Molecular Taxonomy of Urinary Diseases through Unsupervised Data-Driven Classification Based on 7000-plex Urinary Proteome
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Background

Introduction:

Lupus Nephritis (LN) is a severe manifestation of Systemic Lupus

Erythematosus (SLE) that affects approximately 40% of patients diagnosed
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with SLE. The heterogeneity of LN presents a significant clinical challenge,

leading to variable treatment responses and patient outcomes. Current

Protein Filtering

classifications, based on renal biopsy histology, are subjective and limited

in their ability to capture the full molecular complexity of the disease.
Addressing this heterogeneity through objective molecular stratification is

crucial for advancing Personalized Medicine.
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> Network composed of 5,386 vertices and 2, 400,249 edges
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Methods

Figure 1: Urine Proteomic Analysis and Patient Stratification Workflow

This diagram illustrates the computational workflow used in this study. Urine samples from 85 individuals including
healthy controls (HC), lupus nephritis (LN), diabetic chronic kidney disease (DCKD), urology clinic controls (UC, presenting
with hematuria), and bladder cancer (BC) were profiled using a 7000-plex aptamer-based proteomic platform. After
preprocessing, 5,386 proteins were used to construct a protein-protein correlation network. The Walktrap community
detection algorithm identified 15 robust protein modules. Patient-specific module activity scores were then calculated.
Hierarchical clustering using Ward’s method was applied to these module profiles to stratify patients into molecular
groups, or endotypes (see Figure 2), independent of clinical diagnosis. To understand the biological function of key
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| modules (e.g., Module 6), a multi-level enrichment analysis was performed (see Figure 4). Protein-protein interaction
Toesabish s now ationt Clusterig | (i renhncdll’ ) Peromgnegeit s >> R e S (PP1) networks were also constructed using Cytoscape (see Figure 5) to identify core protein hubs and potential regulatory

To establish a novel, data-driven molecular taxonomy of urinary diseases,

including Lupus Nephritis, at the proteome level using comprehensive
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molecules.

targeted proteomic screening and unsupervised machine learning.

Results

Figure 3: Module Expression Heatmap per Patient Endotype (G1-G16)

Figure 2: Hierarchical Clustering of Urine Proteomic Profiles Identifies 16 Distinct Patient Endotypes (Groups G1-G16)
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endotypes. The largest patient clusters were G3 (n=21), G5 (n=20), G6
(n=11), and G4 (n=9).
 The clustering effectively isolated specific disease states:

* Group G5 was strongly enriched for Bladder Cancer (BC) and
Urological Control (UC) patients, who were molecularly
indistinguishable and defined by a "low-expression" signature across
most modules.

Group G4 was predominantly composed of Diabetic Chronic Kidney

Color Scale (Average Module Score): Represents the average expression of each module for all patients within a molecular group. Red
indicates high average expression (upregulated), blue indicates low average expression (downregulated), and white represents a neutral
baseline (z-score of 0).

X-axis (G1-G16): The 16 distinct molecular patient subgroups (endotypes) identified by the clustering.

Y-axis: The 15 robust protein modules.

Left Dendrogram: Shows clustering of modules that have similar expression patterns across the 16 patient groups.

This figure displays the agglomerative hierarchical clustering dendrogram for all 85 patients, generated using the expression scores of the 15 protein modules.

X-axis (Patient & Group Labels): Each leaf on the dendrogram represents a single patient, labeled by their original clinical diagnosis (e.g., HC, BC, ALN). The colored bar below the
dendrogram indicates the new molecular endotype (G1-G16) assigned to each patient.

Y-axis (Dendrogram Height): Represents the dissimilarity between clusters. Taller branches indicate that the joined clusters or patients are more different from each other.

Figure 4: Multi-Panel Functional Enrichment Analysis of Module 6 Figure 5: Module 6 Protein-Protein Interaction (PPI) and Regulatory Network
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heterogeneous and were distributed across 11 different endotypes
(e.g., G2, G8-G11, G13-G15), suggesting multiple distinct molecular
pathologies underlie the same clinical disease. The large, mixed
groups G3 and G6 also contained a mix of LN, controls, and other
disease states.
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E. Reactome Pathway Analysis (A) GO Biological Process: This srplot shows the top enriched Gene Ontology (GO) terms. The top 3 hits are "positive

* Analysis of Module 6, the most statistically significant module for regulation of reactive oxygen species metabolic process," "regulation of ATP metabolic process," and "regulation of ARNT
. h iginal clinical led ich £ Intraflagellar Transport _ apoptotic signaling pathway," highlighting associations with cellular stress and metabolism.
SEparatmg the original Clinical groups, revealed an enric ment Tor Cilium Assembly _ (B) GO Cellular Component: This srplot identifies the enriched cellular locations for Module 6 proteins. The top terms, such VPS53

as "ciliary tip," "centriole," and "intraciliary transport particle B," suggest that these proteins are physically located at the
cilium-centrosome complex.

(C) GO Molecular Function: This srplot identifies the primary molecular jobs of the proteins. The dominance of "GTPase
activity” and "GTP binding" points to a role in molecular signaling and transport, which are key functions of ciliary proteins.
(D) KEGG Pathway Analysis: This chart shows enriched KEGG pathways. The identification of the "Chemokine signaling
pathway" and "Renin secretion" links this ciliary/centrosome module to specific immune-signaling and kidney-related
functions.

(E) Reactome Pathway Analysis: This bar chart shows the most significant Reactome pathways. The top hits, "Intraflagellar
Transport"” and "Cilium Assembly,” are the specific biological processes responsible for building and maintaining the
primary cilium.

(For panels A, B, C, and D, the X-axis represents statistical significance (higher is better), bubble size indicates the number of
proteins from Module 6 in that term, and red/pink color indicates a more significant p-value. For panel E, bar length

represents significance.)
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proteins involved in ciliary biology, centrosome organization, and
intraflagellar transport. This finding suggests a novel link between

ciliary dysfunction and the pathology of Lupus Nephritis.

 Correlate module scores and patient endotypes (Groups) with key
clinical and histological data (e.g., eGFR, SLEDAI, Al/Cl scores) to
establish their utility as biomarkers for disease severity or
progression.

* Validate the upregulation of key Module 6 (ciliary) proteins in lupus
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This figure visualizes the known connections between the 36 proteins in Module 6 using Cytoscape.

A) (Protein—protein interaction (PPI) network: Constructed from the 36 proteins that belonged to module 6, using the
Cytoscape stringApp plug-in. Edge darkness corresponds to the strength of the correlation between protein nodes.

(B—C) Network visualization: Generated using Cytoscape. The top signaling molecule was STAT®6, regulating 3 proteins, and
the top transcription factor identified was CAT, regulating 6 proteins, from the total input set of 36 proteins.
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