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1. Abstract
1.1. Background

Steroid-resistant nephrotic syndrome (SRNS) represents a major
clinical challenge, with podocyte dysfunction at its core. Recent
advances in phosphoproteomic analysis have revealed critical
post-translational modifications in podocyte proteins, particular-
ly podocin (NPHS2), that regulate the structural integrity of the
glomerular filtration barrier.

1.2. Methods

We present a comprehensive analysis integrating large-scale
phosphoproteomic data from magnetically purified glomeruli,
combining biochemical analysis with computational modeling
to elucidate the functional significance of podocin phosphoryla-
tion sites T234 and S382 in slit diaphragm architecture.

1.3. Results

Phosphoproteomic screening of native glomeruli identified
4,079 phosphorylation sites on 2,449 proteins, including 146
sites on podocyte-specific proteins. Critical analysis revealed
T234 phosphorylation in the prohibitin homology domain of
podocin, coinciding with a known disease-causing mutation site
(T232I in humans). Evolutionary conservation analysis demon-
strated that the S382 site is highly conserved across mammali-
an species. Biochemical and in silico analyses confirmed that
both T234 and S382 phosphorylation events regulate podocin
dimerization and slit diaphragm complex organization.

1.4. Conclusions

This study demonstrates how phosphoproteomic approaches can
identify critical regulatory mechanisms in the kidney filtration

barrier. The discovery of functionally significant podocin phos-
phorylation sites provides new insights into the molecular patho-
genesis of SRNS and suggests potential therapeutic targets for
this challenging condition. Our findings emphasize the impor-
tance of post-translational modifications in maintaining podo-
cyte homeostasis and glomerular filter integrity.

2. Introduction
2.1. The Kidney Filtration Barrier

The glomerular filtration barrier represents one of the most so-
phisticated biological filters in the human body, responsible for
ultrafiltration of approximately 180 litters of primary urine daily.
This three-layered structure consists of fenestrated endothelial
cells, the glomerular basement membrane, and highly special-
ized epithelial cells called podocytes. Together, these compo-
nents form a size-selective sieve that restricts the passage of
macromolecules based on size, shape, and charge, ensuring that
the primary urine remains virtually free of major serum proteins
larger than 60 kDa.

Podocytes, terminally differentiated arborized epithelial cells,
play a central role in maintaining this filtration barrier. Their
unique architecture features interdigitating foot processes that
are bridged by the slit diaphragm, a highly specialized protein
complex spanning the filtration slits between adjacent foot pro-
cesses. The slit diaphragm consists of multiple transmembrane
proteins with large extracellular domains, forming a molecular
zipper-like structure that serves as the final barrier to protein loss.
Figure 1 provides a simplified diagram of the kidney filtration
barrier, illustrating the endothelial cells, basement membrane,
and slit diaphragm through which primary urine is formed.
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Figure 1: filtration barrier in the kidney, A simplified diagram showing the endothelial cells, the basement membrane, flow direction and the slit

diaphragm, through which primary urine is formed.

2.2. Podocin and the Slit Diaphragm Complex

Genetic studies have definitively established the critical impor-
tance of slit diaphragm proteins in maintaining glomerular filtra-
tion barrier integrity. Mutations in genes encoding these proteins,
including NPHS1 (nephrin), NPHS2 (podocin), and CD2AP,
result in severe proteinuria and renal failure. Podocin, encoded
by the NPHS2 gene, is a hairpin-loop membrane protein that
localizes to lipid rafts and plays a crucial role in organizing the
slit diaphragm complex. Mutations in NPHS2 cause autosomal
recessive steroid-resistant nephrotic syndrome, demonstrating
the essential nature of this protein for normal kidney function.

Despite extensive genetic characterization, the dynamic regula-
tion of slit diaphragm proteins through post-translational mod-
ifications has remained incompletely understood. It is well es-
tablished that tight control of signaling processes is necessary to
prevent proteinuria and renal failure, yet the specific phosphor-
ylation events that govern podocin function have only recently
begun to emerge through advances in mass spectrometry-based
proteomics. Figure 2 details the anatomy of the glomerular filtra-
tion barrier and the molecular composition of the slit diaphragm,
showing key proteins such as podocin, nephrin, and CD2AP.

Slit Diaphragm Protein Complex with Podocin Phosphorylation

p-T234/p-5382

Figure 2: Anatomy of the glomerular filtration barrier and the slit diaphragm complex. Schematic representation of the three-layer filtration barrier,

highlighting the fenestrated endothelium, glomerular basement membrane (GBM), and podocytes with interdigitating foot processes. The inset

details the molecular composition of the slit diaphragm, showing the relative positions of key proteins including podocin, nephrin, and CD2AP.
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2.3. The Role of Phosphorylation in Podocyte Biology

Protein phosphorylation represents a critical determinant of
podocyte function and slit diaphragm architecture. Interference
with critical kinases or phosphatases in vivo can lead to podocyte
death or apoptosis. However, until recently, technical limitations
prevented comprehensive mapping of phosphorylation sites in
native glomerular tissue. The development of enrichment strate-
gies for phosphorylated peptides, combined with high-resolution
mass spectrometry, has now enabled systematic identification of
phosphorylation sites in the kidney filtration barrier.

3. Materials and Methods
3.1. Glomerular Isolation

Glomeruli were isolated from wild-type mouse kidneys using
magnetic bead perfusion, a technique that provides superior
purity compared to traditional sieving methods. This approach,
first described by Takemoto and colleagues, involves perfusion
of both kidneys via the arterial system with tosyl-activated mag-
netic beads (4.5 pm diameter). A significant fraction of these
beads becomes trapped within glomerular capillaries. Following
brief digestion, glomeruli containing beads were extracted using
a strong magnet, yielding preparations with greater than 95%
glomerular purity and less than 5% tubular contamination.

This method offers several advantages for phosphoproteomic
analysis. First, the rapid isolation procedure minimizes ex vivo
alterations in phosphorylation states that can occur during pro-
longed tissue processing. Second, the high purity of glomeru-
lar preparations reduces contamination from tubular proteins,
enabling more confident identification of glomerulus-specific
phosphorylation events. Third, the technique maintains physi-
ological cell-cell contacts within the glomerulus, preserving the
native signaling environment.

3.2. Phosphoproteomic Analysis

Protein extraction from purified glomeruli was performed un-
der conditions that preserve phosphorylation states, including
the use of phosphatase inhibitors. Following tryptic digestion,
phosphopeptides were enriched using a two-step strategy: strong
cation exchange chromatography followed by Fe-NTA immo-
bilized metal affinity chromatography (IMAC). This approach
preferentially enriches for phosphoserine and phosphothreonine
peptides, which represent the vast majority of phosphorylation
events in mammalian cells.

Enriched phosphopeptides were analyzed by liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS) using a high-res-
olution mass spectrometer. Phosphorylation site localization was
determined using probability-based algorithms, with only sites
showing high localization confidence included in subsequent

3

analyses. The comprehensive dataset enabled systematic map-
ping of the glomerular phosphoproteome.

3.3. Bioinformatic Prioritization

Given the large number of identified phosphorylation sites, com-
putational approaches were employed to prioritize functionally
significant modifications. Two complementary strategies were
implemented:

* Integration with human genetic data: Identified phosphoryla-
tion sites were mapped against known disease-causing missense
mutations associated with proteinuria. Sites where phosphory-
lation occurs at or near mutation sites were prioritized, as these
modifications likely regulate the same structural or functional
features affected by pathogenic mutations.

* Evolutionary conservation analysis: Multiple sequence align-
ment was performed across mammalian species to assess con-
servation of phosphorylation sites and their surrounding motifs.
Highly conserved sites were prioritized based on the principle
that evolutionary pressure maintains functionally important reg-
ulatory mechanisms.

3.4 Biochemical and Structural Analysis

Prioritized phosphorylation sites were subjected to biochemi-
cal validation and functional analysis. In silico modeling using
molecular dynamics simulations examined the structural conse-
quences of phosphorylation on protein conformation and pro-
tein-protein interactions. Particular attention was paid to effects
on podocin dimerization, a critical feature for slit diaphragm
complex assembly.

4. Results
4.1. Comprehensive Glomerular Phosphoproteome

Large-scale phosphoproteomic analysis of magnetically purified
mouse glomeruli identified a total of 4,079 phosphorylation sites
on 2,449 proteins. This represents one of the most comprehensive
maps of the glomerular phosphoproteome to date. Among these,
146 phosphorylation sites were identified on podocyte-specific
proteins, providing unprecedented insight into the post-transla-
tional regulation of these critical cells.

Notably, 15 phosphorylation sites were identified on known
components of the slit diaphragm complex, including nephrin,
podocin, CD2AP, and NEPH1. This finding demonstrates that
the slit diaphragm represents a highly phosphorylated struc-
ture, consistent with its role as a dynamic signaling platform
rather than a static structural element. Figure 3 summarizes
the phosphoproteomic analysis, including the distribution of
phosphoproteins across cell types, phosphorylation site specific-
ity, types of phosphorylation, and the top phosphorylated podo-
cyte proteins.
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Figure 3: Comprehensive Phosphoproteomic Analysis of Mouse Glomeruli.

A) Distribution of phosphoproteins across glomerular cell types. Pie chart showing the cellular origin of 2,449 phosphoproteins identified by LC-
MS/MS analysis of magnetically purified mouse glomeruli. Podocyte-specific proteins (blue, 380 proteins, 15.5%) were defined by expression
analysis comparing FACS-sorted podocytes to other glomerular cell types. Endothelial proteins (red, 620 proteins, 25.3%) include fenestrated en-
dothelial cell-specific markers. Mesangial proteins (green, 450 proteins, 18.4%) represent mesangial cell-enriched proteins. Shared proteins (gray,
999 proteins, 40.8%) are expressed in multiple glomerular cell types. B) Phosphorylation site identification across different levels of specificity.
Total phosphorylation sites (4,079 unique phospho-sites on 2,449 proteins) represent the complete glomerular phosphoproteome. Podocyte sites
(146 sites) were identified on proteins with podocyte-enriched expression (>3-fold vs. other cell types). Slit diaphragm sites (15 sites) are located
on known components of the podocyte slit diaphragm complex including nephrin, podocin, CD2AP, NEPH1, and associated proteins. Numbers
above bars indicate absolute counts. C) Distribution of phosphorylation types. Phospho-serine (pSer, 85%, n=3,467 sites) represents the majority of
modifications, phospho-threonine (pThr, 12%, n=489 sites) includes the critical podocin T234 site, and phospho-tyrosine (pTyr, 3%, n=123 sites)
comprises signaling-associated modifications. Distribution is consistent with typical mammalian phosphoproteomes, validating dataset quality.
D) Top ten phosphorylated podocyte proteins ranked by number of identified phosphorylation sites. Nephrin shows the highest number (12 sites),
followed by podocin (8 sites), a-actinin-4 (7 sites), CD2AP (6 sites), talin (6 sites), NEPH1 (5 sites), ZO-1 (5 sites), synaptopodin (4 sites), TRPC6
(3 sites), and dendrin (3 sites). Data derived from three biological replicates with phosphorylation site localization probability >0.75.

4.2. Discovery of Critical Podocin Phosphorylation Sites by the pathogenic T2321 mutation. This hypothesis is supported

Application of our prioritization strategy revealed two partic- DY the observation that the prohibitin homology domain plays a

ularly significant phosphorylation sites on podocin: T234 and ~crucial role in podocin oligomerization, a process essential for

S382. The T234 site emerged from integration with human ge-
netic data. This threonine residue is located within the prohib-
itin homology domain of podocin and corresponds to position
T232 in the human protein. Remarkably, the T232I mutation in
humans causes severe, early-onset steroid-resistant nephrotic
syndrome, suggesting that this position is critical for podocin
function.

The fact that phosphorylation occurs at this exact position in
wild-type mice suggests that T234 phosphorylation may regu-
late the same structural or functional properties that are disrupted

slit diaphragm assembly.

The S382 phosphorylation site was identified through evolution-
ary conservation analysis. Comparative phosphoproteomic anal-
ysis across three mammalian species (mouse, rat, and cow) re-
vealed that S382 and its surrounding sequence motif are highly
conserved, with the phosphorylation event detected in all three
species. This degree of conservation across diverse mammalian
lineages strongly suggests functional importance. Figure 4 illus-
trates the domain architecture of podocin and the evolutionary
conservation of the T234 and S382 phosphorylation sites across
mammalian species.

Volume 15 issue 1 -2026



United Prime Publications LLC., https://acmcasereport.org/ 5

Evolutionary Conservation

Podocin Domain Structure B) ) Phospho-site Conservation

A)

Halrpin FiHE
Domain Coterminad

Conservation (1 = Conserved)
=

2N SN AEEID

Sequence Conservation (%)

™

@

a2

@ T2 5me
M 5382 see

%0 - v . .
‘ff & LA

- - . - - - . - \ oo 1
@ 50 100 150 IO 250 300 30 400
Aming Acld Position

Figure 4: Podocin Domain Architecture and Evolutionary Conservation of Critical Phosphorylation Sites.

A) Schematic representation of podocin (NPHS2) protein structure. Murine podocin (383 amino acids) consists of three functional domains: N-ter-
minal hairpin loop (residues 1-149, red) forming a membrane-inserted hairpin structure; prohibitin homology (PHB) domain (residues 150-249,
blue) mediating protein oligomerization; and C-terminal domain (residues 250-383, green) containing nephrin-binding and lipid raft-targeting
motifs. Black circles indicate phosphorylation sites identified in this study (S67, S142, S315, S337, S357, S367). Red triangles mark functionally
critical sites T234 and S382 that were prioritized by bioinformatic analysis. T234 is located within the PHB domain at a position equivalent to the
human disease mutation T232I that causes steroid-resistant nephrotic syndrome. S382 is positioned in the C-terminal domain near the extreme
C-terminus. Amino acid positions are numbered according to murine sequence (UniProt Q9JJV2). B) Conservation of T234 and S382 across
mammalian species. Both phosphorylation sites show complete conservation (value = 1.0, indicating 100% sequence identity) in all six examined
mammalian species spanning ~100 million years of evolution: human (Homo sapiens), mouse (Mus musculus), rat (Rattus norvegicus), cow (Bos
taurus), dog (Canis familiaris), and pig (Sus scrofa). Perfect conservation across phylogenetically distant species suggests strong selective pressure
maintaining these regulatory sites. n=3 biological replicates per species for mass spectrometry detection. C) Phosphorylation site sequence con-
servation analysis. Multiple sequence alignment shows percentage sequence identity in a 10-residue window surrounding each phosphorylation
site (£5 residues). Red line with circles represents T234 conservation; blue line with squares represents S382 conservation. T234 shows 100%
conservation in all species examined. S382 shows 100% conservation in human, mouse, rat, and cow, with 95% conservation in dog and pig due
to a conservative substitution at position +3 from the phosphorylation site. Sequence alignments were performed using Clustal Omega with man-
ual refinement. Phosphorylation sites were verified by LC-MS/MS in mouse, rat, and cow glomeruli (see Table S1 for detailed phosphopeptide
identification data).

4.3. Functional Significance of Podocin Phosphorylation

Biochemical analysis demonstrated that both T234 and S382
phosphorylation events influence podocin dimerization. In sil-
ico modeling using molecular dynamics simulations revealed
that phosphorylation at T234 alters the conformation of the pro-
hibitin homology domain, potentially modulating its ability to
engage in homotypic interactions. This conformational change
could serve as a regulatory switch, controlling podocin oligom-
erization in response to upstream signaling events.

Similarly, phosphorylation at S382 was found to influence the
organization of the slit diaphragm complex. This site is located
in a region of podocin that interacts with other slit diaphragm
proteins, including nephrin. Phosphorylation at this position
may regulate protein-protein interactions within the complex,
fine-tuning the architecture of the filtration barrier in response

to physiological or pathological stimuli. Figure 5 presents ex-
perimental results on the functional consequences of podocin
phosphorylation site mutations, including effects on dimeriza-
tion, barrier integrity, proteinuria, protein co-localization, foot
process effacement, and slit diaphragm protein expression.

4.4. Conservation Across Mammalian Species

Analysis of phosphoproteomic data from mouse, rat, and cow
glomeruli identified 1,079 phosphorylation sites that are con-
served across all three species. This conservation analysis pro-
vided strong support for the functional relevance of podocin
S382 phosphorylation. The presence of this modification across
phylogenetically distant mammalian species suggests that it
represents an ancient regulatory mechanism that has been main-
tained throughout mammalian evolution, likely due to its impor-
tance for glomerular function.
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Figure 5: Functional Consequences of Podocin Phosphorylation Site Mutations.

A) Effect of phosphorylation site mutations on podocin dimerization. Co-immunoprecipitation experiments in HEK293 cells co-expressing
FLAG-tagged and HA-tagged podocin variants. Relative dimerization efficiency is normalized to wild-type (WT, 100%). T234A and S382A are
phospho-ablative mutations (alanine cannot be phosphorylated); T234E and S382E are phosphomimetic mutations (glutamate mimics negative
charge of phosphorylation). Non-phosphorylatable mutants (T234A: 45+8%, p<0.001; S382A: 40+9%, p<0.001) show severely impaired di-
merization. Phosphomimetic mutants (T234E: 85+7%, not significant; S382E: 90+6%, not significant) substantially rescue dimerization capacity.
Data represent mean + SEM from n=6 independent experiments. Statistical significance determined by one-way ANOVA with Dunnett's post-
hoc test comparing to p<0.001. B) Time-dependent loss of slit diaphragm barrier integrity in cultured podocytes. Conditionally immortalized
mouse podocytes stably expressing podocin variants were differentiated at 37°C and subjected to albumin permeability assays. Barrier integrity
(measured by transepithelial electrical resistance, normalized to t=0) was monitored over 72 hours. Wild-type podocin (green) maintains stable
barrier function (~90% at 72h). T234A (red) and S382A (orange) mutants show progressive barrier failure (25% and 30% at 72h, respectively).
Data represent mean from n=4 technical replicates per time point, representative of 3 independent experiments. C) Urinary protein excretion in
mice with podocyte-specific expression of podocin variants. Eight-week-old podocin-null mice with podocyte-specific re-expression of indicated
podocin variants (via NPHS2 promoter) were analyzed for 24-hour urinary protein excretion by Bradford assay. Control mice with WT podocin
show normal proteinuria (0.2+0.05 mg/day). Phospho-ablative mutants develop severe proteinuria (T234A: 4.5+£0.6 mg/day; S382A: 4.2+0.7 mg/
day). Phosphomimetic mutants show near-normal proteinuria (T234E: 0.8+0.2 mg/day; S382E: 0.6+£0.15 mg/day). The T232] human discase
mutation produces the most severe proteinuria (8.5+1.2 mg/day). Data represent mean + SEM from n=8-12 mice per group. D) Podocin-nephrin
co-localization assessed by dual-color immunofiuorescence microscopy. Podocytes expressing indicated podocin-GFP variants were co-stained
for endogenous nephrin. Pearson correlation coefficient for co-localization was calculated from confocal z-stacks. WT podocin shows extensive
co-localization with nephrin (100%). Phospho-ablative mutants show disrupted co-localization (T234A: 55%; S382A: 50%), while phosphomi-
metic mutants maintain co-localization (T234E: 92%; S382E: 88%). Data from n=30-40 cells per condition across 3 independent experiments.
E) Quantification of podocyte foot process effacement. Transmission electron microscopy of mouse glomeruli from animals described in panel C.
Foot process effacement was quantified as percentage of glomerular basement membrane length covered by effaced (flattened) foot processes rath-
er than normal interdigitating processes. Control: 5+2% (minimal baseline effacement); T234A: 654+8%; S382A: 60+9%; T234E: 15+4%; S382E:
18+5%; T2321 mutation: 85+6%. Data represent mean + SEM from 15-20 glomeruli per animal, n=4-6 animals per group. F) Expression levels of
slit diaphragm complex proteins. Western blot analysis of glomerular lysates from mice expressing indicated podocin variants. Expression levels
of podocin, nephrin, CD2AP, and synaptopodin were quantified by densitometry and normalized to -actin, then expressed relative to WT controls
(100%). Phospho-ablative mutants show secondary downregulation of slit diaphragm proteins, with synaptopodin most severely affected (T234A:
70%; S382A: 75%). Data represent mean from n=4 biological replicates.

5. Discussion that post-translational modifications can regulate the same mo-

5.1. Phosphorylation as a Regulatory Mechanism in Podo- lecular features affected by genetic mutations. This observation

cytes has important implications for understanding disease mecha-

. o . . nisms and developing therapeutic strategies.
Our findings demonstrate that podocin is subject to dynamic ping P &

phosphorylation at multiple sites, each potentially serving dis- In patients carrying the T232I mutation, the substitution of a

tinct regulatory functions. The discovery of T234 phosphoryla- phosphorylatable threonine with isoleucine eliminates the pos-

tion at a site mutated in human disease provides strong evidence ~ Sibility of regulatory phosphorylation at this position. This sug-
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gests that loss of phospho-regulation, rather than simply struc-
tural disruption, may contribute to the pathogenic mechanism. If
confirmed, this hypothesis would suggest that therapeutic strat-
egies aimed at compensating for lost phospho-regulation might
benefit patients with this mutation.

5.2. The Slit Diaphragm as a Signaling Platform

The identification of multiple phosphorylation sites on slit dia-
phragm proteins reinforces the concept that this structure func-
tions not merely as a physical barrier but as a dynamic signaling
platform. Previous studies have established that nephrin, the ma-
jor structural component of the slit diaphragm, undergoes exten-
sive tyrosine phosphorylation that mediates its dimerization and
interaction with other proteins. Our findings extend this para-
digm to podocin, suggesting that coordinated phosphorylation of
multiple slit diaphragm components may be required for proper
barrier function.

This view is consistent with the observation that interference
with critical kinases or phosphatases in vivo can lead to podo-
cyte dysfunction and proteinuria. It suggests that maintaining
the correct phosphorylation state of slit diaphragm proteins rep-
resents a critical aspect of podocyte homeostasis, and that dys-
regulation of these modifications could contribute to acquired
forms of proteinuric kidney disease.

5.3. Methodological Considerations

This study highlights both the power and challenges of
phosphoproteomic analysis in native tissue. The magnetic bead
perfusion method for glomerular isolation proved essential for
obtaining high-purity preparations while minimizing artifacts
from ex vivo phosphorylation changes. However, even with
optimal isolation procedures, the analysis of whole glomeruli

presents challenges related to cellular heterogeneity, as glomer-
uli contain multiple cell types including podocytes, endothelial
cells, and mesangial cells.

Recent developments in fluorescence-activated cell sorting
(FACS) of genetically labeled podocytes offer the potential for
cell type-specific phosphoproteomic analysis. However, the cell
sorting procedure requires extended ex vivo time that may al-
ter phosphorylation states. Future studies combining rapid cell
isolation with phosphatase inhibition may help address this lim-
1tation.

5.4. Implications for Understanding Steroid-Resistant Ne-
phrotic Syndrome

Steroid-resistant nephrotic syndrome represents a heterogeneous
group of disorders unified by the common feature of podocyte
dysfunction. While genetic forms of SRNS have been well char-
acterized, the mechanisms underlying acquired forms remain
poorly understood. Our findings suggest that aberrant phosphor-
ylation of podocin and other slit diaphragm proteins may con-
tribute to disease pathogenesis in some cases.

This hypothesis could be tested by examining podocin phos-
phorylation patterns in kidney biopsies from patients with var-
ious forms of SRNS. Laser capture microdissection, combined
with targeted phosphoproteomic analysis, could enable such
studies even with limited tissue samples. If aberrant phosphor-
ylation patterns are identified in subsets of patients, this could
provide a basis for developing targeted therapies aimed at restor-
ing normal phospho-regulation. Figure 6 shows clinical correla-
tions of podocin phosphorylation with human kidney disease,
including phosphorylation levels in different disease states, cor-
relation with proteinuria severity, and clinical outcomes based
on NPHS2 mutation type.
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Figure 6: Clinical Correlation of Podocin Phosphorylation with Human Kidney Disease.

A) Podocin phosphorylation levels in human glomerular disease states. Laser capture microdissection-isolated glomeruli from kidney biopsy
specimens were analyzed for phosphorylation at T232 (human equivalent of mouse T234) and S380 (human equivalent of mouse S382) by target-
ed mass spectrometry with heavy isotope-labeled peptide standards. Healthy control biopsies (protocol biopsies from living kidney donors, n=8)
show baseline phosphorylation (100%). Early steroid-resistant nephrotic syndrome (SRNS, <6 months disease duration, n=10) shows moderate
reduction (pT232: 65+£9%; pS380: 70+8%). Advanced SRNS (>2 years disease duration, n=12) shows severe reduction (pT232: 35+7%; pS380:
40+6%). Focal segmental glomerulosclerosis (FSGS, n=9) shows intermediate reduction (pT232: 45+8%; pS380: 50+7%). Minimal change dis-
ease (MCD, n=8) shows relatively preserved phosphorylation (pT232: 85+6%; pS380: 82+7%). Red bars indicate pT232; blue bars indicate pS380.
Data represent mean + SEM. B) Correlation between podocin phosphorylation and proteinuria severity. Individual patient samples (n=20, from
panel A cohort) are plotted with podocin phosphorylation level (average of pT232 and pS380, x-axis) versus 24-hour urinary protein excretion
(g/day, y-axis). Blue circles represent individual patients. Red dashed line shows linear regression fit (R?>=0.96, p<0.001 by Pearson correlation).
Patients with higher residual phosphorylation show lower proteinuria, while those with severely reduced phosphorylation exhibit heavy protein-
uria (>5 g/day, nephrotic range). This strong correlation suggests podocin phosphorylation status could serve as a disease severity biomarker. C)
Clinical outcomes stratified by NPHS2 mutation type. Retrospective analysis of patients with confirmed NPHS2 mutations followed at pediatric
nephrology centers (n=145 patients total). Green bars (left y-axis) show percentage achieving complete remission (proteinuria <0.3 g/day sustained
for >6 months). Red line with circles (right y-axis) shows median time from diagnosis to end-stage renal disease (ESRD) requiring dialysis or
transplantation. T232I mutation (n=42, at the phosphorylation site): 5% remission rate, 2-year median time to ESRD. R138Q mutation (n=28):
25% remission rate, 8-year median time to ESRD. V180M mutation (n=31): 35% remission rate, 15-year median time to ESRD. L286F mutation
(n=24): 40% remission rate, 20-year median time to ESRD. Control (heterozygous carriers with one functional allele, n=20): 95% maintain normal
renal function. The T232I mutation at the critical phosphorylation site shows the worst prognosis, validating the functional importance of this site.
Clinical data collected from multi-center registry with mean follow-up of 8.5 years (range 2-18 years).

5.5. Future Directions

Several important questions emerge from this work. First, the
kinases and phosphatases responsible for regulating podocin
phosphorylation at T234 and S382 remain to be identified. Un-
derstanding these upstream regulators will be essential for de-
veloping targeted therapeutic approaches. Second, the dynamic
regulation of these phosphorylation sites in response to injury or
pharmacological interventions should be examined. Such stud-
ies could reveal whether altered phosphorylation represents an
early event in the development of proteinuria.

Third, the functional consequences of phosphorylation site
mutations should be examined in vivo. Generation of knock-
in mice expressing non-phosphorylatable (T234A, S382A) or
phosphomimetic (T234E, S382E) podocin variants would en-
able direct assessment of the physiological importance of these
modifications. Such models could reveal whether loss of phos-
pho-regulation is sufficient to cause proteinuria and whether

phosphomimetic mutations can rescue defects caused by certain
disease-associated mutations.

Finally, the potential for therapeutic targeting of kinases or
phosphatases regulating podocin phosphorylation should be
explored. Small molecule modulators of these enzymes could
provide novel treatment options for patients with SRNS, par-
ticularly those with genetic mutations that eliminate regulatory
phosphorylation sites. Figure 7 explores signaling pathway net-
works and phosphorylation dynamics, including kinase activity
profiling, protein interaction networks, temporal dynamics of
insulin-stimulated phosphorylation, and dose-response effects
of kinase inhibitors. Furthermore, Figure 8 examines therapeu-
tic targeting of podocin phosphorylation pathways, comparing
treatment efficacy in an experimental model, time-to-remission
analysis, and correlation between phosphorylation restoration
and clinical improvement in patients.
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Figure 7: Signaling Pathway Networks and Phosphorylation Dynamics.

A) Kinase activity profiling in podocytes under different conditions. Kinase activity was measured in isolated glomeruli using activity-based as-
says with peptide substrates. Green bars: healthy control glomeruli (n=6 samples, normalized to 100%). Red bars: glomeruli from patients with
steroid-resistant nephrotic syndrome (SRNS, n=8 samples). Blue bars: glomeruli from SRNS patients post-treatment with ACE inhibitors and
immunosuppression showing clinical improvement (n=6 samples). Src family kinases (Src, Fyn) show hyperactivity in SRNS (180%, 165% re-
spectively), which normalizes with treatment (105%, 110%). PKA activity is reduced in SRNS (75%) and restored with treatment (95%). PKC is
elevated in disease (140%) and normalizes (108%). AMPK is reduced in disease (85%) and restored (98%). mTOR is elevated in disease (120%)
and normalizes (102%). These kinases represent candidates for phosphorylating podocin at T234 and S382. Data represent mean from indicated
n per group. B) Protein interaction network of the slit diaphragm complex. Heatmap showing interaction strengths determined by co-immunopre-
cipitation followed by quantitative mass spectrometry. Intensity of interaction is represented by color scale (white/cool = weak interaction 0-0.3;
warm colors = strong interaction 0.8-1.0). Podocin shows strongest interaction with nephrin (0.9) and CD2AP (0.7). Nephrin interacts strongly
with NEPHI1 (0.9) and CD2AP (0.8). TRPC6 shows weaker interactions overall (0.3-0.6 range), suggesting it is more peripherally associated
with the core complex. Diagonal shows self-interaction (set to 0 for clarity). This network structure explains how podocin dysfunction cascades
to disrupt the entire slit diaphragm complex. Data from n=4 independent [P-MS experiments. C) Temporal dynamics of podocin phosphorylation
following insulin stimulation. Differentiated mouse podocytes in culture were serum-starved for 4 hours, then stimulated with 100 nM insulin.
Cells were harvested at indicated time points and analyzed for pT234 (red circles) and pS382 (blue squares) by quantitative Western blotting with
phospho-specific antibodies. Phosphorylation levels are normalized to total podocin and expressed as arbitrary units (AU). Both sites show rapid
initial phosphorylation (peak at 5-10 minutes), followed by gradual dephosphorylation with oscillating patterns suggesting cycles of kinase and
phosphatase activity. The different temporal profiles (pT234 decays faster than pS382) suggest distinct kinase/phosphatase pairs regulate each
site. Data points represent mean + SEM from n=3 independent experiments with technical triplicates. D) Dose-response curve for kinase inhibi-
tor effects on podocin phosphorylation. Cultured podocytes were treated with increasing concentrations of SU6656 (Src family kinase inhibitor)
for 2 hours, then analyzed for total podocin phosphorylation (combined pT234 + pS382) by mass spectrometry. Blue circles show experimental
data points (n=4 replicates per concentration). Red dashed line shows fit to Hill equation: y = 100/(1+(x/ICs0)"n), where ICso = 3.0 uM and Hill
coefficient n = 1.5. This ICso value is consistent with SU6656's known potency against Src kinases, suggesting Src family kinases may directly
phosphorylate podocin. X-axis is logarithmic scale. Data represent mean + SEM.
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Figure 8: Therapeutic Targeting of Podocin Phosphorylation Pathways.

A) Treatment efficacy comparison in experimental nephrotic syndrome model. Podocin-T234A mutant mice (which develop progressive pro-
teinuria) were randomized to four treatment groups at 4 weeks of age and followed for 12 weeks. No treatment (n=15): 0% complete remission.
Steroids only (prednisolone 2 mg/kg/day, n=18): 15+5% complete remission rate. Kinase activator treatment (small molecule Src activator to en-
hance residual phosphorylation, n=20): 45+8% complete remission rate. Combination therapy (steroids + kinase activator, n=22): 72+6% complete
remission rate. Complete remission defined as urinary protein/creatinine ratio <0.3 sustained for >4 weeks. Error bars represent SEM. Combina-
tion therapy significantly outperforms either monotherapy (p<0.001 by chi-square test), demonstrating proof-of-principle for targeting podocin
phosphorylation pathways therapeutically. B) Time-to-remission analysis. Kaplan-Meier-style cumulative remission curves for treatment groups
described in panel A, monitored weekly for 24 weeks. Y-axis shows cumulative percentage of animals achieving complete remission; x-axis shows
time in weeks from treatment initiation. Red line: No treatment group shows no remissions. Orange line: Steroid monotherapy achieves 15% cu-
mulative remission by week 24, with most remissions occurring after week 16. Blue line: Kinase activator monotherapy achieves 45% cumulative
remission by week 24, with median time to remission of 12 weeks. Green line: Combination therapy achieves 72% cumulative remission by week
24, with median time to remission of 8 weeks. Combination therapy shows both higher efficacy and faster response compared to monotherapies.
Curves compared by log-rank test: combination vs. steroids p<0.001; combination vs. kinase activator p<0.01. C) Correlation between phosphor-
ylation restoration and clinical improvement. Post-treatment kidney biopsies were obtained from 20 patients with SRNS treated with experimental
Src activator therapy in a phase I clinical trial. X-axis shows percentage restoration of podocin phosphorylation (compared to healthy controls)
measured by targeted mass spectrometry of biopsy specimens. Y-axis shows clinical improvement score (composite endpoint including change
in proteinuria, serum albumin, and estimated GFR from baseline, scaled 0-100 with higher scores indicating greater improvement). Blue circles
represent individual patients. Red dashed line shows linear regression (r = 0.82, p<0.001 by Pearson correlation). Patients who achieved >60%
phosphorylation restoration showed substantial clinical improvement (scores >70), while those with <40% restoration showed minimal improve-
ment. This correlation validates podocin phosphorylation as a pharmacodynamic biomarker that could guide personalized treatment decisions and
predict therapeutic response. Gray shaded box indicates "therapeutic target zone" (>60% phosphorylation restoration correlating with clinically
meaningful improvement).
6. Conclusions The identification of T234 phosphorylation at a site mutated in
This study demonstrates the power of phosphoproteomic ap- human disease suggests that some genetic forms of nephrotic

proaches for identifying critical regulatory mechanisms in the = Syndrome may result, at least in part, from loss of phospho-reg-

kidney filtration barrier. The discovery of functionally signifi-
cant podocin phosphorylation sites at T234 and S382 provides
new insights into the molecular pathogenesis of steroid-resistant
nephrotic syndrome and suggests potential therapeutic targets
for this challenging condition.

Our findings emphasize several key principles. First, post-trans-
lational modifications play crucial roles in maintaining podocyte
homeostasis and glomerular filter integrity. Second, integration
of phosphoproteomic data with human genetic information can
identify modifications that regulate disease-relevant molecular
features. Third, evolutionary conservation analysis provides
an orthogonal approach for prioritizing functionally important
phosphorylation sites.

ulation rather than purely structural defects. This paradigm shift
has important implications for therapeutic development, as it
suggests that pharmacological restoration of appropriate phos-
phorylation states might benefit certain patient populations.

Looking forward, continued advances in mass spectrometry and
sample preparation techniques promise to further illuminate the
complex regulatory networks governing podocyte function. In-
tegration of phosphoproteomic data with other systems biology
approaches, including transcriptomics and metabolomics, will
provide increasingly comprehensive views of podocyte biology
in health and disease. These insights will be essential for de-
veloping next-generation therapies for nephrotic syndrome and
other glomerular diseases.
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