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In vivo characterization of a podocyte- i

expressed short podocin isoform
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Abstract

The most common genetic causes of steroid-resistant nephrotic syndrome (SRNS) are mutations in the NPHS2 gene,
which encodes the cholesterol-binding, lipid-raft associated protein podocin. Mass spectrometry and cDNA sequenc-
ing revealed the existence of a second shorter isoform in the human kidney in addition to the well-studied canonical
full-length protein. Distinct subcellular localization of the shorter isoform that lacks part of the conserved PHB domain
suggested a physiological role. Here, we analyzed whether this protein can substitute for the canonical full-length
protein. The short isoform of podocin is not found in other organisms except humans. We therefore analysed a mouse
line expressing the equivalent podocin isoform (podocin®®°") by CRISPR/Cas-mediated genome editing. We char-
acterized the phenotype of these mice expressing podocin®®°™ and used targeted mass spectrometry and gPCR

to compare protein and mMRNA levels of podocin®!9?¢ and podocin®®°™. After immunolabeling slit diaphragm com-
ponents, STED microscopy was applied to visualize alterations of the podocytes'foot process morphology.

Mice homozygous for podocin were born heavily albuminuric and did not survive past the first 24 h after birth.
Targeted mass spectrometry revealed massively decreased protein levels of podocin®®°"®, whereas mRNA abundance
was not different from the canonical form of podocin. STED microscopy revealed the complete absence of podocin

at the podocytes’slit diaphragm and severe morphological alterations of podocyte foot processes. Mice heterozy-
gous for podocin®®°™ were phenotypically and morphologically unaffected despite decreased podocin and nephrin
protein levels.

Aexon5

The murine equivalent to the human short isoform of podocin cannot stabilize the lipid-protein complex at the podo-
cyte slit diaphragm. Reduction of podocin levels at the site of the slit diaphragm complex has a detrimental effect

on podocyte function and morphology. It is associated with decreased protein abundance of nephrin, the central
component of the filtration-slit forming slit diaphragm protein complex.
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Background

NPHS?2, the gene encoding podocin, is ranked among
the most frequently mutated genes in patients with
genetic steroid-resistant nephrotic syndrome (SRNS)
[1] or focal and segmental glomerulosclerosis (FSGS)
[2, 3]. Podocin is a hairpin-like membrane-associated
protein that multimerizes to recruit plasma mem-
brane lipids [4, 5]. The protein is expressed explicitly
in podocytes, which are part of the glomerular filtra-
tion barrier. Based on human genetic and knock-out
mouse studies, a central role of podocin for the devel-
opment and maintenance of the glomerular filtration
barrier and the physiological foot process morphology
was demonstrated [6, 7]. Years of extensive research
have shed light on its mutational spectrum [8-11] as
well as on its role as a scaffolding and signaling pro-
tein at the slit diaphragm [4, 11-13]. The vast major-
ity of human and mouse studies have focused on the
canonical form of podocin, which is highly conserved
between the two species (86% sequence identity and
95% sequence similarity) [14]. We have previously iden-
tified protein expression of a short isoform of podocin
in the human kidney [15]. Interestingly, this isoform
can only be found in humans. Available RNA sequenc-
ing data from the Genotype-Tissue Expression (GTEx)
project revealed a surprisingly high expression level for
the short isoform of about half the level of the canoni-
cal isoform in human kidney tissue (Fig. 1la). In the
short isoform, exon 5 is lacking without affecting the
reading frame of the remaining mRNA. The genomic
region spanned by exon 5 is known to be enriched for the
occurrence of mutations [16]. Experiments in cell cul-
ture could show that this isoform is mostly retained in
the endoplasmic reticulum, which is a pathogenic feature
known from other disease causing mutations of podocin
[9, 17, 18]. In this study, we characterized a mouse line
expressing a podocin®®°" allele resembling the human
short isoform of podocin, which is physiologically not
present in the mouse. Specifically, we addressed the open
questions what the role of the short isoform is in vivo and
whether implications for a rescue capacity of the short
isoform can be found. The latter is of particular interest
in cases in which disease-causing mutations are present
in exon 5, which is missing in the short isoform.

(See figure on next page.)

Page 2 of 14

Results
PodocinAexonS/AexonS
phenotype

In the process of inserting a specific point mutation
into exon 5 of podocin, a 255 bp deletion affecting the
acceptor splice site of exon 5 occurred (Fig. 1b, see
methods section “Genotyping” for specific information
on the deletion) due to a non-homologous end-joining
repair event during CRISPR/Cas9 mediated genome
editing. As a result, exon 5 was skipped entirely from
the resulting mRNA (Fig. lc—e, Suppl. Figure 1).
Importantly, this did not affect the reading frame of the
remaining Nphs2 mRNA as exon 5 lies in frame of the
regular reading frame of the gene. Exon 5 encodes for
the identical part of the protein in human and mouse,
hence, the artificial murine short-isoform (Aexon 5)
faithfully copies the human short-isoform (Suppl.
Figure 1).

While heterozygous podocin mice were
phenotypically indistinguishable from wild-type mice,
podocin®exen®/aexon5 mice were not detected at the
age of weaning (~ 3 weeks, Fig. 2a). To exclude prena-
tal death, we investigated the genotypes on the day of
birth (PO).

Genotyping a total number of 80 newborn pups
revealed a regular distribution of genotypes accord-
ing to Mendelian laws (Fig. 2b). It can therefore be con-
cluded that podocin®®°n¥/aexons nyhg died between their
birth and the age of weaning, which is similar to podocin
knock-out mice [4].

Homozygous podocin pups showed a
drastically increased albuminuria at the time of birth
whereas there was no significant difference between
podocinwildtype/wildtype and podocinAeXOHS/wildtype mice
(Fig. 2c and d). Strikingly, collecting urine samples
from podocin®®°ns/AexonS mice was only possible in a
subset of animals due to anuria in many pups while
this problem was not present in podocin®idtype/wildtype
and podocin®een/wildtype mice Histologically, no FSGS
lesions could be found in podocin®®xen>/Aexons mice yet
protein casts could be observed in the tubular system
of podocin®exond/Aexon5 pice (Fig, 2e, asterisk). Stain-
ing for Wt-1, a key transcription factor in glomeru-
lar development and a specific marker for developed

mice have a severe congenital

Aexon5/wildtype

Aexon5/Aexon5

Fig. 1 Podocin®°" mice lack exon 5 due to a deletion affecting the splice acceptor site. A Podocin isoform mRNA expression across different
tissues in healthy human individuals. TPM =transcripts per million. Data Source: GTEx Analysis Release V8 (dbGaP Accession phs000424.

v8.p2). B Schematic illustration of the podocin protein. Exon 5 is located within the characteristic PHB domain. C The CRISPR/Cas9

mediated deletion in podocin®°"> mice abolishes the splice acceptor site of exon 5 leading to an exon skipping in the final MRNA. % =site

of deletion,——s=forward primer,«+———=reverse primer. Arrows indicate primers used for figure d. See Supplemental Fig. 1 for an amino acid

alignment. D RT-PCR using the primers indicated in panel c. In podocin

pexons/aexons myjce 3 piece of DNA representing exon 5 is missing. E Sanger

sequencing of the cDNA of a podocin AXn/2e°n5 moyse shows the in-frame transition from exon 4 directly to exon 6



Butt et al. BMC Nephrology ~ (2023) 24:378 Page 3 of 14

A 0.0 1.4 4.9 13 34 85
TPM [

canonical isoform@3 @B 122

shortisoform 538 € o096

T— - - . =

-
Kiy Kig. T8, Pt Sls, Sos Sto, Wp Use Pro. Ous Moo My Lup L,
(7/7 e . (7/7 Sy \S{,s 0”6,}6%7@,. /@eo 0/7760/760 Vo G/Gr(/s 0&‘1‘6{’@ 9/} /",,e R I/S.C Yo : /79 r
A’@d 0/7. OO /6/'6 Y S’(’e/
(78 Sty
B cell membrane

U R R RREE TR )

W . A

human 383

A,
/*/5 murine 385

1
ex1 H ex2 Hexs hen ex 8
—_— -—
ex 1 ex2 ex3 |ex4|ex6 |ex7| ex8

cDNA of Nphs2 lackingexon 5 [ATACCTTTCCATGAGGTTGCCTTAGATGCA

Exon 4 Exon 6

sanger sequencing of a Podocin®*"¥4" mouse |n T ACCTTTCCATGAGGTTGCCTTAGATGCA
amino acid sequence of a Podocin®®exoSmoysel | P F H E V A L D A

Fig. 1 (Seelegend on previous page.)




Butt et al. BMC Nephrology =~ (2023) 24:378

podocytes, did not reveal substantial differences
between the three genotypes (Fig. 2f) which indicates
that the generation and differentiation of podocytes is
not disrupted.

Podocin and nephrin protein levels are decreased
in podocinAexonslwildtype and podocinﬂexonsmexons
mice

Next, we assessed mRNA levels of the two distinct
Nphs2 isoforms. We used qPCR assays that allowed
the mRNA quantification of both, Nphs2*ildtype
and Nphs22°">  (referred to as unspecific qPCR
assay, Fig. 3a) or Nphs2®®°"™ only (Fig. 3b). There
was no statistically significant difference between
the three genotypes in levels of total Nphs2 mRNA
using the unspecific podocin qPCR assay (Fig. 3a).
Using Nphs22¥°" jsoform specific primers, we veri-
fied that Nphs22°"> mRNA could not be detected in
podocin“idtrpe/wildtype mjce and  Nphs2°€°"> mRNA
levels were roughly 50% in podocin®®°n®/wildype 4
compared to podocin®®nS/Aexons mice (Fig, 3b).
Both findings emphasize the specificity of our qPCR
approach. We then quantified protein abundances of
podocin and nephrin, its binding partner and central
protein of the slit diaphragm, encoded by the Nphsi
gene. To this end, we set up a targeted mass spectrom-
etry assay, which enabled us to specifically quantify
podocin and nephrin peptides from kidney samples.
Importantly, only podocin peptides outside of exon
5 were included in the assay in order to enable detec-
tion of podocin®®*°" protein. Contrary to the similar
total podocin mRNA levels between the three geno-
types, podocin protein levels were significantly dif-
ferent among all genotypes (Fig. 3c). Compared to
podocinVildtype/wildtype mice podocin protein levels were
decreased to 50% and 2.7% in podocin®ex°n>/wildtype 45
podocin?exens/Aexons mice respectively. Nephrin protein
levels were concomitantly changed albeit not to the
same extent (Fig. 3d), whereas there was again no dif-
ference in Nphsl mRNA levels (Fig. 3e).

(See figure on next page.)

Fig. 2 Podocin®®°n/Aeons mice display a severe congenital phenotype. A Not a single podocin
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STED microscopy and quantitative analysis reveal
disruption of foot process morphology

Applying STED microscopy to kidney sections of
podocinwildtype/wildtype’ pOdOCinAeXOﬂS/Wﬂdtype, and
podocin mice on their day of birth after
immunolabelling podocin and nephrin allowed the
visualization of the podocyte foot process morphol-
ogy and distribution of slit diaphragm-associated
proteins (Fig. 4a-c) [19]. In Fig. 4a, the regular archi-
tecture with foot processes densely covering the
capillary surface could be observed. While this stain-
ing pattern of podocin and nephrin appeared to be
relatively unchanged between podocin®ildtype/wildtype
and podocin®°n/Wildtype  mjce  ultrastructure in
podocin®een®/Aexons mice was severely disrupted. In
addition, a complete absence of podocin from the slit
diaphragm complex became evident (Fig. 4c, middle
panel). Importantly, we made sure that the podocin anti-
body used in this study was able to bind to the native as
well as the denatured podocin®®™°" variant by perform-
ing immunoprecipitation and immunoblot experiments
(Suppl. Figure 2). The absence of podocin®®°™ at the
slit diaphragm could be explained by a previous study
from our group showing that the human short isoform
transiently expressed in HeLa cells is retained in the
endoplasmic reticulum [15]. We have confirmed this
finding in a similar experiment by transiently expressing
the murine isoforms podocin*!4P¢ and podocin®¢*">
(Fig. 4d, e). Visualization of the two FLAG-tagged
podocin variants clearly shows the enrichment of
podocin®™°"® to the region around the nucleus and its
absence from the cell membrane (Fig. 4e). In contrast,
there was a strong staining signal at the plasma mem-
brane in cells expressing podocin*!4¥P¢ (Fig. 4d).

We have recently shown how STED microscopy and
computational analyses of super-resolution images
can be used to characterize morphological alterations
of podocytes (see methods section and Suppl. Figure 3
for a detailed description of the parameters used) [20],
which we further developed into a fully-automated,

Aexon5/Aexon5

pexons/aexons mayse could be observed at the age

of weaning (~ 3 weeks, n=48 mice). B At birth (P0) the distribution of genotypes is as expected, according to Mendelian laws (n=80 mice). The

expected ratio of observed genotypes was confirmed using a Chi-Square test. C Colloidal coomassie staining of urine samples from podocin
mice at PO. As compared to the other two genotypes, more albumin could be detected
mice. Full-length gel is presented in Suppl. Figure 4. D Quantifications of the urinary albumin creatinine ratio

mice at PO. The ratio was significantly higher in podocin

wildtype Aexon5/wildtype Aexon5/Aexon5

, podocin
in urine of podocin
of podocin™idiype/wildtype

and podocin
Aexon5/Aexon5

Aexon5/wildtype Aexon5/Aexon5

, podocin and podocin

wildtype/

Aexon5/Aexon5 mice.

Tukey's multiple comparison test was used to determine statistical significance. Data are presented as mean +SEM (n = 3 mice per genotype). *
y p p : _ cal sig p per genotyp
p <0.05. E PAS staining of podocin™dupe/widype nodocinbeons/widype and podocin®en>/4exens mice at PO. No sclerotic lesions could be found,

however multiple proteins casts were detectable in the tubular system of Podocin
and 40 pm (insets), respectively. F Wt-1 Immunohistochemistry of podocin

Aexons/aexons mjce (asterisk). Scale bars correspond to 200 um

wi\dtype/vvi\dtype’ podocinAexoM/detype and pOdOCmAexonS/Aexoms mice at PO.

Distribution of Wt-1 positive cells was not globally altered among the three genotypes. Scale bars correspond to 200 um
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and podocin®®en>/Aeons mice gt PO. A Overall Nphs2 mRNA levels were not significantly different among the three genotypes. B A custom designed
gPCR assay specifically quantifies the Nphs2“®°"> mRNA. C Using a targeted mass spectrometry approach, podocin abundance was measured

in podocin¥iépe/wildtype o ocinfexons/wildtpe 3nd nodocin®Xen>/Aeons mice at PO, Podocin levels were significantly lower in podocin®exen/widiype
and podocin®®n/4exons mice D Using a targeted mass spectrometry approach, nephrin abundance was measured in podocin™idype/wildiype

Aexon5/wildtype Aexon5/Aexon5

podocin and podocin

mice at PO. Nephrin levels were significantly lower in podocin®®°>"1dyee and podocin®eon/

AexonS mice, E Quantification of Nphs? mRNA in kidneys of podocin“idyPe/widree nodaciniexons/widype gnd nodocin AX0n/4en5 mice at PO. Tukey's

multiple comparison tests were used to determine statistical significance. Data are presented as mean + SEM (n=4 mice per genotype, each circle/
square/triangle represents one mouse). * p <0.05, ** p<0.01, *** p<0.001

deep-learning-based pipeline to analyze podocyte
morphology (Automatic Morphological Analysis of
Podocytes=AMAP) in a streamlined and investiga-
tor-independent fashion [21]. In a follow-up study, we
could demonstrate that this analysis tool can be used
to detect subtle changes in podocyte morphology [22],
which are thought to affect the physical forces con-
tributing to podocyte loss [23]. We used this analysis
workflow to demonstrate morphological differences

between wildype mice and mice heterozygous for a fre-
quent missense variant in Nphs2 [22]. To quantify the
effect of the above-mentioned decreased protein lev-
els of podocin and nephrin on podocyte foot process
morphology, we systematically analysed the slit dia-
phragm (SD) length per area and foot process (FP) cir-
Cularity in pOdocinwildtype/wildtype, podocinAexonE/wildtype
and podocin®®°ns/Aexon5 mice at the day of birth and
podocinwildtype/wildtype and podocinAexonB/wildtype mice
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Fig. 4 STED imaging reveals disrupted foot process morphology in podocin
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Aexon5/Aexon5

mice. A-C STED imaging following immunolabelling

with antibodies against nephrin and podocin in samples of podocin*idvee/widtyee (p) nodocin®@ens/widype (B) and podocin®®°N>/Ae0n5 () mice
at PO. Scale bars correspond to 5 um. (D)-(E) Conventional immunofluorescence microscopy of Hela cells transiently transfected with FLAG-tagged

podocinld¥P¢ (D) and podocin®°™ (E)

at 2 years of age, using our recently developed AMAP
tool [21] (Fig. 5A-C). While STED imaging following
nephrin immunolabelling did not reveal apparent differ-
ences between podocin*4Pe/wildtype 4 podocin®exon®/
wildtype mice at either time point, there were significant
changes in podocin®®X°n%/Aexon5 mice as compared to
their podocinwildtype/wildtype and pOdOCinAexon5/wildtype
littermates (Fig. 5B-C). Automated quantification of

confirms the retaining of podocin

Aexon5 in the endoplasmic reticulum. Scale bars correspond to 20 um

SD length per area and FP circularity confirmed this,
as there were significant differences in global SD abun-
dance (SD length per area) and individual FP morphol-
ogy (FP circularity) between podocin®®X°n%/Aexens mice
and the other genotypes in newborn pups. Between
podocinwildtype/wildtype and podocinAexon5/wildtype mice
there was not even in aged mice a significant difference
in foot process morphology.
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and podocin

mice. Scale bars correspond to 5 um. B-C Quantification of SD length per area (B) and FP circularity (C) in young (day

of birth) and aged (2 years) mice. Each dot/square represents one mouse. Tukey's multiple comparison test was performed to determine statistical
significance. **** p <0.0001. ns=not significant. Data are presented as mean + SEM

Discussion

Consistent with our previous findings in cell culture on
human podocin lacking exon 5, we show that the murine
podocin®®°™ is expressed and is similarly mislocalized
to the endoplasmic reticulum [15]. Contrary to the cell
culture findings, podocin protein levels were massively
decreased in podocin®®*°n%/Aexon> mice This illustrates
how efficiently mislocalized podocin is degraded in vivo.
It was previously shown that podocin R138Q), a variant
known to be retained in the ER, is mostly degraded via
the proteasome rather than the lysosome and it is intrigu-
ing to assume a similar fate for podocin®®°" [17]. Using
STED microscopy, we could not detect any podocin®®*"®
in vivo at the slit diaphragm protein complex in podo-
cyte foot processes of podocin®°n>/Aex°n5 mice. Despite
the podocin®®™°™® mRNA being present at comparable

amount to the wildtype mRNA, we could hardly detect
the corresponding protein. Our characterization of the
podocin®™°"> mouse line illustrates the effect of the
variant on the organism and the importance of podocin
for the integrity of the glomerular filtration barrier: the
absence of podocin from the slit diaphragm protein com-
plex at the foot process severely compromised the nor-
mal foot process morphology and glomerular function,
as became evident from the early death. This observa-
tion is yet another example of the inseparability of mor-
phology and function in the mammalian glomerulus.
The phenotype of podocin®®°n/Aexon5 mice described in
this study was very similar to that of podocin-deficient
mice [6] and appears to be more severe than the Nphs2
R140Q mouse [18], which leaves the physiological role of
the human short isoform of podocin unclear. Based on
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the findings of this study, it can, however, be stated that
the human short isoform is unlikely to have a significant
rescue potential in cases in which the canonical form of
podocin is altered by mutations in exon 5. Another strik-
ing observation was the inability of podocin®ex°n/Aexons
mice to produce similar amounts of urine as compared
to podocinwildtype/wildtype and podocinAexonS/wildtype mice.
As no sclerotic lesions were found, which potentially
could have clogged the glomerular capillaries, thereby
preventing filtration, our findings confirm the hypothesis
to attribute podocin a central role in orchestrating the
installation of a functioning filtration slit [6]. The obser-
vation also supports this central role: decreased podocin
levels in podocin®®°">/WildtyPe mice are accompanied by
reduced nephrin protein levels. Interestingly, decreased
protein levels of these two central slit diaphragm proteins
did not affect the podocyte ultrastructure, indicating that
these lower levels can be compensated on a morphologi-
cal level.

In summary, we did not find an indication for a physi-
ological role of the short isoform in vivo in the human
kidney, which is surprising given the evident mRNA
expression in relevant quantities. The detrimental effect
of podocin’s absence at the morphological and functional
level in homozygous podocin®®°">/Aexn> mice not only
underscores podocin’s role in maintaining the glomeru-
lar filtration barrier but also sheds light on its relevance
in the formation of the regular slit diaphragm architec-
ture. As to the function of the short isoform, it remains to
be investigated whether it has a physiological extrarenal
role, e.g., in the testes where it is also expressed on the
RNA level.

Methods

Animal models

All mouse experiments were conducted in accord-
ance with European, national and institutional guide-
lines and were approved by the State Office of North
Rhine-Westphalia, Department of Nature, Environ-
ment and Consumer Protection (LANUV NRW, Ger-
many; animal approval AZ 81-02.04.2018.A325 and
AZ 84-02_04_2014_A372). All methods are reported in
accordance with ARRIVE guidelines for the reporting of
animal experiments. Mice were kept in the specific and
pathogen free animal facility of the CECAD Research
Center, University of Cologne, Germany, in individu-
ally ventilated cages (Greenline GM500m Tecniplast) at
22 °C and a humidity of 55% under 12 h light cycle with
access to water and food ad libitum. Breeding and geno-
typing was performed according to standard procedures.
Podocin®®°™ mice were generated in our in vivo research
facility (CECAD Research Center University of Cologne,
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Germany) as will be described below. All experiments
were conducted in a pure C57BL6/NRj background and
in male and female mice (combined analyses are pre-
sented). The age of the animals used for the respective
experiments is indicated in the figures and/or the figure
legends.

Generation of guide RNAs and repair templates

The sgRNA used was generated by T7 RNA polymerase
mediated in vitro transcription (ThermoFisher, A29377)
and column purified (Qiagen, 217004). All protocols
were conducted according to the manufacturer’s instruc-
tions. Guide RNA was stored at -80 °C. Custom single
stranded donor oligonucleotides (ssODN) were ordered
from IDT, resuspended in nuclease-free H,O to a final
concentration of 10 pM and stored at -80 °C. sgRNA and
ssODN sequences are listed in the Key Resources Table.
The ssODN was originally designed to introduce a point
mutation in order to generate an amino acid change at
position p.234 (p.T234I). In the podocin “**°" mouse
line, the occurrence of non homologous end joining lead
to the deletion of one splice site of exon 5 with subse-
quent in-frame skipping of the whole exon.

Mouse transgenesis

Mouse transgenesis was performed as previously
described [24]. In brief, embryos for microinjection
were collected from the oviducts of superovulated donor
females (100% C57BL6/NRj background, Janvier Labs
(SE-ZYG-CNP)). Microinjections were carried out with
the help of an Axio Observer.D1 microscope (Zeiss)
and microinjector devices CellTram and FemtoJet with
TransferMan NK2 micromanipulators (Eppendorf). A
premixed solution containing the sgRNA (50 ng/ul), Cas9
mRNA (50 ng/pl; TriLink Biotechnologies), Cas9 protein
(30 ng/pl; PNA Bio Inc) and the ssODNs(100 ng/pl; IDT)
was injected into the male pronucleus with injection
capillaries (BioMedical Instruments, BM 100F-10; type
PI-1.6) [25]. One day after the microinjection, 2-cell stage
embryos were transferred into the oviducts of pseudo-
pregnant foster females.

Genotyping

Mice were genotyped using DNA isolated from ear biop-
sies or tail tissue. Genomic DNA was amplified by PCR
using REDTaq ReadyMix (Sigma Aldrich) and visualized
via gel electrophoresis. Primers used were: 5-ACTGAC
TGACTGATTCCCCA-3 and 5-GCCCGGCTCTAT
GCTATAAT-3’ Sanger Sequencing of the amplified frag-
ment in podocin®®*°n>/Aexon5 mice confirmed a 255 base
pair deletion (genomic region 10,261-10,515 from NCBI
Reference Sequence NC_000067.7).
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Urine analyses

Urine samples were analyzed using albumin ELISA
(mouse albumin ELISA kit; Bethyl Labs, Montgomery,
TX, USA) and a creatinine assay (Cayman Chemical, Ann
Arbor, MI, USA). In order to obtain the urinary albumin
creatinine ratio (ACR), albumin concentrations were
divided by creatinine concentrations. For the coomassie
staining 0.5 pl urine was diluted 1:20 with 1xlaemmli
buffer with DTT and run on a 10% sodium dodecyl sul-
phate—polyacrylamide gel electrophoresis (SDS-PAGE).
Subsequently, the gels were stained with a colloidal
coomassie staining solution and scanned using a LI-COR
Odyssey CLx scanner (LI-COR Biotechnology, Lincoln,
Nebraska, USA).

Histology and immunohistochemistry
Experimental mice were euthanized by decapitation (only
newborn mice) or cervical dislocation. After median lap-
arotomy, kidneys were removed and fixed in 4% neutral
buffered formalin for 2—4 h at room temperature or over-
night at 4 °C. Subsequently, dehydration and embedding
in paraffin was performed. Kidney tissue was cut using
a microtome (Leica Biosystems, Nussloch, Germany)
and sections were transferred on glass slides. To assess
glomerulosclerosis Periodic acid Schiff (PAS) staining
was performed. Briefly, 1-um-thin sections were depar-
affinized in Xylene (VWR, Darmstadt, Germany) and
subsequently rehydrated in a descending ethanol row.
After incubation for 10 min each in 0.9% periodic acid
(Carl Roth, Karlsruhe, Germany), Schiff reagent (Merck,
Darmstadt, Germany) and Mayer’s hematoxylin (Merck,
Darmstadt, Germany) the sections were dehydrated in
an ascending ethanol row and Xylene and covered with
Histomount (National Diagnostics, Atlanta, GA, USA).
For Wilms Tumor Protein (WT-1) staining, 2 um thick
kidney sections were deparaffinized in Xylene (VWR,
Darmstadt, Germany) and subsequently rehydrated in
a descending ethanol row. After antigen retrieval in a
microwave for 10 min in a buffer containing 10 mM
Trizma base (Sigma Aldrich) and 10 mM Ethylenediami-
netetraacetic acid disodium salt dehydrate (EDTA, Sigma
Aldrich) at pH 9.0, sections were blocked in phosphate
buffered saline (PBS; 137 mM NaCl, 2.7 mM KCI, 10 mM
Na,HPO,, 1.8 mM KH,PO,). Subsequently, sections
were incubated with 3% H,O, for 15 min, then washed
in PBS and blocked with rodent block M (Linaris). After
washing with PBS, sections were incubated with a rabbit
monoclonal antibody against mouse WT-1 (Abcam, Cat#
ab89901, RRID:AB_2043201, 1:500) over night at 4 °C.
After washing with PBS, sections were incubated with
horseradish peroxidase polymer for 30 min at room tem-
perature. After washing with PBS, sections were incu-
bated in DAB (3,3'Diaminobenzidine) solution for 10 min

Page 10 of 14

at 37 °C and subsequently washed in tap water followed
by an incubation with hematoxylin for 10 s. After another
washing step in tap water, sections were dehydrated in
an ascending ethanol row before mounting with Histo-
mount (National Diagnostics, Atlanta, GA, USA). A
Leica SCN400 slidescanner (Leica Biosystems, Nussloch,
Germany) was used to acquire images that were further
processed with Image]/Fiji software version 1.52i (NIH,
Bethesda, MD, USA).

RNA purification and quantitative PCR

Experimental mice were euthanized by decapita-
tion. RNA from kidney cortex of podocin®ildtype/wildtype
podocinAexonS/wildtype and podocin Aexon5/ Aexon5 mice at P
0 (=day of birth) was isolated using the Zymo Research
Direct-zol RNA miniprep kit (Zymo Research Europe,
Freiburg, Germany, catalogue # R2052) according to the
manufacturor’s instructions. Quality of the RNA was
checked measuring absorption in a nanodrop (Ther-
moFisher Scientific). 500 ng RNA was used for reverse
transcription using the High-Capacity cDNA Reverse
Transcription Kit (ThermoFisher Scientific, catalogue #
4,368,814) accoring to the manufacturor’s instructions.
Quantitative PCR was performed using SYBR Green
and Tagman master mixes. 25 ng cDNA and primers for
murine podocin and murine. QuantStudio 12 K Flex Real
Time PCR System v1.2.2 (Thermo Fisher Scientific) was
used for data analysis. Primers used were: 5-ATTACT
CTTTCATACTCTTGCACAAC-3 and 5-CATCAA
GCCCTCTGGATTAGG-3 (murine Nphs2, both iso-
forms); 5-CTTTCCATGAGGTTGCCTTAGA-3 and
5-GGCAGCCTCACATCCTTAAT-3' (murine Nphs2,
only Aexon5 isoform); 5-CAGGGTCGGAGGAGGATC
GAATC-3' and 5- GAAGCTCCACGGTTAGCACAG
CAG-3’ (murine NphslI). For murine Hprt a predesigned
qPCR assay from IDT (Integrated DNA Technologies,
Leuven, Belgium) was used.

Sample preparation for LC-MS

Experimental mice were euthanized by decapitation.
One half of kidney per mouse of podocin®ildtype/wildtype
podocinAexonS/wildtype and pOdOCiI’l Aexon5/ Aexon5 mice at
P 0 (=day of birth) was processed for mass spectrom-
etry. Samples were homogenized in 550 pl urea buffer
8 M containing 50 mM ammonium bicarbonate, placed
in a bioruptor for 10 min and centrifuged for 60 min at
20.000xg and 4 °C. 10 pl supernatant per sample was
used the protein concentration in each sample. For
reduction and alkylation, respectively, the remaining
supernatant was incubated in 10 mM DTT and 50 mM
CAA for 60 min at room temperature each. After this,
50 pg protein per sample was digested with 1 pg Trypsin
at room temperature overnight. After acidic elution of
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the pepites, a stage-tip clean-up protocol was performed
as previously described [26].

Liquid chromatography-tandem mass spectrometry

A targeted assay was designed to quantify specific
nephrin and podocin peptides within the kidney cor-
tex samples (nephrin peptides: ELVLIIGPPDNLAK,
SGSTESR; podocin peptides: ARPDAGAER (amino acids
37-45), MAAEILSGTPAAVQLR (amino acids 309-324),
VALDAVTCIWGIK (amino acids 249-261)). Samples
were measured on a Q-Exactive HF-X mass spectrometer
coupled to an Easy-nLC 1200 (both Thermo Scientific).
Peptides were separated on a self-packed C18 column
(50 cm length, 75 pm inner diameter) on the following
gradient running 0.1% formic acid (buffer A) against 80%
acetonitrile with 0.1% formic acid (buffer B) at a constant
flow of 250 nl/min: initial 4% B, up to 29% B in 42 min, up
to 55% B in 8 min, up to 95% B in 2 min, followed by col-
umn washing and recalibration.The mass spectrometer
was operated in PRM mode with a resolution of 30,000,
an AGC target of 2E5 and 200 ms maximum injection
time. Isolation of peptides of interest was done in a 1 Th
window with a 0.2 Th offset and fragmentation of them
was performed at 35 normalized collision energy.Target
peptides were afterwards analyzed in Skyline against
a Prosit-simulated library [27] and only peptides with
the highest dotp were used to compare peptide abun-
dances (for nephrin: ELVLIIGPPDNLAK; for podocin:
MAAEILSGTPAAVQLR).

Cell culture

HeLa and HEK293T cells were cultured in DMEM sup-
plemented with 10% fetal bovine serum under standard
conditions (5% CO,, 37 °C). For transfection experiments,
cells were grown to 60—-80% confluency and transfected
using the calcium phosphate method.

Cloning, plasmids and transfection

For the generation of the podocin plasmid, podocin
cDNA of a podocin 405/ Aexon5 1y 5y5e was cloned using
the primers 5-taa ata acg cgt ATG gac agc agg gcg cgg
agc-3 and 5°-cgcggggeggecgecttactataacataggagagte-3”
and swapped into a modified pcDNA6 vector contain-
ing a FLAG or V5 tag, respectively. FLAG-tagged and
V5-tagged podocin*¥P¢ and podocin 4°"> pcDNA6
constructs were used to transfect HeLa and HEK293T
cells. Primers 5'- cgcggg acgcgt TGTCTGGACACCTAT
CACAAG-3" and 5- cgcggg gecggecgee cta AGTTCT
CTCCACTTTGATGCC-3" were used to amplify cDNA
of podocinwildtype/wildtype and podocinAexonS/ Aexon5 mice.
PCR products were subsequently run on an agarose gel
or used for Sanger sequencing.

Aexon5
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Immunoprecipitation

HEK293T cells were incubated for 24 h after transfection.
After washing with cold PBS, cells were lysed in IP-buffer
(1% Triton X-100; 20 mM Tris pH 7.5; 25 mM NaCl;
50 mM NaF; 15 mM Na,P,0,; 1 mM EDTA; 0.25 mM
PMSE; 5 mM Naz;VO,) at 4 °C for 15 min and subse-
quently centrifuged (18.000 rom, 4 °C, 15 min). Equal
amounts of supernatant was incubated with 1 ug of rab-
bit anti-podocin primary antibody (Sigma-Aldrich, Cat#
P0372, RRID:AB_261982) coupled to protein G-beads
(GE healthcare) for 1 h at 4 °C. After washing the beads 3
times with IP buffer, lysates and precipitates were boiled
in 2xLaemmli buffer. Lysates and immunoprecipi-
tated samples were subjected were subjected to western
blotting.

Immunoblotting

Cell lysates and precipitates of HEK293T cells were run
on 10% sodium dodecyl sulphate—polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred on PVDF
membranes. Membranes were blocked in 5% BSA in PBS
and then incubated for 1 h at room temperature with a
rabbit anti-podocin primary antibody (Sigma-Aldrich,
Cat# P0372, RRID:AB_261982, 1:1000). Incubation
with a goat anti-rabbit horse radish peroxidase antibody
(Jackson ImmunoResearch Labs Cat# 111-035-008,
RRID:AB_2337937, 1:15.000) for 1 h at room tempera-
ture and subsequent chemoluminescence-based detec-
tion using a Fusion Solo imager (Vilber Deutschland,
Eberhardzell, Germany) allowed visualization of the
proteins.

Conventional immunofluorescence microscopy of Hela
cells

HelLa cells transiently expressing FLAG-tagged podocin*!4pe
and podocin®®™°™ were seeded on coverylips at 37 °C
overnight. On the following day, the cells were fixed with
4% paraformaldehyde (PFA) for 8 min at room tempera-
ture after washing with phosphate buffered saline (PBS).
Cells were blocked with 5% normal donkey serum in
PBST for 30 min at room temperature and incubated
with a mouse monoclonal anti-FLAG antibody (Sigma-
Aldrich Cat# F3165, RRID:AB_259529, 1:1000) at 4 °C
overnight and a donkey anti-mouse cy3 secondary anti-
body (Jackson ImmunoResearch Labs Cat# 715-165-150,
RRID:AB_2340813, 1:500) for 1 h at room temperature.
Samples were mounted in ProLong Diamond antifade with
DAPI (Thermo Fisher Scientific). An Axio Observer micro-
scope with ZEN software version 2.6 (both Carl Zeiss,
Germany) was used to acquire images that were further
processed with ImageJ/Fiji software version 1.52i (NIH,
Bethesda, MD, USA) [28].
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Optical clearing of kidney sections

After formalin fixation (see “Histology and immunhisto-
chemistry”), pieces of kidney were incubated at 4 °C in
hydrogel solution (HS) (4% v/v acrylamide, 0.25% w/v
VA-044 initiator, PBS 1X) over night. The gel was polym-
erized at 37 °C for 3 h, and the presence of oxygen was
minimized by filling tubes all the way to the top with HS.
Samples were removed from the HS and immersed in
clearing solution (CS) (200 mM boric acid, 4% SDS, pH
8.5) at 50 °C for 6 h. After that, kidney pieces were cut
into 0.3 mm thick slices using a Vibratome. Slices were
then incubated at 50 °C overnight. Prior to immunolabel-
ling, samples were washed in PBST (0.1% Triton-X in 1X
PBS) for 10 min.

Immunolabelling of kidney sections

For all steps PBST (PBS 1X with 0.1% v/v Triton-X) was
used as diluent. Samples were incubated in primary anti-
body for 24 h at 37 °C, and were then washed in PBST
for 10 min at 37 °C followed by secondary antibody
incubation for 24 h at 37 °C and washed for 10 min at
37 °C prior to mounting. To stain for podocin a rabbit
anti-podocin primary antibody (Sigma-Aldrich, Cat#
P0372, RRID:AB_261982, 1:100) and a donkey anti-rab-
bit Atto-594 (mouse samples, see below, 1:50) or Alexa-
555 (human patient samples, Thermo Fisher, A-31572,
1:100) secondary antibody was used. To stain for nephrin
a sheep anti-nephrin primary antibody (R&D Systems
AF4269 1:100) and a donkey anti-sheep Abberior STAR
635P (mouse samples, see below, 1:50) or donkey anti-
goat Alexa-405 (human samples, Abcam, abl75664,
1:100) secondary antibody was used. Secondary antibod-
ies used for mouse samples (STED microscopy) were
conjugated in-house as follows. A fluorophore (Atto-
594 NHS ester, Sigma Aldrich Cat# 08741 or Abberior
STAR 635P NHS ester, Sigma Aldrich Cat# 07679) was
conjugated to a donkey anti-sheep IgG (Thermo Fisher
Scientific Cat# A16050, RRID:AB_2534723) or a donkey
anti-rabbit IgG (Thermo Fisher Scientific Cat# A16037,
RRID:AB_2534711) antibody. To this end, 1 M NaHCO,
was added to the antibody vials at a dilution of 1:10.
The fluorophores were dissolved in dimethylsulfoxide
at a concentration of 10 mg/ml. The fluorophores were
added to the antibody solutions at a 20-fold molar excess
of fluorophore to antibody followed by incubation on a
shaker at room temperature for 1 h. Excess fluorophores
were removed by using a centrifugal filter (Amicon Ultra
0.5 centrifugal filter 30 MW cutoff, Sigma-Aldrich Cat#
UFC5030) and spinning down at 14,000 g for 10 min,
then filling up with PBS containing 0.1% sodium azide
and spinning down at 14,000 g for 10 min again. PBS con-
taining 0.1% sodium azide was added for a final antibody
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concentration of 1 mg/ml. The fluorophore-conjugated
antibodies were aliquoted and stored at -20 °C until use.

Mounting and imaging of kidney sections

Samples were immersed in 80% (w/w) fructose with 0.5%
(v/v) 1-Thioglycerol at 37 °C for 1 h prior to imaging.
Samples were then mounted in a glass bottom dish (Mat-
Tek P35G-1.5-14-C) and imaged using a Leica SP8 3X
STED system (Leica Microsystems, Germany).

Quantification of morphometric parameters

For quantification of morphometric parameters, nephrin
fluorescence images were further analyzed using our
recently established method of Automatic Morphological
Analysis of Podocytes (AMAP) [21].

In brief, for the SD length the capillary surface cap-
tured in an image was automatically assigned and the
length of the SD, represented by the nephrin signal, was
quantified automatically together with the area of the
assigned region. For circularity (circularity=4 7 (area/
perimeter”2)), individual foot processes were automati-
cally segmented using instance segmentation. FP circu-
larity is a dimensionless unit describing the shape of a
geometric body. A value of 1 indicates a flawless circle
and as the value approaches 0, it indicates an elongated
polygon. The results were then exported as CSV file for
further processing with Microsoft Excel and Graphpad
Prism. A mean number of 1592 and a minimum of 648
foot processes were examined per animal. At least 4 glo-
meruli per animal were used for the quantification of the
indicated morphometric parameters.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512882-023-03420-x.

Additional file 1: Supplemental Fig. 1. Amino acid alignment of human
podocin canonical form, human podocin short isoform, murine podocin
canonical form, exon 5 of human podocin and exon 5 of murine podocin.
Amino acids are color coded for better visualization of alignment. The
alignment was done using the T-Coffee webserver [23] and formatted
using Jalview [24]. Supplemental Fig. 2. The podocin antibody used in
this study is able to bind to the denatured and the native podocin®®©"
protein. Lysates of HEK293T cell transiently expressing podocin*dtee

or podocin®®°™ were subjected to immunoprecipitation with an anti-
podocin antibody and subsequent immunoblotting. The full-length blot
is presented in suppl. fig. 5. Supplemental Fig. 3. Schematic display of
the two morphological parameters used. An original image, labelled with
an anti-nephrin antibody, is used to quantify the (1) SD length (yellow
lines), represented by the length of the nephrin signal, within a region

of interest (cyan line) and (2) the FP circularity, which is a dimensionless-
less value expressing how circular a geometric body is (circularity =4 * it
(area/perimeter?)). A perfect circle has a value of 1, an elongated polygon
approximates 0. Supplemental Fig. 4. Full-length gel of panel D of
figure 1. Numbers refer to individual mice. Samples 3 and 4 are depicted
in fig. 1. Supplemental Fig. 5. Full-length gel of panel C of figure 2. Sup-
plemental Fig. 5. Full-length blot of suppl. fig. 2.
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