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Abstract  
The Munich Wistar Frömter (MWF) rat is a suitable inbred hypertensive rat model for chronic 

kidney disease (CKD) with albuminuria of early onset. Here, the MWF rat was used to decipher 

the genetic basis of albuminuria development in hypertension. Characterization of the genomic 

architecture of a previously identified CKD locus in MWF led to the identification of 

transmembrane protein 63c (Tmem63c) as a candidate for albuminuria with differential 

expression in glomeruli of allele-specific rat models during the onset of albuminuria in MWF. 

Recent studies identified Tmem63c as a potential hyperosmolarity-activated cation channel. 

Subsequent evaluation of the potential clinical relevance in human kidney biopsies revealed 

specific loss of TMEM63C in podocytes from patients with focal segmental glomerulosclerosis 

(FSGS). 

To analyze a putative role of tmem63c in maintaining glomerular filtration barrier (GFB) 

functionality, we performed studies in zebrafish as a second vertebrate animal model. We 

utilized morpholino antisense-oligonucleotides and CRISPR/Cas9-mediated somatic 

mutagenesis to knockdown tmem63c gene function in developing zebrafish embryos. 

Evaluation of GFB integrity was conducted in Tg[fabp10a:gc-EGFP] zebrafish embryos with 

the fluorescent albumin surrogate gc-EGFP circulating in the vascular system following 48 

hours post fertilization (hpf). Leakage of gc-EGFP following GFB damage was assessed using 

epifluorescence microscopy.  

By using both knockdown techniques, tmem63c-deficiency resulted in similar mild edema at 

48 hpf and an albuminuria-like phenotype showing a significant decrease of gc-EGFP-

fluorescence in Tg[fabp10:gc-EGFP] at 120 hpf. Specificity of all knockdown systems and 

conservation of tmem63c gene function across species were shown by rescue of the observed 

albuminuria-like phenotype using zebrafish- or rat- derived mRNA, respectively. 

To analyze the ultrastructure of the GFB and the cellular composition of the glomerulus in 

Tg[wt1b:EGFP] embryos with fluorescent podocytes, we deployed electron and confocal 

microscopy, respectively. Ultrastructural analysis of the GFB upon tmem63c-deficiency 

revealed podocyte foot process effacement with significant increase in foot process width and 

decrease in the number of slit diaphragms per µm glomerular basement membrane. 

Quantification of podocyte cell number and density from confocal images revealed a significant 

increase in glomerular volume with accompanying decrease in podocyte density due to marked 

dilation of glomerular capillaries. The data suggests a crosstalk between damaged podocytes 

and vascular endothelium in the manifestation of the observed phenotype in zebrafish. 

Together, this study shows a conserved functional role of Tmem63c in albuminuria 

development across species and warrants further translational investigation of Tmem63c as a 

novel therapeutical target. 
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Zusammenfassung 
Die Munich Wistar Frömter (MWF) Ratte stellt ein interessantes genetisches Rattenmodell der 

chronischen Nierenerkrankung (CKD) dar und entwickelt bereits früh eine spontane 

Albuminurie. Anhand des MWF Tiermodells ist es möglich die genetische Basis der 

Entwicklung einer Albuminurie bei gleichzeitigem Vorliegen einer Hypertonie zu untersuchen. 

Eine tiefergehende Charakterisierung der genetischen Architektur eines zuvor identifizierten 

CKD-Lokus der MWF-Ratte führte zur Identifizierung von Transmembran Protein 63c 

(Tmem63c) als Albuminurie-Kandidatengen. Dieses Gen wurde kürzlich als ein möglicher 

hyperosmolar-aktivierter Kationenkanal identifiziert. In isolierten Glomeruli allel-spezifischer 

Rattenmodelle wies Tmem63c eine differentielle Expression zum Zeitpunkt des Einsetzens 

der Albuminurie im MWF-Modell auf. Die darauffolgende Analyse in humanen Nierenbiopsien 

zeigte einen Verlust von TMEM63C in Podozyten von Patienten mit fokaler segmentaler 

Glomerulosklerose (FSGS) und unterstützt die mögliche klinische Bedeutung des 

Kandidatengens.  

Untersuchungen im Zebrafischmodell dienten der Analyse der funktionellen Relevanz von 

tmem63c zur Aufrechterhaltung einer intakten glomerulären Filtrationsbarriere (GFB). Anhand 

von Morpholino Oligonukleotiden und CRISPR/Cas9-vermittelter somatischer Mutagenese 

wurden Zebrafischembryonen mit herunterregulierter tmem63c Genfunktionalität generiert. Mit 

Hilfe von Larven der Zebrafischlinie Tg[fabp10a:gc-EGFP], in deren vaskulärem System nach 

48 Stunden nach der Befruchtung (hpf) das fluoreszierende Albuminsurrogat gc-EGFP 

zirkuliert, wurde die Integrität der GFB mittels Fluoreszenzmikroskopie untersucht. Dabei 

führte eine Störung der GFB zur freien Filtration von gc-EGFP und damit zum 

Fluoreszenzverlust.  

Beide verwendeten Knockdown-Techniken führten bei den Zebrafischembryonen 

gleichermaßen zur Entwicklung milder Ödeme 48 hpf sowie zu einem Albuminurie-ähnlichen 

Phänotyp mit einem signifikanten Verlust der gc-EGFP-Fluoreszenz in Tg[fabp10:gc-EGFP] 

120 hpf. Sowohl die Spezifität der verwendeten Knockdown-Techniken als auch die Spezies-

übergreifende Konservierung der Genfunktion von tmem63c wurde über eine Aufhebung des 

Albuminurie-ähnlichen Phänotyps nach Co-Injektion von Zebrafisch-bzw. Ratten-tmem63c-

mRNA bewiesen.  

Die Ultrastruktur der GFB und die zelluläre Zusammensetzung des Glomerulus wurden in 

Tg[wt1b:EGFP]-Embryonen mit fluoreszierenden Podozyten mittels Elektronen- 

beziehungsweise Konfokalmikroskopie evaluiert. 

Die ultrastrukturelle Analyse der GFB bei tmem63c-Defizienz zeigte eine Ablösung der 

Podozytenfußfortsätze mit signifikanter Verbreiterung der Zellfortsätze und gleichzeitiger 

Reduktion der Anzahl von Schlitzdiaphragmata pro µm glomerulärer Basalmembran. Eine 

Quantifizierung der Podozytenzahl und -dichte mittels Konfokalmikroskopie ergab eine 
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signifikante Erhöhung des glomerulären Volumens mit gleichzeitiger Erniedrigung der 

Podozytendichte durch eine deutliche Ektasie glomerulärer Kapillaren. Dies weist auf eine 

wechselseitige Beteiligung geschädigter Podozyten und des vaskulären Endothels bei der 

Manifestierung des beobachteten Phänotyps im Zebrafisch hin. 

Die hier vorliegende Arbeit identifiziert Tmem63c als Gen mit Spezies-übergreifender 

funktioneller Rolle bei der Entwicklung einer Albuminurie und legt eine weitergehende 

translationale Erforschung des Gens als potenziellen, neuen therapeutischen Ansatzpunkt 

nahe. 

 

 

 



   4 

Synopsis 
Part of this work has been previously published in (1): Schulz A, Müller NV, van de Lest NA, 

Eisenreich A, Schmidbauer M, Barysenka A, Purfurst B, Sporbert A, Lorenzen T, Meyer AM, 

Herlan L, Witten A, Ruhle F, Zhou W, de Heer E, Scharpfenecker M, Panakova D, Stoll M, 

Kreutz R. Analysis of the genomic architecture of a complex trait locus in hypertensive rat 

models links Tmem63c to kidney damage. eLife. 2019;8/ 20.03.2019. 

Introduction 
In 2016, more than 17 million people died from cardiovascular diseases (CVD) causing over 

30% of deaths worldwide (2). Hypertension is a major risk factor for deaths due to CVD and 

remains the leading cause of premature death accounting for over 200 million disability-

adjusted life years (3, 4). An increasing amount of evidence supports an important role of the 

kidney as a major organ in blood pressure regulation, as well as one of the main targets for 

hypertension-mediated organ damage (HMOD) leading to chronic kidney disease (CKD) (4-

6). CKD is defined as abnormalities of kidney structure or function, present for over 3 months, 

with implications for health (7) and results mainly in a reduction in glomerular filtration rate and 

increased urinary albumin excretion (UAE) or albuminuria (5).  

Both, hypertension and CKD are complex, multifactorial and polygenetically determined 

disorders. Recent genome-wide association studies (GWAS) identified more than 100 genetic 

variants associated with hypertension (8) or CKD (9), respectively. However, finding a 

biological mechanism underlying the genetic susceptibility of both diseases as well as 

translation of the findings from GWAS into the clinic has been slow (9-11). Alternatively, 

translational genomic analysis of inbred hypertensive rat models of HMOD represents a 

powerful approach in unraveling the genetic basis of hypertension-mediated kidney damage 

(11, 12). The Munich Wistar Frömter (MWF) rat is an established inbred hypertensive rat model 

to decipher the genetic basis and pathophysiological mechanisms of CKD in hypertension. 

This strain develops albuminuria of early onset between 4 and 8 weeks of age as well as mild 

hypertension and exhibits also an inherited nephron deficit (11). 

Previous studies identified a quantitative trait locus (QTL) on rat chromosome 6 (RNO6) of the 

MWF rat as a major causative genetic locus for the early onset of albuminuria in this rat strain 

by deploying crosses between the MWF and the contrasting spontaneously hypertensive rat 

(SHR) strain with low albuminuria-susceptibility (13). Subsequent breeding of the consomic 

MWF-6SHR rat strain in which MWF-RNO6 was replaced by SHR-RNO6 verified the relevance 

of the RNO6-QTL as the onset of albuminuria in the MWF rat strain was completely abolished 

in MWF-6SHR (14). 

The zebrafish model is an emerging and particularly relevant vertebrate model in translational 

genomic studies with high genome conservation towards higher vertebrates and is used as a 
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straightforward screening tool for gene function in kidney development (15-17). In zebrafish 

embryos, the functional kidney is formed by the pronephros consisting of two nephrons with 

glomeruli fused at the embryo midline connecting to the pronephric tubules, which run laterally 

and drain into the pronephric ducts ultimately joining at the cloaca (17). The pronephric 

glomerular filtration barrier (GFB) exhibits a similar structure as in higher vertebrates with a 

fenestrated epithelium followed by the glomerular basement membrane (GBM) and podocytes 

with their distinctive interdigitating podocyte foot processes (17). Functional analysis of 

proteins relevant to kidney development and functionality can easily be conducted following 

gene knockdown using antisense morpholino (MO) oligonucleotides (18) or CRISPR/Cas9-

mediated somatic mutagenesis (19, 20). Both methods lead to a reduction in gene expression 

levels within the first 50 hours post fertilization (hpf), i.e. in the time window of pronephric 

organogenesis including the onset of organ functionality (17).  

The two transgenic zebrafish lines Tg[fabp10a:gc-EGFP] and Tg[wt1b:EGFP] are used to 

analyze GFB integrity or glomerular cell composition and development, respectively. The 

transgenic zebrafish line Tg[fabp10a:gc-EGFP] provides a transgene-based assay of GFB 

integrity and functionality with straightforward analysis of an albuminuria-like phenotype as the 

hallmark of compromised GFB function (21). Since zebrafish lack the albumin-orthologue, this 

line expresses vitamin D binding protein (gc) tagged with enhanced green fluorescent protein 

(EGFP) as a fluorescent tracer protein. gc-EGFP has a similar molecular weight and isoelectric 

charge as albumin and can thus act as an albumin-surrogate (21). The fluorescent albumin-

surrogate gc-EGFP is expressed under the control of the enhancer of liver-specific fatty-acid 

binding protein (fabp10a) following 48 hpf. After expression gc-EGFP is secreted into the blood 

to circulate in the vascular system of transgenic zebrafish embryos and is readily observable 

from this timepoint onwards (21). Damage of the GFB causes leakage of gc-EGFP through 

the GFB resulting in a decrease of fluorescence in the trunk vasculature of Tg[fabp10a:gc-

EGFP] zebrafish embryos with an albuminuria-like phenotype. 

In embryos of the zebrafish line Tg[wt1b:EGFP] EGFP is expressed under the control of the 

enhancer of the wt1b gene as one of two known zebrafish orthologues of the Wilms tumor 

suppressor gene Wt1 (22). After 35 hpf, EGFP fluorescence can be observed specifically in 

podocytes of the pronephric glomeruli, in pronephric tubules and proximal parts of pronephric 

ducts and other organs including the exocrine pancreas, heart, eyes and gills (22). In this 

study, these two transgenic zebrafish lines are utilized as useful tools for the translational 

genomic assessment and functional characterization of albuminuria candidate genes in the 

zebrafish model. 

 

Aims 
The overall aims of the study are as follows: 
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1) Characterization of the genomic architecture of a previously identified albuminuria-QTL 

on RNO6 of the MWF rat for identification of albuminuria candidate genes. 

2) Evaluation of clinical and pathophysiological relevance of albuminuria candidate genes 

in human kidney biopsies of FSGS patients and in human cultured podocytes (hPC). 

3) Analysis of the functional relevance of albuminuria candidate genes for GFB integrity 

and assessment of changes in glomerular morphology upon gene-deficiency in 

transgenic zebrafish embryos. 

While the experimental work for aim 1 and 2 was conducted by co-authors, my contribution 

to the study focused exclusively on aim 3. 

 

Methods 
Detailed description of methods is available in (1). Methods described here are those related 

to work in zebrafish as the relevant animal model of my contribution to the publication (1). 

 

Zebrafish Husbandry 
Zebrafish were bred, raised and maintained in accordance with the guidelines of the Max 

Delbrück Center for Molecular Medicine and the local authority for animal protection 

(Landesamt für Gesundheit und Soziales, Berlin, Germany) for the use of laboratory animals, 

and followed the ‘Principles of Laboratory Animal Care’ (NIH publication no. 86-23, revised 

1985) as well as the current version of German Law on the Protection of Animals. Embryos 

were kept in E3 embryo medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4; 

pH 7.4) under standard laboratory conditions at 28.5°C. To inhibit melanogenesis, embryos 

were incubated with 1% 1-phenyl-2-thiourea (PTU) in E3 embryo medium from 24 hours post 

fertilization onwards, i.e. the timepoint of initial pigmentation (23). 

 

Zebrafish morpholino (MO) and single guide RNA (sgRNA) microinjections 
For genetic manipulation, microinjections of zebrafish zygotes using the FemtoJet® 4i 

microinjector (Eppendorf) together with the M-152 Three-Dimensional Manipulator (Narishge 

Group) were performed. Prior to microinjection, needle ejection pressure was calibrated using 

a stage micrometer equipped with halocarbon oil to obtain injection droplets of approximately 

1 nl on a M80 dissecting microscope (Leica). Injection droplets were afterwards injected into 

zygotes of the zebrafish wild type hybrid strain AB/Tülf and the transgenic lines Tg[fabp10a:gc-

EGFP] (21) and Tg[wt1b:GFP] (22). MOs of the following sequences were synthesized by 

Gene Tools, LLC, Philomath: tmem63c ATG-MO 5’-CAGGCCAGGACTCAAACGCCATTGC-

3’, tmem63c ex2-sdMO 5'-TGTTATCATAGATGATGTACCAGCC-3', and a standard control 

oligo (Control-MO) 5’-CCTCTTACCTCAGTTACAATTTATA-3’. Tmem63c ATG-MO was used 

at a final concentration of 0.3 mM, tmem63c ex2-sdMO was used at a final concentration of 
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0.5 mM. MOs were injected into one-to four-cell stage zebrafish zygotes. As an injection control 

Control-MO was used at a final concentration of 0.3 mM (Control for tmem63c ATG-MO) and 

0.5 mM (Control for tmem63c ex2-sdMO). tmem63c ex2-sgRNA was diluted to a final 

concentration of 159.6 ng/μl (for functional analysis of the GFB and rescue experiments) or 

250 ng/µl (for TEM and confocal microscopy analysis), respectively using water and  

1 M KCl (final concentration 300 mM) and co-injected with Cas9-Protein (final concentration 

600 ng/μl) into one-cell stage zebrafish zygotes as described (20, 24). As an injection control 

(Cas9-Control) Cas9-protein was diluted to a final concentration of 600 ng/µl using water and  

1 M KCl (final concentration: 300 mM). 

 

CRISPR/Cas9 – mediated somatic mutagenesis 
For oligo-based synthesis of sgRNA targeting exon 2 of tmem63c, PCR amplification without 

DNA template was performed using the Phusion High-Fidelity PCR Kit (Thermo Fisher 

Scientific) as described in (25). Overlapping primers used for amplification were a unique 

CRISPR-forward oligonucleotide (BioTez, Berlin-Buch GmbH) with the following sequence 

GAAATTAATACGACTCACTATAGGACGTCAGGAGTTTCCTGAGTTTTAGA 

GCTAGAAATAGC containing the CRISPR target site (underlined) and the T7 polymerase 

binding site (bold) and the common CRISPR-reverse oligonucleotide 

AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTT

GCTATTTCTAGCTCTAAAAC containing the remainder of the sgRNA sequence (25). After 

purification of the resulting PCR product using the GeneJET Gel Extraction Kit (Thermo Fisher 

Scientific), in vitro transcription of 1000 ng DNA template was performed using the MEGAscript 

T7 Kit (Ambion) according to the manufacturer’s protocol with incubation at 37°C overnight. 

After that, sgRNA was purified with the RNeasy Mini Kit (Qiagen). To determine the efficiency 

of CRISPR/Cas9-mediated somatic mutagenesis individual embryos were analyzed at 48 hpf 

as described in (20). In brief, a genomic region flanking the CRISPR target site was amplified 

from isolated genomic DNA of individual wildtype and sgRNA-injected embryos using the 

following primers (BioTez, Berlin-Buch GmbH): forward: CAAATGGTGAACACTTGTGAATC, 

reverse: CTGCGGTTTACTGCGGAGATG and ligated into the pGEM t-easy vector of the 

pGEM®-T Easy Vector System (Promega) at 4°C overnight as described in the manufacturer’s 

protocol. The resulting vector was transfected into chemically competent DH5𝛂 E.coli cells and 

the successful ligation verified using the IPTG/X-Gal-system with readout as white colonies. 

Subsequent colony PCR of individual white clones was carried out after suspension and 1-

hour incubation in 20 µl SOC medium at 37 °C followed by PCR amplification using DreamTaq 

Polymerase (Thermo Fisher Scientific) and the commonly used T7 forward and SP6 reverse 

oligonucleotides. After analysis on a 2% agarose gel, samples showing bands of the desired 
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length were sequenced. Computational sequence analysis was performed using CrispR 

Variants (26).  

 

Reverse transcriptase (RT)-PCR  
For efficiency analysis of tmem63c ex2-sdMO, a reverse transcriptase (RT)-PCR was carried 

out. At 24 hpf, RNA from 50 pooled uninjected, Control-MO- and tmem63c ex2-sdMO-injected 

embryos each was isolated using Trizol Reagent (Invitrogen). 

DNase I digestion was performed using the RNAse-free DNase set (Qiagen) and samples 

were purified using the RNeasy Mini Kit (Qiagen) according to the manufacturer’s protocol. 

After determination of RNA quality and quantity using the Nanodrop ND-1000 

Spectrophotometer (pegLAB), equal amounts of mRNA for each group analyzed were 

transcribed to cDNA using the First strand cDNA synthesis kit (Thermo Fisher Scientific) 

according to the manufacturer’s protocol. PCR amplification of the tmem63c ex2-sdMO target 

region from cDNA was carried out with DreamTaq DNA Polymerase (Thermo Fisher) and the 

following primers flanking the MO target site: forward: CTGATGGAGGAGAACAGCACGG, 

reverse: ATACAGCAGAGCGAAGATACTGTG. Eukaryotic elongation factor 1 alpha 1, like 1 

(eef1a1l1) as a well – established housekeeping gene (27) was used as a loading control and 

amplified using the following primers: forward: TGGAGACAGCAAGAACGACC, reverse: 

GAGGTTGGGAAGAACACGCC. 

 

Rescue of CRISPR/Cas9-mediated tmem63c somatic mutants and tmem63c ex2-sdMO-
mediated gene knockdown using tmem63c mRNA (zebrafish) 
Gene knockdown of tmem63c using tmem63c ex2-sgRNA or tmem63c ex2-sdMO, 

respectively was rescued with zebrafish-derived tmem63c mRNA. Zebrafish-derived tmem63c 

cDNA was cloned into the pBluescript II SK(+) vector using the In-Fusion HD Cloning Kit 

(Takara). Prior to amplification, total cDNA from approximately 50 pooled wildtype embryos 

was synthesized as described in the preceding paragraph. tmem63c cDNA was amplified 

using Phusion High-Fidelity DNA polymerase (Thermo Fisher Scientific) and the following 

primers (BioTez, Berlin-Buch GmbH): 

 forward: GCTTGATATCGAATTCATGGCGTTTGAGTCCTGGCCTGC, 

 reverse: CGGGCTGCAGGAATTCTCACTGAAAAGCCACCGGACTG. The pBluescript II 

SK(+) vector was linearized by digestion using EcoRI FD restriction enzyme (Thermo Fisher 

Scientific) for 15 minutes at 37°C. The linearized vector and the amplified tmem63c cDNA were 

purified using the GeneJET Gel Extraction Kit (Thermo Fisher Scientific) and the tmem63c 

ORF cloned into the pBluescript II SK(+) vector using the In-Fusion HD Cloning Kit (Takara) 

according to the manufacturer’s protocol. For sequence-verification of the tmem63c cDNA 

insert, the resulting vector of the cloning reaction was amplified by transfection into DH5𝛂 E.coli 
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cells and the insert was sequenced using the commonly used T7 forward and M13 reverse 

primers. For sequencing of the whole ORF, an additional primer was used, 

GTGCAGAAACTAATGAAGCTGG, located at 822-844 bp starting from the beginning of the 

ORF. For mRNA synthesis, the tmem63c cDNA containing vector was linearized using XbaI 

FD (Thermo Fisher Scientific) and purified using the GeneJET Gel Extraction Kit (Thermo 

Fisher Scientific). In vitro transcription of capped RNA was performed using the mMessage 

mMachine T7 Kit (Ambion) with 2 hours incubation time at 37°C followed by DNase treatment 

using Turbo DNAse provided with the kit. For poly A-tailing, the Poly(A)-tailing Kit (Ambion) 

was used to the manufacturer’s protocol and the resulting tmem63c mRNA (zebrafish) 

extracted using the RNeasy Mini Kit (Qiagen). For in vivo rescue experiments of tmem63c ex2-

sgRNA, the mRNA was diluted to a concentration of 100 ng/µl and co-injected with tmem63c 

ex2-sgRNA of a concentration of 159.5 ng/µl into the same one-cell stage zygotes. For in vivo 

rescue experiments of tmem63c ex2-sdMO, tmem63c mRNA at a concentration of 100 ng/µl 

was injected in one-cell stage zygotes followed by tmem63c ex2-sdMO, that was co-injected 

into the same zygote at the one-to four-cell stage at a concentration of 0.5 mM. 

 

Rescue of tmem63c ATG-MO-mediated gene knockdown using Tmem63c mRNA (Rat) 
Rat-derived Tmem63c cDNA cloned into pcDNA3.1(+) vector was synthesized and sequence-

verified by Thermo Fisher Scientific using their GeneArt Gene synthesis service. For Tmem63c 

mRNA synthesis, the Tmem63c cDNA containing vector was linearized using XbaI FD 

(Thermo Fisher Scientific). The following steps were carried out as described in the preceding 

section. For in vivo rescue experiments of tmem63c ATG-MO, Tmem63c mRNA at a 

concentration of 100 ng/µl was injected in one-cell stage zygotes and subsequently tmem63c 

ATG-MO at a concentration of 0.3 mM co-injected into the same zygotes at the one- to four-

cell stage. 

 

Functional assessment of the GFB 
For functional assessment of the GFB, gc-EGFP fluorescence in the trunk vasculature of 

Tg[fabp10a:gc-EGFP] embryos was evaluated by epifluorescence microscopy using a M165 

Fluorescence Microscope (Leica) at 120 hpf following gene knockdown or rescue experiments, 

respectively. For evaluation of CRISPR/Cas9-mediated tmem63c somatic mutants, gene 

knockdown was carried out with tmem63c ex2-sgRNA at a concentration of 159.6 ng/µl. Each 

embryo was visually associated with the “fluorescent group”, the “deficient-fluorescent group” 

or “crippled/dead” according to their gc-EGFP fluorescence in the trunk vasculature and their 

number was quantified. The percentage of injected embryos was normalized to the percentage 

of the control group for each of the three categories. Quantifications were performed for at 
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least three independent injections, resulting in at least three ratios injected/control for each 

category with a total number of at least 100 embryos categorized. 

 

Transmission electron microscopy (TEM)  
Tg[fabp10a:gc-EGFP] embryos at 120 hpf were fixed in 4% formaldehyde/0.5% 

glutaraldehyde (EM-grade) in 0.1 M phosphate buffer for 2 hours at room temperature. For 

knockdown analysis, embryos were injected with tmem63c ex2-sgRNA of a concentration of 

250 ng/µl to increase mutation rates and enhance the observed phenotype (20). For analysis 

of CRISPR/Cas9-mediated tmem63c somatic mutants, embryos assigned to the “deficient-

fluorescent group” displaying a clear knockdown phenotype were evaluated. Samples were 

stained with 1% OsO4 for 2 hours, dehydrated in a graded ethanol series and propylene oxide 

and embedded in Poly/BedR 812 (Polysciences, Eppelheim, Germany). Ultrathin sections were 

contrasted with uranyl acetate and lead citrate. Sections were examined with a FEI Morgagni 

electron microscope and a Morada CCD camera (EMSIS GmbH, Münster, Germany). Image 

acquisition and quantification of podocyte foot process width and number of slit diaphragms 

per µm GBM were performed with the iTEM software (EMSIS GmbH, Münster, Germany). 

Quantification was done after blinding of group allocations for the pictures quantified to prevent 

any possible bias. 

 

Confocal microscopy of zebrafish embryos and quantification of podocyte cell number 
and glomerular volume 
Tg[wt1b:EGFP] embryos at 96 hpf were fixed in PEM buffer containing 4% formaldehyde and 

0.1% Triton-X 100 for 2 hours at room temperature or overnight at 4°C. For morphological 

analysis of a knockdown phenotype, embryos were injected with tmem63c ex2-sgRNA at a 

concentration of 250 ng/µl to increase mutation rates and enhance the observed phenotype 

(20). Nuclei were stained using 4′,6-Diamidin-2-phenylindol (DAPI, Sigma Aldrich, stock 

solution 1 mg/ml diluted 1:2000 in PBS) overnight at 4°C. After removal of the yolk, head and 

tail for a minimal distance between specimen and the cover slip of a 35 mm glass bottom dish 

(Mattek), the specimen was mounted in 0,7% low-melting agarose. The pronephroi of whole-

mount fixed embryos were imaged using a Zeiss LSM 710 or LSM 700 microscope with a LD 

C-Apochromat 40 x NA1.1 water objective and ZEN 2.1 software by sequentially acquiring 

confocal z-stacks of the GFP (488 nm laser, emission 495-550 nm) and the DAPI signal (405 

nm laser, emission 420-480 nm) with a pixel size of 102.4 nm. Care was taken to apply identical 

settings to all samples and not to oversaturate pixels. 

Quantification of podocyte cell number and glomerular volume was done using Imaris version 

9.21 software (Bitplane AG, Zürich, Switzerland). A 3D surface covering the total glomerular 

volume was manually edited by tracing the outlines of EGFP-positive cells for every second 
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section of the z-stack. EGFP-positive cells of the glomerulus were included, while cells of the 

pronephric ducts were excluded. Glomerular volume was automatically calculated from this 

surface. For quantification of podocyte cell number, the DAPI channel was masked with the 

EGFP channel using Fiji software (28) to include DAPI+/EGFP+ cells only, thus representing 

nuclei of podocyte cells. Then, a spot segmentation of the DAPI channel was performed. 

Estimated spot diameter was 4 µm. Spots were filtered for a minimum intensity of the EGFP 

channel and by using the Imaris quality filter algorithm on the DAPI channel. Threshold values 

were set for each image individually to prevent the occurrence of unspecific spots not matching 

the DAPI signal. Spots located outside the glomerular surface were manually deleted. 

 

Statistics 
Data are presented as mean ± SD. Normal distribution was determined using the Shapiro-Wilk 

test. For the functional analysis of the GFB in zebrafish, Gaussian distribution was assumed 

due to the high number of embryos categorized that underlie the analysis. Statistical analysis 

was done using One-way ANOVA with post-hoc Bonferroni’s multiple comparisons test. 

Statistical analysis was performed using GraphPad Prism 6 software (GraphPad Software, La 

Jolla California USA). P values < 0.05 were considered as statistically significant. 

 

Results 
Identification of Tmem63c as a positional candidate gene for the onset of albuminuria 
in MWF and characterization of TMEM63C in FSGS patient biopsies and human 
podocyte cell culture 
The previously identified 55 Mb spanning albuminuria-QTL on RNO6 of the MWF rat strain 

was narrowed by congenic substitution mapping strategy for both albuminuria and glomerular 

density phenotypes. For this purpose, 8 congenic rat strains (congenics) were bred with 

introgression of increasingly larger fragments of the SHR-RNO6 into the MWF genetic 

background replacing the MWF-RNO6. Deploying a comparison of albuminuria as well as 

glomerular density phenotypes between congenics and the parental MWF and SHR rat strains 

allowed to narrow the albuminuria-QTL down to a smaller interval spanning only 4.9 Mb (sub-

QTL) that explained 95% of the difference in albuminuria and 89% of the difference of the 

glomerular density between the MWF strain and the consomic MWF-6SHR strain. The identified 

sub-QTL was not attributable to blood pressure differences between the parental MWF and 

SHR rat strains as no changes in blood pressure were detected in the informative congenic 

strains.  

The defined sub-QTL was further analyzed by targeted Next-generation sequencing (NGS) 

analysis that detected 8 potentially deleterious non-synonymous variants in 5 genes comparing 
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MWF versus SHR. However, none of the identified genetic variants lead to the identification of 

a single candidate gene as selective sweeps in the sub-QTL region of the used inbred rat 

models were detected as a cause for these genetic variants. 

In contrast, RNA-sequencing (RNA-seq) of isolated glomeruli, identified a total of 2.454 

differentially expressed genes between MWF and SHR. Only 10 genes coding in the sub-QTL 

were significantly differentially expressed representing potential albuminuria candidate genes. 

The mRNA expression levels of these genes were further evaluated by quantitative real-time 

PCR (qPCR) analysis of isolated glomeruli from the parental MWF and SHR as well as the 

consomic MWF-6SHR strain at 4 and 8 weeks of age. 

Of the 10 candidate genes analyzed by qPCR, only Tmem63c showed significantly different 

and allele-dependent differential mRNA expression levels between the parental and consomic 

rat strains. Tmem63c mRNA expression levels were significantly upregulated in isolated 

glomeruli of the MWF strain, which was completely abolished in the consomic MWF-6SHR 

strain. In addition, analysis of the two informative congenic strains, that only vary in the 

identified sub-QTL, confirmed an allelic regulation of Tmem63c mRNA expression.  

Immunohistochemical analysis of Tmem63c in MWF kidneys revealed podocyte-specific 

localization of Tmem63c. However, comparing protein staining patterns of Tmem63c between 

MWF and SHR showed no obvious changes in glomerular protein abundance between these 

strains at 8 weeks of age.  

To evaluate a potential relevance of TMEM63C in human kidney damage, its expression in 

human kidney biopsies of FSGS patients and healthy controls was analyzed as aging MWF 

rats develop similar histopathological changes to those observed in FSGS patients (11, 29). 

TMEM63C was highly abundant in podocytes of healthy controls, while in the majority of FSGS 

patients a significant decrease in TMEM63C abundance with global loss of glomerular 

TMEM63C was shown. In addition, marked loss and changes in the glomerular localization of 

nephrin as a slit diaphraphm core component, which plays an important role in GFB 

functionality (30), was demonstrated. 

Reduction of TMEM63C levels in human cultured podocytes (hPC) using small interfering RNA 

led to significantly impaired cell viability as demonstrated by a reduction in calcein 

acetoxymethyl fluorescence intensity. In addition, reduced phosphorylation of protein kinase B 

combined with an increased transition of cytochrome C from mitochondria to cytoplasm was 

observed, thus linking TMEM63C to increased apoptosis and decreased pro-survival signaling 

in hPC. 

 

Functional analysis of tmem63c in Tg[fabp10a:gc-EGFP] zebrafish embryos 
To analyze the functional relevance of tmem63c for GFB integrity in a second vertebrate 

model, gc-EGFP fluorescence in the trunk vasculature of Tg[fabp10a:gc-EGFP] zebrafish 
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embryos at 120 hpf was examined deploying epifluorescence microscopy. Reduction of 

tmem63c-levels in developing zebrafish larvae was achieved using the morpholino (MO) 

knockdown technology with the use of one translation blocking (tmem63c ATG-MO) and one 

splice blocking (tmem63c ex2-sdMO) MO as well as by using CRISPR/Cas9-mediated somatic 

mutagenesis with the use of tmem63c ex2-sgRNA. For tmem63c ex2-sdMO, appearance of 

the double band indicative of a partial tmem63c transcript (Figure 1A, arrowheads) as well as 

reduced abundance of the correctly spliced, 555 bp-long fragment of the tmem63c transcript 

compared to controls confirmed efficiency of the used knockdown system. In the same RT-

PCR no changes in the abundance of a Eukaryotic translation elongation factor 1 alpha 1, like 

1 transcript, a housekeeping gene that is used as a loading control, were detected (Figure 1A). 

For tmem63c ex2-sgRNA, knockdown-efficiency was determined by subcloning and 

sequencing of the CRISPR-target site in CRISPR/Cas9-mediated somatic mutants (crispants) 

showing the presence of insertions and deletions at the CRISPR-target site as a result of non-

homologous end-joining repair following efficient generation of DNA double-strand breaks 

(Figure 1B) (20).  

At 48 hpf knockdown of tmem63c by both morpholinos as well as in tmem63c crispants led to 

no obvious developmental malformations, but to mild pericardial edema as a first hint linking 

tmem63c to changes in the cardiovascular or renal system, respectively (Figure 1C-G) (31). 

Evaluation of gc-EGFP fluorescence in the trunk vasculature of Tg[fabp10a:gc-EGFP] 

zebrafish embryos with knockdown of tmem63c gene function at 120 hpf revealed leakage of 

gc-EGFP from the vasculature (Figure 1H-K).  

Categorization and counting of Tg[fabp10a:gc-EGFP] zebrafish embryos resulted in a 

significantly increased number of embryos assigned to the “deficient-fluorescent group” upon 

tmem63c knockdown at 120 hpf (Figure 1L). Consequently, reduction of tmem63c-levels in 

developing zebrafish embryos led to an albuminuria-like phenotype for all knockdown-systems 

analyzed, while the injection of Control-MO or Cas9-protein as injection controls revealed no 

significant changes compared to uninjected controls (Figure 1L). 

To verify the specificity of the respective albuminuria-like phenotypes, rescue experiments by 

co-injection of zebrafish-derived tmem63c mRNA together with tmem63c ex2-sdMO and 

tmem63c ex2-sgRNA or rat-derived Tmem63c mRNA together with tmem63c ATG-MO, 

respectively were performed. Rescue of tmem63c ATG-MO was conducted using rat-derived 

Tmem63c mRNA due to sequence overlap as well as consequential targeting of zebrafish-

derived tmem63c mRNA by the translation blocking MO. Sequence identity of tmem63 mRNA 

(zebrafish, RefSeq ID NM_001159836) and Tmem63c mRNA (rat, RefSeq ID 

NM_001108045.1) is 65.82% at mRNA level and 53.52% at protein level (32). For all 

knockdown systems, the albuminuria-like phenotype could be similarly and specifically 

rescued by co-injection of zebrafish- or rat-derived tmem63c mRNA. The data not only shows 
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the specificity of the observed albuminuria-like phenotype, but also demonstrates the 

functional conservation of tmem63c across species (Figure 1L). 

Taken together, these results verify a functional role of tmem63c for GFB integrity in zebrafish 

embryos as a second in vivo vertebrate model. 

Figure 1. Functional analysis of tmem63c in Tg[fabp10a:gc-EGFP] zebrafish embryos. 
(A – B) Analysis of knockdown efficiency. (A) RT-PCR showing the appearance of a double band 
(arrowheads) representing a partial, incorrectly spliced tmem63c transcript as well as reduced 
abundance of the correctly spliced tmem63c transcript after injection of tmem63c ex2-sdMO, but not in 
Control-MO injected embryos or uninjected Controls, respectively. Eukaryotic translation elongation 
factor 1 alpha 1, like 1 (eef1a1l1) is used as a loading control. (B) Plot of mutagenesis output as created 
by CrispR Variants Lite analysis of the sequencing data from uninjected control and tmem63c crispants. 
The panel shows the pairwise alignment of each variant to the reference genome proving the presence 
of genetic mosaicsm with insertions and deletions following the efficient generation of DNA-double 
strand breaks in tmem63c crispants. The 20 bp sgRNA and the 3 bp PAM sequences are indicated in 
boxes in the reference sequence, the cutting site is indicated by a vertical line. Deletions are indicated 
by “-“ and insertions by symbols with the inserted sequences shown underneath the plot with respect to 
the cutting site. The right panel demonstrates the frequency of the variants in the embryos analyzed. 
(C-G) Bright field view of wildtype embryos at 48 hours post fertilization (hpf) in uninjected controls (C), 
tmem63c ATG-MO injected (D), tmem63c ex2-sdMO injected (E), 159.6 ng/µl tmem63c ex2-sgRNA 
injected (F), and 250 ng/µl tmem63c ex2-sgRNA injected embryos (G). Scale bar = 1 mm. (H-K) 
Epifluorescence microscopy of Tg[fabp10a:gc-EGFP] embryos at 120 hpf. Uninjected control with 
clearly visible gc-EGFP fluorescence in the trunk vasculature (“fluorescent”) (G). tmem63c ATG-MO-
injected (I), tmem63c ex2-sdMO injected (J) and tmem63c ex2-sgRNA injected (K) embryo with partial 
or complete loss of trunk fluorescence (“deficient-fluorescent“). Scale bar = 1 mm. (L) Analysis of gc-
EGFP in the trunk vasculature. Shown are embryos categorized as “deficient-fluorescent” (df). 
Uninjected Control (n = 2155); Control-MO 0.3mM (n = 189); tmem63c ATG-MO (n = 227); tmem63c 
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ATG-MO + Tmem63c mRNA (Rat) (n = 230); Control-MO 0.5 mM (n = 130); tmem63c ex2-sdMO (n= 
297); tmem63c ex2-sdMO + tmem63c mRNA (ZF) (n = 137);Cas9-Control (n = 178); tmem63c ex2-
sgRNA (n = 371); tmem63c ex2-sgRNA + tmem63c mRNA (ZF) (n = 111); Dashed line at y = 1 indicates 
the uninjected control level; * P < 0.0001 vs. uninjected Control, Control – MO 0.3 mM, tmem63c ATG-
MO + Tmem63c mRNA (Rat). ** P < 0.002 uninjected Control, Control – MO 0.5 mM, tmem63c ex2-
sdMO + tmem63c mRNA (ZF). # P < 0.004 vs. uninjected Control, Cas9 – Control, tmem63c ex2-sgRNA 
+ tmem63c mRNA (ZF). Data points in the graph represent the ratio  
%(Uninjected Control (df))/%(experimental group (df)) per independent experiment. Data points show 
the ratio of 3 or 4 independent observations, respectively, in which the above stated number of embryos 
was categorized. 
Part of Figure 1 has been previously published in (1): Schulz A, Müller NV, van de Lest NA, Eisenreich 
A, Schmidbauer M, Barysenka A, Purfurst B, Sporbert A, Lorenzen T, Meyer AM, Herlan L, Witten A, 
Ruhle F, Zhou W, de Heer E, Scharpfenecker M, Panakova D, Stoll M, Kreutz R. Analysis of the genomic 
architecture of a complex trait locus in hypertensive rat models links Tmem63c to kidney damage. eLife. 
2019;8. Figure 7, Functional assessment of the glomerular filtration barrier (GFB) after loss of 
transmembrane protein 63c (tmem63c) in zebrafish; Figure 7-figure supplement 1, Functional 
assessment of the glomerular filtration barrier (GFB) in Tg[fabp10a:gc-EGFP] zebrafish embryos; p.13. 
 
Assessment of changes in glomerular morphology in tmem63c CRISPR/Cas9-mediated 
somatic mutants 
To further analyze the ultrastructural composition of the GFB, we deployed transmission 

electron microscopy (TEM) in tmem63c crispants. Quantification of podocyte foot process 

width and the total number of slit diaphragms per µm GBM from TEM pictures was used to 

compare secondary podocyte foot process organization in crispants versus uninjected controls 

and Cas9-protein-injected Tg[fabp10a:gc-EGFP] zebrafish embryos at 120 hpf.  

We observed considerable changes in podocyte foot process morphology in tmem63c 

crispants with a loss of the typical interdigitating pattern of podocyte foot processes leading to 

broadened secondary foot processes (Figure 2 A-C). This pathological finding is commonly 

described as podocyte foot process effacement (33). Consistent with this, subsequent 

quantitative image analysis revealed a significant increase in podocyte foot process width 

(Figure 2D) with accompanying significant decrease in the total number of slit diaphragms per 

µm glomerular basement membrane (Figure 2E) in tmem63c crispants compared to uninjected 

and Cas9-protein-injected controls, respectively. 

This data provides compelling evidence that lack of tmem63c in developing zebrafish embryos 

leads to profound changes in GFB ultrastructure compromising GFB functionality. At the same 

time, these findings corroborate the previously observed albuminuria-like phenotype 

evidenced by pathophysiological changes in glomerular ultrastructure. 

Since ultrastructural analysis of the GFB suggested detachment of podocytes, confocal 

microscopy of whole-mount fixed Tg[wt1b:EGFP] zebrafish embryos at 96 hpf and subsequent 

computational 3D reconstruction of the glomerulus was conducted to examine the cellular 

organization of the glomerulus. For quantification, the 3D reconstruction was used to 

accurately determine absolute podocyte cell number, glomerular volume and relative podocyte 

cell number (absolute podocyte cell number normalized to glomerular volume). In this analysis, 
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the majority of tmem63c crispants presented with dilated glomerular capillary loops compared 

to uninjected and Cas9-protein-injected controls as can be seen in Figure 2H (asterisk). This 

resulted in a significant increase in total glomerular volume in tmem63c crispants compared to 

uninjected controls (Figure 2J). Quantification of absolute and relative podocyte cell number 

revealed no changes in absolute podocyte cell number in tmem63c crispants (Figure 2I), while 

relative cell number was significantly decreased compared to uninjected controls indicating a 

significant reduction in podocyte density (Figure 2K). These findings reveal no absolute 

detachment of podocytes upon tmem63c-deficiency, but rather suggest a role of tmem63c in 

proper development of glomerular capillaries leading to glomerular hypertrophy with 

decreased podocyte density. 

 
Figure 2. Morphological analysis of glomerular structures in tmem63c crispant zebrafish 
embryos. 
(A-E) Electron microscopy and quantitative assessment of GFB ultrastructure. (A-C) Representative 
electron microscopy pictures of the GFB in uninjected Controls (A), Cas9-Controls (B) and after 
tmem63c knockdown (C) The GBM is highlighted in yellow. Quantitative analysis of podocyte foot 
process width (D) and number of slit diaphragms per µm GBM (E). Uninjected Control (n = 5); Cas9-
Control (n = 4); tmem63c ex2-sgRNA (n = 4); Scale bar = 1 µm; * P < 0.002 vs. uninjected Control, 
Cas9-Control; # P < 0.02 vs. uninjected Control, Cas9-Control. (F-J) Confocal microscopy and 
quantification of absolute and relative podocyte cell number in Tg[wt1b:EGFP] at 96 hpf. Representative 
confocal microscopy pictures of glomeruli in uninjected Controls (F), Cas9-Controls (G) and after 
tmem63c knockdown (H). Asterisks indicate dilated glomerular capillaries. Quantitative analysis of 
absolute podocyte cell number (I), total glomerular volume (J) and relative podocyte cell number (K). 
Relative podocyte cell number has been obtained after normalization of the absolute cell number to the 
glomerular volume. Uninjected Control (n = 6); Cas9-Control (n = 6); tmem63c ex2-sgRNA (n = 7); Scale 
bar = 15 µm; ## P = 0.0381 vs. uninjected Control, ** P = 0.0229 vs. uninjected Control. 
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Part of Figure 2 has been previously published in (1): Schulz A, Müller NV, van de Lest NA, Eisenreich 
A, Schmidbauer M, Barysenka A, Purfurst B, Sporbert A, Lorenzen T, Meyer AM, Herlan L, Witten A, 
Ruhle F, Zhou W, de Heer E, Scharpfenecker M, Panakova D, Stoll M, Kreutz R. Analysis of the genomic 
architecture of a complex trait locus in hypertensive rat models links Tmem63c to kidney damage. eLife. 
2019;8. Figure 8, Ultrastructural and morphological analysis of glomerular structures after loss of 
tmem63c in zebrafish.; p.15. 
 

Discussion 
In this study, the relatively large previously identified albuminuria-QTL on RNO6 of the MWF 

rat was successfully narrowed to a sub-QTL by congenic substitution mapping strategy for 

albuminuria and glomerular density phenotypes.  

While both, the albuminuria phenotype and the inherited nephron deficit mapped to the 

identified sub-QTL in MWF, no changes were detected in blood pressure proving that the 

identified genomic region is responsible for albuminuria development and reduced glomerular 

density independent from blood pressure changes present in MWF. Since albuminuria is 

associated with hypertension as well as developmental changes of the kidney and nephron 

deficit (34) the here identified sub-QTL excludes genes responsible for blood pressure 

changes in the parental rat strains (11).  

Subsequent compartment-specific RNA-seq analysis in isolated glomeruli of MWF and SHR, 

identified 10 significantly differentially expressed genes coding in the sub-QTL region. Out of 

these 10, Tmem63c was prioritized as a positional candidate gene based on its significantly 

different and allele-dependent differential mRNA-expression levels between the parental MWF 

and SHR and the consomic MWF-6SHR rat strain 

Immunohistochemical analysis of Tmem63c protein expression in MWF and SHR kidneys 

showed abundance of Tmem63c specifically in podocytes, but revealed no obvious changes 

in protein abundance between the two strains as opposed to significantly increased Tmem63c 

mRNA expression levels in MWF versus SHR. 

As stated by Liu et al. (35) transcript levels are not sufficient to predict protein levels as their 

relationship is influenced by various other factors such as spatial and temporal variation of 

mRNAs, local availability of resources for protein biosynthesis and the possible buffering of 

mRNA fluctuations at the protein level, which possibly explains the observed discrepancy. 

Clinical relevance of TMEM63C was evaluated in human kidney biopsies of FSGS patients 

and revealed significantly lower protein abundance in FSGS patients compared to healthy 

control patients. In addition, this change was associated with a marked decrease and a change 

in staining pattern of the slit diaphragm core component nephrin. FSGS patients serve as a 

rational human counterpart as the MWF rat represents a commonly accepted genetic FSGS 

rat model with the development of glomerulosclerotic lesions (11, 36, 37). While loss of nephrin 

abundance in FSGS has been shown previously (38, 39), associated loss of TMEM63C 

provides clinical relevance of the identified candidate gene in human pathology. Furthermore, 
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siRNA-mediated knockdown of TMEM63C in hPC underlined its pathophysiological relevance 

by revealing decreased cell viability combined with increased apoptotic and decreased pro-

survival signaling in podocytes.  

Functional analysis of tmem63c in Tg[fabp10a:gc-EGFP] zebrafish embryos revealed 

compromised GFB integrity resulting in an albuminuria-like phenotype upon gene deficiency. 

Knockdown of tmem63c gene function in this study was conducted using Morpholino (MO) 

antisense oligos as well as CRISPR/Cas9-mediated somatic mutagenesis. While MO-induced 

gene knockdown efficiency wears off following 72 hours post injection (18), CRISPR/Cas9-

mediated somatic mutagenesis induces permanent genomic mutations in developing zebrafish 

embryos albeit in mosaic manner. The fact that an albuminuria-like phenotype was observed 

in tmem63c morphants may indicate an important role of tmem63c in pronephric 

organogenesis and GFB functionality within the first 72 hpf of embryonic development, which 

could not be reversed until 120 hpf while tmem63c gene function was gradually restored. 

Recent reviews discuss the value of loss-of-function studies gained by MO- or transient 

CRISPR/Cas9-mediated gene knockdown, respectively (40-42). For MO-mediated gene 

knockdown, major concerns are raised about MO off-target effects that are causing 

phenotypes independent or only partially caused by the gene analyzed (41). In addition, it has 

to be taken into account, that for several reasons, including MO-off target effects and lack of 

genetic compensation in morphants, MO-induced phenotypes are different and often more 

severe than mutant phenotypes (40). Transient, first generation CRISPR/Cas9-mediated 

somatic mutants are mosaic somatic mutants with dose-dependent mutation rates (20), in 

which some cells are carrying the mutation while in others the CRISPR-target site remains 

unchanged. In these, genetic mosaicism causes a complex, yet unpredictable and difficult to 

define genetic makeup, that is different for each mosaic animal evaluated (42). 

To account for these concerns and ensure specificity of the observed phenotypes, several 

backup and control experiments were applied as discussed in relevant reviews (40-42): 

tmem63c gene knockdown was conducted using a translation as well as a pre-mRNA splicing 

blocking MO and was further corroborated by CRISPR/Cas9-mediated somatic mutagenesis 

as suggested (40, 41). All of these approaches revealed similar phenotypes showing mild 

pericardial edema at 48 hpf and an albuminuria-like phenotype at 120 hpf. Thus, the here 

observed phenotype is highly attributable to a knockdown of tmem63c function in developing 

zebrafish embryos. 

Specificity of each of the knockdown approaches was successfully verified by rescue of the 

observed phenotypes with co-injection of mRNA not targeted by the knockdown system used 

as proposed by Eisen et al. (41). While the pre-mRNA splice-blocking-mediated (tmem63c 

ex2-sdMO) and the CRISPR/Cas9-mediated (tmem63c ex2-sgRNA) gene knockdown were 

rescued by co-injection of zebrafish-derived tmem63c mRNA, the translation blocking-
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mediated (tmem63c ATG-MO) gene knockdown was rescued with rat-derived Tmem63c 

mRNA, that is not targeted by tmem63c ATG-MO. Consequently, with rescuing the knockdown 

of tmem63c in zebrafish with rat-derived Tmem63c mRNA not only the specificity of the 

observed knockdown phenotype, but also functional conservation of tmem63c function across 

species was verified. This further supports using the zebrafish as a valuable animal model for 

further research on a molecular mechanism of tmem63c function. 

Knockdown-efficiency has been shown for tmem63c ex2-sdMO using RT-PCR as suggested 

(41) with the appearance of a partial, incorrectly spliced tmem63c transcript as well as reduced 

abundance of the correctly spliced tmem63c transcript compared to controls and for tmem63c 

ex2-sgRNA by sequencing of the CRISPR target site, which indicated the induced genomic 

variants. 

Control-MOs and a Cas9-Control were used as injection controls to make up for possible 

phenotypes due to the injection process itself as recommended (41) and showed no significant 

changes compared to uninjected controls. 

Together, the above described knockdown techniques are valuable and easy applicable tools 

to analyze a gene’s functional role in developing zebrafish larvae, but require in-depth 

knowledge on major drawbacks of these methods and conduction of appropriate control 

experiments as well as the use of at least two different knockdown systems to corroborate and 

assure validity of the observed knockdown phenotypes. Further research on a possible 

molecular mechanism of tmem63c should be conducted in zygotic mutants to exclude any 

possible MO-off-target effects and to ensure the evaluation of genetically identical animals (40, 

42). 

The observed albuminuria-like phenotype and an important role of tmem63c in GFB integrity 

were corroborated by ultrastructural analysis of tmem63c crispants using TEM. This analysis 

revealed profound changes in podocyte morphology resulting in podocyte foot process 

effacement, a process that is typically associated with the presence of proteinuria and 

compromised GFB functionality (33). 

Subsequent quantification of absolute and relative podocyte cell number using confocal 

microscopy of whole-mount fixed Tg[wt1b:EGFP] zebrafish embryos revealed no changes in 

absolute cell number, while glomerular volume was increased with a concomitant decrease in 

relative podocyte cell number or podocyte density in tmem63c crispants compared to 

uninjected controls. As shown in Figure 2H, this increase in glomerular volume is due to a 

marked dilation of glomerular capillaries leading to glomerular hypertrophy and possibly 

attributable to increased podocyte stress as a potential cause of the observed podocyte foot 

process effacement in TEM (43, 44).  

Tmem63c belongs to the TMEM (transmembrane protein) gene family, a family of 

approximately 310 proteins that are predicted to be components of various cell membranes. 
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Many TMEMs function as channels, although the exact function of the majority of these 

proteins including Tmem63c remains unknown (45, 46).  

Recent studies identified and evaluated Tmem63c and its two paralogs Tmem63a and 

Tmem63b as mammalian homologues of AtCSC1 and its close homologue OSCA1, that are 

responsible for hyperosmolarity-induced Ca2+-signaling in plants and therefore might be 

putative candidates for osmoreceptor or mechanosensitive channels in mammals (47, 48). 

While it has been shown, that the Tmem63c-family members are able to evoke 

hyperosmolarity-induced ion currents, if co-expressed (48), mechanosensitivity with the ability 

to trigger stretch-induced ion currents was shown for Tmem63a and Tmem63b, but not 

Tmem63c in a more recent study (49). In the same study, the lack of mechanosensitivity of 

Tmem63c was justified with its phylogenetic divergence from Tmem63a and Tmem63b in 

mammals (49).  

In this study, zebrafish embryos with reduced tmem63c-levels presented with glomerular 

hypertrophy due to ectasia of glomerular capillaries suggesting a role of tmem63c in vascular 

development.  

Interestingly, Tmem63b has been associated with alterations in vascular endothelial growth 

factor A (VEGF-A) levels (50, 51), while it is well-known that podocyte dysfunction and 

depletion depend on a tightly regulated reciprocal crosstalk between podocytes and 

endothelial cells including VEGF-A as an essential factor for GFB integrity as well as 

angiogenesis (52, 53). 

Since co-expression and thus a tight interplay of the Tmem63-family members was identified 

as an important prerequisite to constitute a hyperosmolarity-activated ion channel (48), a 

possible relation between the other two Tmem63-family members, Tmem63a and Tmem63c, 

and alternating VEGF-A levels should be further evaluated in future studies. 

However, the role of Tmem63c as a hyperosmolarity-induced or mechanosensitive ion channel 

and its interplay with the other Tmem63-family members remains currently unclear and has to 

be evaluated in further studies to elucidate a molecular mechanism of Tmem63c-mediated 

podocyte injury.  

This study identifies naturally occurring genetic variants in Tmem63c in inbred hypertensive 

rat models and successfully demonstrates their potential clinical relevance for albuminuria 

development in humans. Similarly, genetic variants in RAB38 (54, 55) and Shroom3 (56) have 

been identified in the fawn-hooded hypertensive rat strain and have been proven relevant in 

human pathology later on. This emphasizes the importance of inbred animal models as 

important tools complementing large-population GWAS. 

Altogether, this study indicates a conserved functional role of Tmem63c for GFB integrity 

between rodents, fish and humans and suggests further translational investigation of 

Tmem63c as a novel target for the therapeutic intervention of albuminuria in hypertension. 
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• Alle licht- und fluoreszenzmikroskopischen Aufnahmen von 

Zebrafischembryonen wurden von mir erstellt, selektiert und graphisch 

aufgearbeitet. Siehe Abb. 7C – K sowie Abb. 7- Abb.anhang 1A–C, G, H. 
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