subcellular localization experiments in HEK 293T cells. In cells treated
with DMSO, Smad2 was primarily located in the cytoplasm. However, upon Flag-Gdf11 transfection, Smad2
translocated to the nucleus. Additionally, Smad2 protein levels increased, and its nuclear localization significantly
raised with SRI-011381 treatment (Fig. 5E). To further explore these effects, we treated WT and mutant embryos
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Fig. 3. gdf11 knockdown disrupts pronephros and cloaca organogenesis. (A) Schematic representation of the
plasmid used to test gdf11 MO efficiency. Scale bar: 500 um. (B) Western blot showing a significant reduction
of Gdf11 protein levels in gdf11 morphants. (C) Live imaging of control and gdf11 morphants, with or without
gdf11 mRNA injection, from 36 hpf to 72 hpf. Scale bar: 300 pm. (D) Control and gdf11 morphant embryos
harvested at 48 hpf were subjected to WISH for nephrin and wtla expression. (E) ISH analysis using segment-
specific probes for the pronephric tubules in control and gdf11 morphants at 48 hpf. (F) Lateral views of evx1
expression in control and gdf11 morphants from 24 hpf to 72 hpf.

with and without SRI-011381. After treatment, these embryos were harvested for WISH experiments targeting
pronephros and cloaca-related probes. Our results showed that SRI-011381 treatment effectively restored
pronephric tubules, /cloaca development and function (Fig. 5F-H and Fig. S4-5). Collectively, these findings
strongly indicate that Gdfl11 is crucial for pronephros and cloaca development, potentially through TGF-p
signaling.

Discussion

Our study demonstrates that Gdfl1 deletion or suppression disrupts pronephros and cloaca formation via
the TGF-P signaling pathway in zebrafish, with these developmental defects being partially reversed through
treatment with a TGF-p agonist (Fig. 6). Essential roles of gdfI1 in embryonic patterning, development, and
kidney organogenesis have been previously validated through targeted Gdfl1 deletion or knockdown!>!&31,
Gdf11 plays an essential role in directing the initial outgrowth of the ureteric bud from the Wolffian duct, but
the formation of the pronephros/mesonephros proceeds normally in mice lacking Gdf11 2*. Based on that, we
wonder whether the function of Gdf11 in zebrafish pronephros is unique in anamniotes. Recently, it has been
reported that inhibition of SMAD?2/3 signaling by SB431542 increased Wtl expression, and inhibition of TGF-8
signaling may be required for induction of Wullerian duct mesenchymal cells from mesonephros®. Activin, a
Gdf11 related ligand, in combination with retinoic acid, induces the formation of the pronephros®. However,
Activin A is an endogenous inhibitor of ureteric bud outgrowth from the Wolffian duct®. We speculated Gdf11
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Fig. 4. The apoptosis of pronephric tubules and cloaca was significantly decreased upon gdf11 deletion.
(A,B) TUNEL assay showing decreased apoptosis in cells of the developing pronephric duct and cloaca in
£df11 mutants. The position marked by the dotted line in the figure is the pronephros and the cloaca. Scale
bar: 50 um. (C,D) Cell proliferation, indicated by BrdU staining, remains unchanged in both WT and gdf11
mutants. The position marked by the dotted line in the figure is the pronephros and the cloaca. Scale bar:
50 pm.

and Activin activity could induce pronephros formation, but Gdf11/Activin activities and SMAD2/3 signaling
were inhibited at pronephros development stage. Further, Gdf11 inhibited metanephros formation and Activin
inhibited mesonephros induction. In anamniotes, Gdf11 and SMAD2/3 signaling were not inhibited to facilitate
pronephros formation. However, this hypothesis needs further validation.

However, the specific mechanisms of gdf11 in kidney development remain only partially understood. GDF11
exerts developmental effects at least partly through binding to TGF-p/activin type I (TGFBR1/ALKS5) and type
II (ACVR2A, ACVR2B) receptors47. Due to the lethality associated with Gdf11 null mice, we utilized zebrafish
as a model to investigate the downstream molecular mechanisms through which Gdf11 regulated pronephros
organogenesis?’. Our findings provide direct evidence that Gdfl1 influences pronephros development via
TGF-p and its downstream signaling.

It has been reported that the expression of GDF11 in the hindgut region of mouse embryos was crucial for
hindgut organogenesis'”. However, we did not detect significant gdf11 expression in the pronephros or cloaca of
zebrafish, suggesting that gdf11 may function in these regions through indirect mechanisms.

In zebrafish, gdfI1 MO was previously used to study the regulation of liver growth and the posterior
displacement of the pelvic fin*+*. Additionally, the gdf11 loss-of-function mutant has been generated, displaying
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Fig. 5. TGF-p signaling acts downstream of Gdf11 promoting pronephros and cloaca formation. (A) Volcano
plot highlighting differentially expressed genes in WT and gdfI 17/~ pronephros. (B) Gene Ontology analysis

of biological processes using down-regulated differentially expressed genes. (C) Western blot showing key
proteins of the TGF-B/Smad signaling pathway in WT and gdf1 1~/~ mutant pronephros/cloaca lysates. (D)
Comparative expression of key TGF-B/Smad pathway proteins following Gdf11 overexpression or SRI-011381
treatment in HEK 293T cells. (E) Subcellular localization of Smad2 in Flag-Gdf11-infected cells with or
without SRI-011381 treatment. Scale bar: 50 um. (F) Partial rescue of pronephros developmental defects in
gdf11 mutants by SRI-011381 treatment. (G) Partial rescue of cloaca developmental defects in gdfl1 mutants by
SRI-011381 treatment. (H) Partial rescue of cilia in pronephric duct in gdf1 1 mutants by SRI-011381 treatment.
Scale bar: 50 pum.

disrupted craniofacial element arrangement, posteriorized pelvic fin, and disrupted left-right asymmetry!®.
However, pronephros and cloaca morphology were not characterized in these earlier reports.
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Fig. 6. Schematic of TGF-p signaling downstream of Gdf11 in pronephros and cloaca organogenesis. Gdf11
enhances TGF-p signaling, supporting pronephros and cloaca development. This schematic highlights Gdf11’s
essential role in zebrafish, illustrating the molecular mechanisms regulated by Gdf11.

Our study also observed reduced Wnt signaling activity in the pronephros of gdf1 1 mutants. Prior studies have
documented interactions between the TGF- and Wnt pathways, for instance, GDF11 treatment has been shown
to inhibit adipogenesis and differentiation by activating both ALK5-Smad2/3 and Wnt/B-catenin pathways*®.

Despite these findings, our study has some limitations. First, we examined the entire pronephros to study the
impact of gdf11 on its formation. Given that different renal cell types may respond variably to gdf11 deletion,
single-cell sequencing of isolated renal cell types should be employed in future studies to reveal the specific
effects of gdfi1 deletion. Lastly, while we identified TGF-f signaling as the downstream pathway of gdf11 in
pronephros and cloaca formation, the direct target genes involved in these processes remain to be clarified in
future investigations.

In this study, we have developed and characterized a novel zebrafish model with gdf11 deficiency, exhibiting
pronephros and cloaca malformations. Our findings demonstrate that gdfI1 is crucial for the development of
renal and cloacal progenitors, acting upstream of the TGF-p signaling pathway. This model provides valuable
insights into the genetic basis of related renal diseases and offers an innovative tool to further explore the roles
of TGF-p signaling in development.

Data availability

The original contributions of this study are described in detail in the article. Any additional inquiries can be
directed to the corresponding authors. The RNA deep sequencing datasets generated and/or analyzed during the
current study are available in the BioProject repository (https://www.ncbi.nlm.nih.gov/bioproject/PRINA11863
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