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Glucocorticoid- and pioglitazone-induced
proteinuria reduction in experimental
NS both correlate with glomerular ECM modulation

Sagar Bhayana,1 Julie A. Dougherty,1 Yu Kamigaki,1 Shipra Agrawal,1,2 Saranga Wijeratne,3 James Fitch,3

Amanda P. Waller,1 Katelyn J. Wolfgang,1 Peter White,2,3 Bryce A. Kerlin,1,2 and William E. Smoyer1,2,4,*
SUMMARY

Idiopathic nephrotic syndrome (NS) is a common glomerular disease. Although glucocorticoids (GC) are
the primary treatment, the PPARg agonist pioglitazone (Pio) also reduces proteinuria in patients with
NS and directly protects podocytes from injury. Because both drugs reduce proteinuria, we hypothesized
these effects result from overlapping transcriptional patterns. Systems biology approaches compared
glomerular transcriptomes from rats with PAN-induced NS treated with GC vs. Pio and identified 29
commonly regulated genes-of-interest, primarily involved in extracellular matrix (ECM) remodeling. Cor-
relation with clinical idiopathic NS patient datasets confirmed glomerular ECM dysregulation as a poten-
tial mechanism of injury. Cellular deconvolution in silico revealed GC- and Pio-induced amelioration of
altered genes primarilywithin podocytes andmesangial cells.While validation studies are indicated, these
analyses identified molecular pathways involved in the early stages of NS (prior to scarring), suggesting
that targeting glomerular ECM dysregulation may enable a future non-immunosuppressive approach for
proteinuria reduction in idiopathic NS.

INTRODUCTION

Idiopathic nephrotic syndrome (NS) is a common glomerular disease both in children and adults.1–6 There are three major histologic variants

of primary NS: minimal change disease (MCD), focal segmental glomerulosclerosis (FSGS), and membranous nephropathy (MN).7 NS is a

leading cause of chronic kidney disease in both children and adults, with more severe forms often progressing to end-stage kidney disease

(ESKD).8 The initial treatment for immune-mediated NS is high-dose daily glucocorticoids (GC), which are often associated with significant

side effects.9,10 While �80% of children achieve clinical remission (i.e., resolution of proteinuria and edema) after 4–6 weeks of GC therapy,

many children relapse, and asmany as 50%of these children subsequently develop either frequent relapsingNS (FRNS) or steroid-dependent

NS (SDNS). Such cases require recurrent and/or prolongedGC therapy or alternative immunosuppressive medications, which themselves are

only effective in somepatients and have significant toxicities.Moreover,�20%of children and�50%of adults present with or develop steroid-

resistant NS (SRNS) and are at the highest risk for progression to ESKD.11,12 For the aforementioned reasons, there is a critical need for the

development of more effective and less toxic NS treatments.

An attractive alternative to new drug development is to repurpose existing Food and Drug Administration (FDA)-approved medications,

which can markedly reduce costs and accelerate regulatory approval.13 In this context, our group and others have reported that use of the

PPARg agonist pioglitazone (Pio) is associated with proteinuria reduction in adults and children with NS and that it may thus have potential as

a non-immunosuppressive alternative or supplement to GC treatment for patients with NS.14–20 Pio belongs to the thiazolidinedione (TZD)

class of drugs and is FDA-approved for type 2 diabetesmellitus.21Wepreviously reported significant proteinuria reduction after Pio treatment

in the puromycin aminonucleoside (PAN)-induced rat model of NS (PAN-NS), which was comparable with the proteinuria reduction achieved

by GC treatment.14,22 Because both GC and Pio activate nuclear receptors (NR3C1 and PPARg, respectively),14 we hypothesized that the

similar proteinuria-reducing effects of GC and Pio result from the induction of overlapping glomerular transcriptional patterns. To test this

hypothesis, we compared the transcriptomes from glomeruli isolated from rats with PAN-NS in whom proteinuria was significantly reduced

with either GC (immunosuppressive) or Pio (non-immunosuppressive) treatment. Our rationale was that the identification of overlapping

glomerular transcriptional targets modulated by both GC and Pio would reveal common molecular pathways for proteinuria reduction in

NS that could be exploited as potential future targets to treat NS.
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RESULTS

Glucocorticoids and pioglitazone both partially restore nephrotic syndrome-associated glomerular gene expression

dysregulation

We previously demonstrated that both methylprednisolone (MP, a representative GC) and Pio significantly reduced proteinuria in rats with

PAN-induced NS.22 To identify common molecular targets/pathways involved in proteinuria reduction, RNA sequencing (RNA-seq) was

performed on glomeruli isolated from four rats from each of four experimental groups: (1) healthy controls, (2) PAN + sham treatment, (3)

PAN + MP, and (4) PAN + Pio. As expected, PAN treatment induced significant proteinuria (urine protein to creatinine ratio [UPCR] =

57.2G 41.6 mg/mg vs. 2.03G 0.42 mg/mg in healthy controls; *p < 0.05) at day 11 following a single PAN dose (Figure 1A). Significant pro-

teinuria reduction was induced by treatment with either MP (2.64G 0.32 mg/mg [95% reduction]; *p < 0.05) or Pio (3.45G 0.82 mg/mg [94%

reduction]; *p < 0.05). Subsequent unsupervised clustering performed on�17,000 genes using principal-component analysis (PCA) revealed

discrete transcriptional profiles for each treatment group (Figure 1B). The PAN-induced NS glomerular transcriptome was distinct and non-

overlapping with the healthy control group. However, the glomerular transcriptomic profiles of the PAN + MP and PAN + Pio groups both

revealed substantial transcriptomic shifts toward healthy controls. Notably, despite similar reductions in proteinuria, theMP and Pio transcrip-

tomic profiles exhibited only modest overlap of their 95% confidence intervals (see colored ellipses), which suggested they have distinct tran-

scriptional patterns contributing to proteinuria reduction (Figure 1B). Consistent with our hypothesis, we compared the transcriptomic profiles

between MP and Pio to investigate potential common transcriptional targets for future NS therapeutics.

Next, we sequentially filtered the regulated genes based on strict selection criteria: (1) gene expression levels significantly different (false

discovery rate [FDR] < 0.05) between PAN vs. controls, (2) similar or comparable expression levels between PAN + MP and controls (FDR

>0.05), (3) normalized read counts (NC)R 25 in at least 3 samples in either group, and (4) genes that were well characterized and mappable

to software platforms developed for Gene Ontology (GO) enrichment and pathway analysis. We identified 1,872 differentially expressed

genes (DEGs), which were plotted as a heatmap (Figure 1C). A Venn diagram of these DEGs (Figure 2A) illustrates that PAN-NS glomeruli

had 1,014 significantly upregulated and 858 significantly downregulated genes compared with healthy controls, identifying a distinct glomer-

ular transcriptional dysregulation pattern associated with induction of PAN-NS. However, treatment with MP and Pio significantly reversed

480 (47%) and 346 (34%) of the upregulated genes (FDR <0.05), respectively. MP and Pio also significantly reversed 307 (36%) and 144

(17%) of the downregulated genes (FDR <0.05), respectively. Through overlap analysis, we identified 319 downregulated DEGs (i.e., genes

significantly induced by PAN but reversed with treatments) and 126 upregulated DEGs (i.e., genes significantly suppressed by PAN but

reversed by treatments) and categorized them as PAN-induced and PAN-suppressed DEGs, respectively (Figures 2A and 2B). This approach

identified these two groups of DEGs as potential commonmolecular regulators of proteinuria, some of which could become future therapeu-

tic targets for NS.

We then used the Database for Annotation, Visualization, and Integrated Discovery (DAVID) functional annotation cluster analysis tool,23

an internet-based gene function annotation software application, to determine which pathways or biological processes were altered by these

DEGs in glomeruli. DAVID analyses of the 319 PAN-induced genes with high enrichment scores (p < 0.05) revealed that most of these DEGs

were involved in cell cycle or mitosis, DNA binding, or DNA damage repair functions (Figures 2B and 2C). These findings suggested that PAN

alters DNA homeostasis, which may impact the overall survival of glomerular cells. In addition, gene sets associated with ATP binding, micro-

tubule activity, p53 signaling, protein kinase activity/phosphorylation, ubiquitination, transcription factor complexes, and extracellular matrix

(ECM) organization were also significantly altered (Figures 2B and 2C). The precise molecular changes induced by PAN are not completely

known, but these analyses suggested that glomerular DNAdamage could be an initiating or early event resulting in PAN-induced proteinuria,

partly in line with a published observation.24

An identical DAVID analysis of the 126 PAN-suppressed genes with high enrichment scores (p < 0.05) revealed that most of these

DEGs encompassed PDZ (first letters of the first three proteins discovered to share the domain postsynaptic density protein [PSD95],

Drosophila disc large tumor suppressor [Dlg1], and zonula occludens-1 [ZO-1]) and sterile alpha motif (SAM) domains (Figures 2B and

2C). PDZ domains are involved in cell-cell contacts and anchoring membrane receptor proteins to cytoskeletal components.25,26 Pro-

teins containing SAM domains are involved in many different biological processes and bind to a variety of proteins and RNA.27,28 In

addition, gene sets associated with transcription factors, growth factors, and cytokines were also ameliorated by both MP and Pio

treatments. Overall, the biological processes identified by these analyses highlighted a limited group of potentially important mo-

lecular pathways in glomeruli that are dysregulated during development of PAN-NS and ameliorated by treatments that effectively

reduce proteinuria.

Drug-nuclear receptor-DEG interaction network-based analysis of PAN-induced and PAN-suppressed DEGs identified 20

glomerular genes-of-interest (Method 1)

To attempt to identify drug targets using the PAN-induced and PAN-suppressed glomerular DEGs, we used the ingenuity pathway analysis

(IPA) software to screen for DEGs that were commonly regulated by both drugs (MP and Pio) and/or their canonical target nuclear receptors

(NR3C1 and PPARg, respectively). These analyses included the use of Ingenuity Knowledge Base (IKB), a repository of expertly curated bio-

logical interactions and functional annotations, to search among the selectedDEGs for simultaneous interactions between the nuclear recep-

tors (NR3C1 and PPARg) and their respective agonists (MP/dexamethasone and Pio, respectively). Althoughwe usedMP as the representative

GC for our in vivo experiments, for these in silico analyses, we also included another GC and NR3C1 agonist, dexamethasone, to compensate

for the paucity of available IKB repository data on MP. These analyses identified an interaction network formed among these drugs, their
2 iScience 27, 108631, January 19, 2024



Figure 1. Glucocorticoids and pioglitazone both ameliorate NS-associated glomerular gene expression profile dysregulation

(A) UPCR of individual animals on Day 11 post-PAN, PAN +MP, PAN + Pio, or PBS control; n = 4 rats per group *p < 0.05. Line with bars represents meanG SEM.

(B) Principal-component analysis (PCA) plot representing unsupervised clustering of RNA-seq data. Colored bubbles (n = 4rats/group) represent the confidence

interval of the combined four points, and each point within the bubble represents the transcriptome (�16,915 annotated genes) from each rat’s pooled glomeruli.

(C) Heatmap representation of 1,872 differentially expressed genes (DEGs). Red to blue scale denotes Z score.
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nuclear receptors, and the glomerular DEGs, identifying 20 genes-of-interest (bolded and enlarged names in Figure 3A), whose protein prod-

ucts represented targets-of-interest. Because the proteins encoded by these genes are found in different cellular compartments (Table S1),

we sought to identify any known interactions among them that might reveal critical molecular pathways relevant to proteinuria reduction. We

used the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) database, a web resource of known and predicted protein-pro-

tein interactions.29 Using k-means clustering, we identified four distinct clusters of protein-protein interactions encoded by these 20 genes-of-

interest (dotted bubbles in Figure 3B), whereas the non-clustered/non-interactive nodes were removed from the interaction network. Consis-

tent with the DAVID functional annotation analysis in Figure 2B, the STRING analysis predicted a limited group of specific protein interactions

involved in glomerular cell function: (1) extracellular matrix homeostasis (extracellular matrix/growth factor activity), (2) DNA homeostasis (cell

cycle and DNA binding), (3) lipid metabolism, and (4) cytoskeletal organization. These interaction analyses provided further support for
iScience 27, 108631, January 19, 2024 3



Figure 2. Commonly regulated DEGs and pathways in GC and Pio-treated PAN-NS rats

(A) Venn diagram representing the number of genes either upregulated or downregulated in PAN vs. Control (FDR <0.05) and in treatment groups vs. PAN (FDR

<0.05). BLUE outer oval denotes downregulated genes, andORANGE outer oval denotes upregulated genes. FDR is defined as false discovery rate, adjusted for

multiple testing with the Benjamini-Hochberg procedure.

(B) Line plot representing the fold change (Log2FC) of 319 and 126 DEGs significantly induced and suppressed by PAN, respectively (FDR <0.05, PAN vs. Control),

but significantly reversed by treatment groups (FDR<0.05, PAN + MP, PAN + Pio vs. PAN). BLACK line denotes PAN. RED line denotes PAN + MP. GREEN line

denotes PAN + Pio.

(C) Bar graph representing the functional annotation of 319 PAN-induced DEGs and 126 PAN-suppressed DEGs plotted based on enrichment scores using the

Database for Annotation, Visualization, and Integrated Discovery (DAVID) functional annotation analysis platform. Enrichment score ranks the biological

significance of gene groups based on the overall Fisher exact score of all enriched annotation terms.
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Figure 3. Drug-nuclear receptor-DEG interaction network-based analysis of PAN-induced and PAN-suppressed DEGs revealed 20 genes-of-interest

(Method 1)

(A) An ingenuity pathway analysis (IPA)-derived interaction network map of 319 PAN-induced and 126 PAN-suppressed genes with both nuclear receptors

(glucocorticoid receptor [NR3C1; shown in YELLOW] and PPARg receptor [PPARG; shown in BLUE]) and their respective agonists (methylprednisolone;

shown in BROWN; dexamethasone, shown in PINK, and pioglitazone; shown in GREEN). The interaction network map was generated via the curated IPA

knowledge base. Genes in BOLD denote the 20 genes-of-interest that were commonly altered by both nuclear receptors (NR3C1 and PPARg) and/or the

receptors’ agonists.
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Figure 3. Continued

(B) The corresponding protein-protein interactions of the 20 genes-of-interest determined by the STRING platform. Four clearly segregated clusters became

apparent based on their respective biological annotation (biological processes, molecular function, cellular compartment). GRAY nodes represent proteins, and

the line thickness between nodes signifies the strength of data supporting the association (i.e., thicker lines denote more available data sources showing the

interaction, based on the STRING database). Interaction data sources included text mining, experiments, and databases. Minimum required interaction scores

were set on medium confidence at 0.400. Clustering was performed using k-means clustering. Disconnected nodes were removed from the network.
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dysregulation of a limited set of critical molecular pathways in glomeruli during PAN-NS and more importantly their restoration by treatment

with two distinct classes of drugs that both effectively reduced proteinuria.
Gene set enrichment analyses revealed restoration of dysregulated glomerular extracellular matrix genes as a common

mechanism of proteinuria reduction (Method 2)

Gene set enrichment analysis (GSEA) is commonly employed for pathway analysis and functional annotation of gene sets identified by RNA-

seq using amolecular signature database that currently includes 22,596 gene sets.30We utilizedGSEA as a second distinct method to identify

glomerular genes that are dysregulated during PAN-NS and reversed in response to effective proteinuria reduction with both MP and Pio.

We evaluated 17,000 genes using a global cutoff of log2(Fold change)R 2 to enforce significant stringency in the identification of enriched

gene sets. In comparison to healthy control rats, PAN significantly (FDR <0.05) induced dysregulation of glomerular gene sets associated

with both extracellular matrix (NABA_MATRISOME ASSOCIATED, NABA_ECM_REGULATORS, NABA_CORE_MATRISOME) and cyclins

(SA_REG_CASCADE_OF_CYCLIN_EXPR). On the other hand, treatments with either MP or Pio significantly (FDR <0.05) reversed PAN-

induced dysregulation (heatmaps in Figure 4A). These findings further supported a mechanistic role for dysregulation of glomerular ECM

proteins, as well as cyclins, in the pathogenesis of PAN-NS and that effective reduction of proteinuria (via two mechanistically distinct

drug classes) was associated with reversal of this dysregulation.

As with the IPA analyses shown in Figure 3A, we used theseGSEA-derived enriched gene sets to identify drug targets that were commonly

regulated by both GC and Pio treatments (MP, dexamethasone, and Pio) and/or their nuclear receptors (NR3C1 and PPARg, respectively).

This interaction network identified 14 genes-of-interest likely to be involved in NR3C1 and PPARg signaling processes (genes shown in

bold in Figure 4B). We extended these findings to analyze protein-protein interactions among the proteins encoded by these 14 genes-

of-interest using STRING analysis. Using k-means clustering, most of the targets clustered as an ECM-associated cluster, with matrix metal-

loproteinase 2 (MMP2) as a common interacting partner (Figure 4C).

Importantly, the genes-of-interest identified using the GSEA method (Method 2) overlapped significantly with the IPA analysis method

(Method 1), and indeed most of the genes in common between these methods are involved in ECM remodeling (ADAM12, MMP14,

LGALS3, SERPINE1). Collectively, these two distinct bioinformatic approaches identified 29 glomerular genes-of-interest likely to play mech-

anistic roles in both GC- and Pio-mediated proteinuria reduction in PAN-NS.
Altered glomerular gene expression patterns in rats correlate extensively with those in patients with glomerular disease

We sought to clinically validate the 29 genes-of-interest from the interaction networks based on Methods 1 and 2 (Figures 3B and 4C) to

observe their changes in PAN-NS and possible amelioration withMP or Pio treatment (Figures 5, 6, and 7). We also compared the rat glomer-

ular expression data with glomerular gene expression levels from the Nephroseq database for MCD, primary FSGS,31 and diabetic kidney

disease (DKD)32 datasets.

Extracellular matrix- and growth-factor-activity-related gene expression

RNA-seq results revealed significant (p < 0.05) up-regulation of ADAM12, ANGPTL4, CCL2, COL1A1, LGALS3, LIF, and SERPINE1 and sig-

nificant (p < 0.05) down-regulation of IGFBP5 and VEGFA in PAN-NS rats, compared with healthy rats (Figure 6A). Both MP and Pio treatment

had a similar ameliorative effect on nearly all genes. However, PAN +MP and PAN + Pio differed significantly (p < 0.05) in their expression of

ADAM12, CCL2, and COL1A1, with MP having a more suppressive effect in each instance. MP treatment decreased MMP2 expression to

significantly (p < 0.05) lower than that of healthy rats (Figure 6A).

To validate these findings in PAN-NS rats with patients with glomerular disease, we compared the expression patterns of these genes to

those in kidney disease patients31 using a publicly available, clinically derived glomerular gene expression datasets. First, we compared

expression of the ECM-related genes-of-interest with that of patients with MCD (n = 7) and primary FSGS (n = 8) as compared with healthy

controls (n = 9) (NephroSeq: Hodgin FSGSGlom).31 Next, we further examined the samegenes in a larger validation cohort recently published

by Mariani et al. that compared MCD and FSGS patients with nephrotic vs. sub-nephrotic proteinuria (MCD: n = 42 nephrotic, n = 24 sub-

nephrotic; FSGS: n = 44 nephrotic, n = 42 sub-nephrotic)33 (Figures 6B and S1) (NephroSeq: Mariani Nephrotic Syndrome Glom). Overall,

expression data from diseased glomeruli correlated extensively with that from PAN-NS rats, including 11 of 13 genes (85%) for primary

FSGS and 8 of 13 genes (62%) for MCD as compared with healthy controls. FSGS patients with nephrotic proteinuria more closely correlated

with PAN-NS rats as 11 of 13 genes (85%) trended similarly, comparedwithMCDpatients with nephrotic proteinuria where 7 of 13 genes (54%)

trended similarly. Despite their being distinctly different drug classes, both MP (immunosuppressive) and Pio (non-immunosuppressive)

demonstrated similarly ameliorative effects on glomerular gene expression (Figure 6B) in association with their reduction in proteinuria in

rats. MP and Pio showed similar trends in ameliorating dysregulated glomerular gene expression in patients with MCD (8 of 13, 62%) and
6 iScience 27, 108631, January 19, 2024
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Figure 4. GSEA enriched gene sets encoding genes involved in extracellular matrix remodeling and cell-cycle regulation (Method 2)

Gene set enrichment analysis (GSEA) showsenrichment of (A)NABA_MATRISOME_ASSOCIATED, (B)NABA_ECM_REGULATORS, (C)NABA_CORE_MATRISOME,

and (D) SA_REG_CASCADE_OF_CYCLIN_EXPR related genes among the PAN, PAN+MP, and PAN+ Pio genes that were ranked by normalized enrichment signal

(NES)andq-value (FDR).Theheatmap representsgeneexpressionvaluesofcore-enrichedgenes,whichaccount for theenrichment signal and thus represent thesmall

subset of all the genes that participate in a biological process. Gene sets with a false discovery rate (FDR) value <0.05 after 1,000 permutations were considered

significant.
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primary FSGS (11 of 13, 85%). We also examined ECM gene expression in diabetic kidney disease (DKD) patients (n = 9) as compared with

healthy transplant donors (n = 13) using the publicly available Woroniecka dataset (NephroSeq: Woroniecka Diabetes Glom).32 DKD patient

gene expression trended similar to PAN-NS rats for 8 of 13 genes (62%) (Figure S2), also demonstrating ECM dysregulation as a common

defect in DKD, and notable similarity with our animal model of NS.

Cytoplasmic-organization- and lipid-metabolism-related gene expression

RNA-seq data demonstrated significantly (p < 0.05) increased expression of both ACTA2 and TAGLN in the diseased state (Figure 7A), which

encode a cytoskeletal component and organizational regulator, respectively. Additionally, PAN-NS rats expressed significantly (p < 0.05)

higher levels of lipid metabolism genes CPT1B and PDK4 and non-significantly increased LPL compared with healthy rats. Both MP and

Pio treatment ameliorated expression of all 5 genes (100%), with CPT1B more significantly downregulated with MP treatment compared

with Pio treatment (Figure 7B).

Comparing these findings to patients with glomerular disease, we found that both cytoplasmic organization genes were also upregulated

in MCD and primary FSGS as compared with healthy patients and compared with those with sub-nephrotic proteinuria (Figures 7C and S2).

Lipid metabolism genes had more heterogeneous expression in MCD and primary FSGS patients from either patient dataset as compared

with PAN-NS rats (Figures 7C and S4). Again, MP and Pio both showed similar trends in ameliorating the glomerular expression of 3 of the 5

dysregulated cytoplasmic-organization- and lipid-metabolism-related genes (60%) in MCD and primary FSGS patients (Figure 7C). We also

examined these genes’ expression in diabetic kidney disease (DKD) patients as comparedwith healthy transplant donors.32 DKDpatient gene

expression trended similar to PAN-NS rats for 4 of 5 genes (80%) (Figure S2), again showing a similarmolecular signature for DKD to that of our

animal model of NS.

DNA-binding- and cell-cycle-related gene expression

RNA-seq showed significantly (p < 0.05) increased glomerular expression of BIRC5, BRCA1,CDKN1A, CDKN2C, E2F1, and FOSB in diseased

rats (Figure 8A).AIFM3,CDKN1B, and POU2F1 expression decreasedwith disease, but this changewas not significant, whereasCDK4 expres-

sion remained similar to that in healthy animals (Figure 8A). MP and Pio treatment both demonstrated amelioration of 8 of the 9 dysregulated

genes (89%), with MP showing significantly (p < 0.05) lower expression than Pio for BIRC5 and E2F1 (Figure 8A) in PAN-NS rats.

Comparing these findings with those from NS patients, we found that all groups of patients showed increased expression of BIRC5,

CDKN1A, CDKN2C, and FOSB. However, expression of AIFM3, BRCA1, CDK4, CDKN1A, E2F1, and POU2F1 were affected differently in

diseased patients (Figures 8B and S5). Similarly, we found that MP and Pio both showed comparable trends in ameliorating most of the dysre-

gulated DNA-binding- and cell-cycle-related glomerular genes among patients with MCD (6 of 10, 60%) and primary FSGS (6 of 10, 60%) (Fig-

ure 8B). MCD and FSGS patients with nephrotic proteinuria had gene expression that trended very similarly to PAN-NS rats (Figure 8B). We also

examined these genes’ expression in DKD patients as compared with healthy transplant donorst.32 DKD patient gene expression trended

similar to PAN-NS rats for 6 of 10 genes (60%) (Figure S2), thus showing a similar molecular signature for DKD to that of our animal model of NS.
Glucocorticoids and pioglitazone both reverse PAN-induced gene expression changes in podocyte- and mesangial-cell-

specific, but not in endothelial-cell-specific, gene clusters

Normal glomerular function depends on coordinated signaling between three resident glomerular cell lineages: podocytes, mesangial cells,

and endothelial cells.34 Although PAN-NS is a well-acceptedmodel for the induction of glomerular proteinuria, its effects on gene expression

in these three cell types in vivo have not been extensively studied. To analyze glomerular-cell-specific gene expression changes occurring

during PAN-NS, we subdivided our glomerular transcriptomes into cell-specific subgroups using a published reference list of glomerular-

cell-type-specific genes derived from healthy mouse glomeruli using single-cell RNA-seq to segregate podocyte-, endothelial-cell-, and me-

sangial-cell-specific genes.35 For these analyses, we cross-tabulated our genes with the previously published mouse glomerular single-cell

RNA-seq data using a cutoff of R500 normalized mRNA counts to select genes for this cell-type specificity analysis. After applying this cri-

terion, we identified 66 podocyte-, 43 mesangial-, and 42 endothelial-cell-specific genes (Figures 9A–9C), including comparisons of mRNA

changes among the Control vs. PAN, PAN + MP, and PAN + Pio treatment groups. Notably, the PAN-induced alterations were partially

reversed following either MP or Pio treatment in both podocytes and mesangial cells, as exemplified by their respective PCA plots (see

95% confidence interval color shading) derived from these heatmaps (Figures 9D and 9E). In marked contrast to podocytes and mesangial

cells, however, PAN treatment induced far fewer alterations in endothelial cells, and neither MP nor Pio treatment had notable effects on

the transcriptional profiles of endothelial-cell-specific genes, despite their effectiveness in reducing proteinuria in the rats (Figure 9F).

In addition to these cell-specific findings, a combined PCA plot that integrated the aforementioned podocyte-, mesangial- and endothe-

lial-specific genes also showed induction of significant dysregulation of glomerular gene expression by PAN, with partial reversal of these
8 iScience 27, 108631, January 19, 2024
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Figure 5. Drug-nuclear receptor-DEG interaction network-based analysis of PAN-induced and PAN-suppressed DEGs revealed 20 genes-of-interest

(Method 2)

(A) Ingenuity pathway analysis (IPA)-based interaction network formed between nuclear receptor (NR3C1: YELLOW, PPARG: BLUE) and drug (dexamethasone:

PINK, methylprednisolone: BROWN, pioglitazone: GREEN)—targets from the core-enriched genes from GSEA (shown in GRAY color). Genes in BOLD denote

genes-of-interest that commonly interact with NR3C1 and PPARG receptors and/or their respective agonists.

(B) The corresponding protein-protein interactions of the 14 genes-of-interest determined by the STRING platform. Two clearly segregated clusters became

apparent based on their respective biological annotation (biological processes, molecular function, cellular compartment). GRAY nodes represent proteins,

and the line thickness between nodes signifies the strength of data supporting the association (i.e., thicker lines denote more available data sources showing

the interaction, based on the STRING database). Interaction data sources included text mining, experiments, and databases. Minimum required interaction

scores were set on medium confidence at 0.400. Clustering was performed using k-means clustering. Disconnected nodes were removed from the network.
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changes following treatment with either MP or Pio (Figure S6). These findings suggested that the similar antiproteinuric effects of MP and Pio

were likely mediated by common glomerular gene products or pathways, primarily via direct effects on podocytes and mesangial cells, or

possibly via paracellular communication between podocytes and mesangial cells.

Focusing on the more impacted cell types, we analyzed the potential biological implications of the podocyte- and mesangial-cell-specific

gene expression changes by incorporating these data into IPA-based function, disease, and toxicity analysis algorithms. Results indicated

that, compared with PAN-NS, treatment with either MP or Pio led to similarly enhanced formation of filopodia and focal adhesions, enhanced

microtubule dynamics and cytoskeleton reorganization, (Figure 9G) increased cell viability, decreased hyperplasia of mesangial cells, and

decreased glomerular apoptosis (Figure 9H), all of which could serve to ameliorate injury to the glomerular filtration barrier.
DISCUSSION

Nephrotic syndrome is characterized by dysregulation of the kidneys’ glomerular filtering units leading to leakage of large amounts of plasma

proteins into the urine. For NS, GCs, which are immunosuppressive, have remained the primary treatment for over 60 years despite myriad

significant side effects. Pio, a non-immunosuppressive PPARg agonist that is FDA-approved for type 2 diabetes mellitus, also reduced pro-

teinuria in experimental NS in rats, reduced proteinuria in an adult patient with diabetes and FSGS,36 reduced urinary podocyte loss in hu-

mans,37 and protected podocytes from injury.22,37,38 Moreover, a recent report revealed that Pio reduced proteinuria in children with compli-

cated idiopathic NS in off-label use cases.10 Together, these findings suggested that Pio could potentially be useful for proteinuria reduction

in human NS. Because both GC and Pio activate nuclear receptors (NR3C1 and PPARg, respectively),14 we hypothesized that the similar pro-

teinuria-reducing effects of GC and Pio likely result fromoverlapping glomerular transcriptional patterns. Therefore, we compared glomerular

transcriptomes from rats with PAN-NS treated with either MP or Pio. Analyses included extensive in silico approaches, glomerular-cell-type-

specific gene set deconvolution, and comparison of lead targets with published human MCD, primary FSGS, and DKD glomerular gene

expression profiles. Collectively, these studies demonstrated that the similar antiproteinuric effects of MP and Pio in PAN-NS resulted largely

from amelioration of dysregulated glomerular ECM-associated genes. Additionally, in silicoglomerular cell deconvolution of these data using

single-cell transcriptome profiles identified podocytes and mesangial cells as the cell types most altered by PAN treatment and ameliorated

by treatment with MP and Pio.

Transcriptomic analyses revealed generally similar transcriptional regulation between the PAN + MP and PAN + Pio groups, with both

treatment groups demonstrating amelioration of the PAN-induced changes associated with NS. Of note, many of the DEGs in the PAN +

Pio group overlapped extensively with the PAN+MPgroup, suggesting that both drugs’ proteinuria-reducing effects were likely due to alter-

ation of similar molecular pathways within glomeruli. While it was expected that MP (a representative GC) treatment would ameliorate the

expression of many glomerular genes dysregulated by PAN-induced NS, as prednisone is considered a front-line medication for NS,39 it

was of particular interest that Pio (a non-immunosuppressive drug) demonstrated a similar therapeutic pattern of reversibility of dysregula-

tion. Interestingly, a total of 445DEGs (319 PAN-induced+ 126 PAN-suppressed) overlappedbetweenMP and Pio treatment, suggesting that

similar glomerular transcriptional responses underlie their antiproteinuric effects. Subsequent use of the DAVID functional annotation tool to

investigate involved biological pathways revealed a modest list of potentially targetable biological pathways and processes associated with

proteinuria reduction. While PAN treatment induced or suppressed several molecular pathways, one of the most significantly impacted was

dysregulation of the glomerular ECM, which was identified by two distinct analytical methods in this study. Indeed, several of the genes-of-

interest that overlapped between the two analytical methods were primarily involved with ECM (dys)regulation. These dysregulated genes

also correlated extensively with the altered gene expression patterns in primary FSGS, MCD, and DKD patients published in the Nephroseq

database, suggesting that ECM (dys)regulation in NS is clinically relevant and its therapeutic restoration may represent a future non-immu-

nosuppressive approach for proteinuria reduction in NS.

Importantly, ECM remodeling has been recognized as a central feature of several progressive kidney diseases, including diabetic ne-

phropathy, immunoglobulin A (IgA) nephropathy, and FSGS.40,41 The current study identified amelioration of dysregulated glomerular

ECM dynamics as a central molecular pathway common to both immunosuppressive- (i.e., MP) and non-immunosuppressive (i.e., Pio)-

induced proteinuria reduction in NS. However, the specific molecular dysregulation between glomerular ECM production vs. degradation

during glomerular disease progression remains poorly understood. In this context, the development of improved therapeutics to reduce

and/or prevent disease progression will require a better understanding of glomerular ECM pathobiology, potentially including autocrine

and/or paracrine ECM regulatory signaling among resident cells in the glomerulus.
10 iScience 27, 108631, January 19, 2024



Figure 6. Altered ECM- and growth-factor-activity-related glomerular gene expression patterns in rats correlate extensively with those in patientswith

glomerular disease

(A) Rat glomerular RNAseq results of ECM-related genes with bar graphs meanG SEMwith *p < 0.05 vs. Control; #p < 0.05 vs. PAN only, xp < 0.05 vs. PAN + Pio.

(B) Hodgin MCD and FSGS glomerular data31 and Woroniecka DKD (DN) glomerular data32 from the Nephroseq database. Heatmap data are expressed as the

log2-median centered intensity with fold changes relative to normal condition and significant changes noted as *p < 0.05 vs. Normal Kidney/Healthy Donor.

ANGPTL4 was not included in the DKD (DN) dataset.
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Within glomeruli, multidirectional crosstalk occurs among resident podocytes,mesangial cells, and glomerular endothelial cells.34We thus

leveraged the rat glomerular transcriptomics data to better understand the dynamics among these resident cells using published data from

single-cell RNA-seq of each cell type in mouse glomeruli.35 The glomerular gene dysregulation induced during PAN-NS and subsequent

ameliorationwithMPor Pio treatmentwas seenprimarily in podocytes andmesangial cells, with onlymodest changes observed in endothelial

cells. Further, altered functions in podocytes and mesangial cells related to cytoskeletal maintenance, cellular viability, and kidney disease.

Regarding ECM dysregulation, our data correlate with other published studies in animals and humans. Our human glomerular disease

analysis revealed increased LGALS3 expression in primary FSGS and DKD patients, which correlates with data from a glomerular ECM pro-

teomics study of patients with collapsing FSGS also showing increased LGALS3 expression.42 Sustained LGALS3 overexpression after tissue

injury has been reported to lead to organ fibrosis43 and elevated plasma protein levels of LGALS3 were associated with an increased risk of

developing incident chronic kidney disease, especially in hypertensive patients.44 LGALS3 also regulates cell adhesion andmigration by regu-

lating the expression of integrins a6b1 and a3b1, leading to actin cytoskeletal organization in glioma,45,46 suggesting that its inhibitionmay be
iScience 27, 108631, January 19, 2024 11



Figure 7. Altered cytoplasmic-organization- and lipid metabolism-related glomerular gene expression patterns in rats correlate broadly with those in

patients with glomerular disease

Rat glomerular RNAseq results of (A) cytoplasmic-organization- and (B) lipid metabolism-related genes with bar graphs meanG SEM with *p < 0.05 vs. Control;

#p < 0.05 vs. PAN only, xp < 0.05 vs. PAN + Pio. (C) Expression trends in PAN-NS rats, MCD and primary FSGS glomeruli,31 DKD (DN) glomeruli,32 and MP/Pio

treated rats. *p < 0.05 vs. Control/Normal Kidney/Healthy Donor; #p < 0.05 vs. PAN only, xp < 0.05 vs. PAN + Pio.
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a biologically relevant treatment target in NS, given the importance of these integrins in podocyte adhesion to the glomerular basement

membrane.47

This study also identified increased expression ofMMP2 in PAN-NS rats, and human primary FSGS, MCD, and DKD, and its amelioration

with MP and Pio in PAN-NS rats. Matrix metalloproteinase 2, or MMP2, is a gelatinase capable of degrading glomerular basement mem-

brane,48 damaging the filtration barrier. MMP2 is upregulated in response to stress, inflammation, or abnormal signaling and leads to

fibrosis.49 Our previous study analyzed plasma protein levels in NS patients and showed a significant decrease in MMP2 after GC treatment

in steroid-sensitive NS patients, which was absent in steroid-resistant patients.50 Another study also observed increased plasma levels of

MMP2 in NS patients with active disease as compared with healthy controls and those in remission.51

Also of note was disease-induced expression of SERPINE1, which encodes plasminogen activator inhibitor type 1 (PAI-1) that along with

plasminogen activator maintains the ECM and tissue homeostasis. Overexpression of PAI-1 inhibits plasmin functions and leads to fibrosis.52

PAI-1 glomerular expression levels in renal biopsies showed significantly higher expression in MCD and FSGS kidneys compared with other

glomerular diseases.53

Our data also align well with a recent report using kidney tissue transcriptomic data from patients with FSGS andMCD that identified TNF

pathway activation as a risk factor for disease progression.33 Notably, TNF pathway activation was characterized by a downstream increase in

the urinary excretion of tissue inhibitor of metalloproteinase 1 (TIMP-1) and monocyte chemoattractant protein 1 (MCP-1),33 which is the pro-

tein encoded by CCL2. We observed significantly increasedCCL2 in PAN-NS rats and humans with FSGS, lending further support to suggest

CCL2 as a candidate biomarker of primary FSGS.

Furthermore, we observed significantly increased glomerular expression ofANGPTL4 in both PAN-NS rats and patients with primary FSGS

and MCD. Studies have demonstrated increased expression of ANGPTL4 in podocytes of rodent models and human MCD.54 Interestingly,
12 iScience 27, 108631, January 19, 2024



Figure 8. Altered DNA binding- and cell-cycle-related glomerular gene expression patterns in rats moderately with those in patients with glomerular

disease

(A) Rat glomerular RNAseq results of DNA-binding- and cell-cycle-related genes with bar graphs meanG SEMwith *p < 0.05 vs. Control; #p < 0.05 vs. PAN only,

xp < 0.05 vs. PAN + Pio.

(B) Expression trends in PAN-NS rats, MCD glomeruli, primary FSGS glomeruli,31 DKD (DN) glomeruli,32 and MP/Pio treated rats. *p < 0.05 vs. Control/Normal

Kidney/Healthy Donor; #p < 0.05 vs. PAN only, xp < 0.05 vs. PAN + Pio. AIFM3 was not included in the DKD (DN) dataset.
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podocyte-specific ANGPTL4 overexpression caused massive proteinuria, whereas adipose-tissue-specific overexpression did not cause pro-

teinuria.54 ANGPTL4 protein is secreted by podocytes into the circulation and has been suggested as a promising therapeutic target for NS.54

Of potential clinical relevance, the combined rat and human data demonstrate strong correlations betweenmany of the glomerular genes

dysregulated in rat PAN-NS and humanpatients withMCDand primary FSGS, with somewhat lesser correlations with DKD. In this context, it is

notable that many of the dysregulated glomerular genes in rats had their expression ameliorated by treatment with GC and/or Pio. Although

proteinuria reduction following treatment of FSGS patients with GC55–58 and albuminuria and proteinuria reduction following treatment of

DKD patients with Pio21,59 are both well known, these findings provide a molecular rationale for the potential efficacy of Pio to reduce pro-

teinuria in patients with FSGS. Indeed, the use of Pio as an adjunctive treatment for proteinuria reduction in children with NS and FSGS has

recently been reported.20

In summary, these studies provide evidence that GC and Pio, althoughmechanistically distinct, both induced significant proteinuria reduc-

tion in PAN-NS at least in part via amelioration of dysregulated glomerular ECM genes. We also identified a highly refined list of glomerular

candidate genes likely to play important roles in NS pathobiology, which may also be promising future molecular targets for non-immuno-

suppressive antiproteinuric therapy in NS. These genes were identified based on in silico comparisons of transcriptomic data derived from
iScience 27, 108631, January 19, 2024 13



Figure 9. Glucocorticoids and pioglitazone both reverse PAN-inducedmRNA changes in podocyte- andmesangial-cell-specific, but not endothelial-cell-

Specific, gene clusters

Heatmap representations (A–C) of treatment-induced gene expression changes in podocyte-specific genes [(A): podocyte cluster, n = 66 genes], mesangial-cell-

specific genes [(B): mesangial cluster n = 43 genes], and endothelial-cell-specific genes [(C): endothelial cluster n = 42 genes]. The heatmap scale is based on raw

Z scores calculated from the normalized read counts. The BLUE color denotes lower expression (i.e., downregulation), whereas the RED color denotes higher

expression (i.e., upregulation). The normalized count cutoff for the selection of genes for each cluster was set as R500.
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Figure 9. Continued

(D) Podocyte-specific, (E) mesangial-cell-specific, and (F) endothelial-cell-specific PCA plots with ellipses as confidence intervals of four points per group

combined, where each point of a sample group denotes 66 genes for podocyte cluster, 43 genes for mesangial cluster, and 42 genes for endothelial cluster. The

heatmap compares the (G) gene function dynamics and (H) toxicities for PAN vs. PAN + MP vs. PAN + Pio treatments in respect to control, derived from IPA

analyses of the combined podocyte + mesangial cell gene clusters. The color spectrum ranges from negative (inhibition) Z scores (shown in BLUE) to positive

(activation) Z scores (shown in ORANGE).
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both steroidal (i.e., immunosuppressive) and non-steroidal (i.e., non-immunosuppressive) treatments to reduce proteinuria in experimental

NS. Additionally, our animal model data correlated well with dysregulation of glomerular gene expression seen in humans with FSGS, MCD,

and DKD. Although validation studies are clearly indicated, these analyses identified molecular pathways involved in the early stages of NS

(prior to scarring), suggesting that targeting glomerular ECM dysregulation may enable a future non-immunosuppressive approach for

proteinuria reduction in NS.

Limitations of the study

Despite the integration of data from rats and human patients, this study has several limitations regarding the identification of targets-of-in-

terest and possible mechanisms of action for Pio- and GC-induced proteinuria reduction in NS. For instance, although this study was discov-

ery-based, subsequent validation of the role of specific genes in proteinuria reduction will require verification in other relevant NS models.

Additionally, some genes-of-interest in the study had log2 FC values < 2.0, and there were not significant differences between disease and

treated animals (FDR> 0.05). Validation of these genes in a large cohort of patients or other animal models of NS could provide additional

evidence for the importance of these pathways. Interestingly, increased expression of several targets correlated with increased protein

expression in human studies, as discussed earlier. Moreover, validation at the protein level, perhaps with laser capture proteomics or spatial

proteomics, would provide data on the functional importance of these targets. Also, while the current studies focused only on the overlapping

molecules and pathways betweenGC- and Pio-induced proteinuria reduction, further investigation of the potential targets and pathways that

were disparate between GC and Pio may also reveal additional potential targets for future NS therapy.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Puromycin aminonucleoside (PAN) Millipore Sigma P7310; 58-60-6

Methylprednisolone (Solumedrol)

Pioglitazone Enzo Life Sciences ALX-270-367-M005; 111025-46-8

b-mercaptoethanol Millipore Sigma M6250; 60-24-2

DNase I Ambion AM2222;

Deposited data

RNAseq normalized data from this study Gene Expression Omnibus (GEO) GEO: GSE2480

Experimental models: Organisms/strains

Wistar outbred rats, male, 125-149g,

approx. 5 weeks

Envigo Hsd:WI, RRID: RGD_737960

Software and algorithms

Cutadapt https://cutadapt.readthedocs.io/en/

stable/index.html

v1.10

STAR (RNAseq aligner) NCBI; http://bioinformatics.

oxfordjournals.org/content/29/1/15

v2.5.0c

HTSeq (Python) http://www-huber.embl.de/users/

anders/HTSeq/doc/count.html

DESeq2 http://genomebiology.com/

2014/15/12/550

v1.40.1

R analysis software https://www.r-project.org/

Ingenuity Pathway Analysis software (IPA) Qiagen

DAVID Bioinformatics Resources 6.8 https://david.ncifcrf.gov/ v6.8

Gene Set Enrichment Analysis (GSEA) https://www.gsea-msigdb.org/

gsea/index.jsp

v0.11.0

STRING https://string-db.org/ v10.5

Nephroseq database https://www.nephroseq.org/) v4

Other

RNeasy� Mini kit for total RNA isolation Qiagen 74104

No. 140 mesh sieve, 106 mm opening Fisher Scientific 04-881-10Z

No. 80 mesh sieve, 180 mm opening Fisher Scientific 04-881-10W

No. 200 mesh sieve, 75 mm opening Fisher Scientific 04-881-10BB

TruSeq Standard total RNA with Ribo-Zero

Globin Complete kit

Illumina 20020612
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, William E. Smoyer

(William.Smoyer@nationwidechildrens.org)

Materials availability

This study did not generate new unique reagents.
iScience 27, 108631, January 19, 2024 19

mailto:William.Smoyer@nationwidechildrens.org
https://cutadapt.readthedocs.io/en/stable/index.html
https://cutadapt.readthedocs.io/en/stable/index.html
http://bioinformatics.oxfordjournals.org/content/29/1/15
http://bioinformatics.oxfordjournals.org/content/29/1/15
http://www-huber.embl.de/users/anders/HTSeq/doc/count.html
http://www-huber.embl.de/users/anders/HTSeq/doc/count.html
http://genomebiology.com/2014/15/12/550
http://genomebiology.com/2014/15/12/550
https://www.r-project.org/
https://david.ncifcrf.gov/
https://www.gsea-msigdb.org/gsea/index.jsp
https://www.gsea-msigdb.org/gsea/index.jsp
https://string-db.org/
https://www.nephroseq.org/


ll
OPEN ACCESS

iScience
Article
Data and code availability

All RNA sequencing data have been deposited at GEO and are publicly available as of the date of publication. Accession number is listed in

the key resources table.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All procedures were approved by The Abigail Wexner Research Institute at Nationwide Children’s Hospital Institutional Animal Care and Use

Committee (IACUC protocol AR13-00005) and performed in accordance with the National Institutes of Health Guide for the care and use of

laboratory animals. For in vivo animal studies, male Wistar outbred rats were purchased from Envigo. Rats were of 5–6 weeks of age, approx-

imately 125-150 g at delivery. Rats were housed in ventilated cages housed with 4 rats per cage with ad libitum irradiated chow and ad libitum

water and acclimated to the NCH facility for 1 week prior to starting experiments. Rats are provided a hiding device, crinkle paper, and a

Nylabone for enrichment and observed daily. The room is maintained at 72 G 2�F and 30–70% humidity and kept on a 12h/12h light/dark

cycle with automatic light timers, all parameters are monitored and logged daily. Sentinel animals are maintained in the room for disease

detection with dirty bedding from each cage being placed in the sentinel cage.

Spot urines were collected on day 0, prior to injection, for baseline proteinuriameasurement. Rats were randomly assigned for A) control or

disease and B) vehicle or drug treatment with at least one animal per treatment group in each cohort. Nephrotic syndromewas induced in rats

with a single intravenous tail vein injection of puromycin aminonucleoside (PAN; P7130,Millipore Sigma) prepared in sterile saline at 50mg/kg

with 500 ml being injected and control rats receiving 500 ml saline injection. Healthy and disease control rats groups (n = 4/group) received

vehicle oral gavage vehicle solution (0.5% methylcellulose, 0.025% Tween-20), while the treatment received: (i) GC (Methylprednisolone;

15 mg/kg; Solu-Medrol, Pfizer Inc., New York, NY) by intraperitoneal (IP) injection daily or (ii) Pioglitazone (Pio; 10 mg/kg; Enzo; Farmingdale,

NY) by oral gavage starting directly after PAN/saline injection. Pioglitazone was prepared in the vehicle solution noted. Rats were monitored

and weighed daily, and spot urines were collected on day 11 for proteinuria measurement. Rats were sacrificed and kidneys were harvested,

decapsulated, and washed with ice cold PBS for glomerular isolation.

METHOD DETAILS

Proteinuria measurement

UPCR was measured by Antech Diagnostics (Morrisville, NC) using standard techniques that are fully compliant with Good Laboratory Prac-

tice regulations, as we have previously published (22).

Glomerular isolation

Glomeruli were isolated by standard sequential sieving method.60,61 Briefly, kidney cortex was pared using curved scissors into a Petri dish

with cold PBS, minced well, drained, and washed onto pre-moistened No. 80 sieves. Using a squeeze bottle, minced kidneys were then

washed thoroughly and transferred to a No. 140 sieve that was stacked on a No. 200 sieve. Kidney material was then gently pressed through

the No. 140 sieve using the bottom of a cold 250 ml beaker, and the isolated glomeruli collected on the No. 200 sieve. Glomeruli were then

washed with cold PBS to remove contaminants, collected into labeled 50 ml conical tubes, spun at �1500 rpm for 3 min, and the glomerular

precipitate suspended in RLT buffer (Qiagen, Germantown, MD) containing 0.1% v/v b-mercaptoethanol (M6250 Sigma, St. Louis, MO).

Glomeruli were homogenized through a 21-gauge needle then processed for total RNA isolation.

Total RNA isolation and DNA digestion for RNA-Seq samples

Total RNA from the isolated glomeruli was extracted using the RNeasy Mini Kit (74104, Qiagen, Germantown, MD) according to the manu-

facturer’s instructions. The purity and yield of RNAwas determined bymeasuring the absorbance at 230, 260 and 280 nm. Briefly, 1 mg of RNA

was subjected to DNase (AM2222; Ambion, Thermo Fisher Scientific, Waltham, MA) digestion at 37�C for 30 min followed by DNase inacti-

vation with 5 mM EDTA at 75�C for 10 min.

RNA Library preparation and sequencing

RNA quality was assessed using the Agilent 2100 Bioanalyzer and RNA Nano Chip Kit (Agilent Technologies, Santa Clara, CA) to ensure that

the RNA Integrity Number (RIN) was R7. RNA-seq libraries were then generated using TruSeq Standard total RNA with Ribo-Zero Globin

Complete kit (Illumina, SanDiego, CA). Briefly, ribosomal RNA (rRNA) was removed from 350 ng of total RNAwith biotinylated, target-specific

oligos combined with Ribo-Zero rRNA removal beads from the Human/Mouse/Rat Globin kit. To generate directional signals in RNA seq

data, libraries were constructed from first strand cDNA using TruSeq Standard total RNA with Ribo-Zero Globin Complete kit (Epicentre Bio-

technologies,Madison,WI). Briefly, 50 ng of rRNA-depleted RNAwas fragmented and reverse transcribed using randomprimers containing a

50 tagging sequence, followed by 30end tagging with a terminal-tagging oligo to yield di-tagged, single-stranded cDNA. Following purifica-

tion using a magnetic bead-based approach, the di-tagged cDNAwas amplified by limit-cycle PCR using primer pairs that anneal to tagging

sequences and add adaptor sequences required for sequencing cluster generation. Amplified RNA-seq libraries were purified using AMPure
20 iScience 27, 108631, January 19, 2024
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XP System (Beckman Coulter, Brea, CA). The quality of libraries was determined via Agilent 2200 TapeStation using High Sensitivity D1000

tape and quantified using Kappa SYBR�Fast qPCR kit (KAPA Biosystems, Inc, Wilmington, MA). Approximately, 90–125 million paired-end

150 bp reads were generated per sample using the Illumina HiSeq4000 platform. Raw data were converted to FASTQ using Illumina’s

bcl2fastq application. Sequencing adapters matching at least 6 bases were then removed from the reads, as well as low-quality bases

(<10) using v1.10 of cutadapt (https://cutadapt.readthedocs.io/en/stable/index.html). An alignment report was also generated, using custom

scripts, and manually reviewed to ensure that at least �80% of reads aligned to the expected reference, and that at least �50% of the reads

aligned to features annotated as protein coding.

RNA-seq data analysis

Each samplewas aligned to the Rnor_6.0 assembly of the Rattus norvegicus reference from theNational Center for Biotechnology Information

(NCBI) using version 2.5.0c of the RNA-Seq aligner STAR (http://bioinformatics.oxfordjournals.org/content/29/1/15). Transcript features were

identified from the general feature format (GFF) file that came with the assembly from the NCBI. Feature coverage counts were calculated

using HTSeq (http://www-huber.embl.de/users/anders/HTSeq/doc/count.html). The raw RNA-Seq gene expression data were normalized,

and post-alignment statistical analyses and figure generation were performed using DESeq2 (http://genomebiology.com/2014/15/12/550)

and custom analysis scripts written in R. Comparisons of gene expression and associated statistical analyses were made between different

conditions of interest using the normalized read counts. All fold-change values were expressed as test condition/control condition, where

values < 1 were denoted as the negative of its inverse (note that there will be no fold change values between �1 and 1, and that the fold

changes of ‘‘1’’ and ‘‘-1’’ represent the same value). Transcripts were considered significantly differentially expressed using a 10% false dis-

covery rate (DESeq2 adjusted p value <0.1). Genes were removed from comparisons if they were not expressed above a background

threshold (0.5 reads per million) for most samples within each group. Criteria for the selection: (1) DEGs were filtered based on FDR <0.05

in PAN vs. Control, (2) FDR >0.05 in PAN + MP vs. Control, and (3) At least 3 columns per gene showed normalized counts (NC) > 25.

Z-scores derived from normalized counts were used for heatmap construction, and centroid linkage hierarchical clustering was employed

for heatmap analysis.

Functional gene annotation tools

Functional gene analysis was performed by Ingenuity Pathway Analysis software (IPA), DAVID Bioinformatics Resources 6.8, NIAID/NIH,

STRING functional protein association networks, and Gene Set Enrichment Analysis (GSEA). We utilized IPA for building drug-target interac-

tion networks by exploring the connections between nuclear receptors, their agonists and the streamlined genes data using the IPA knowl-

edgebase as the reference. We also used IPA’s disease view and toxicity feature to link experimental data to understand biological functional

and pharmacological responses.

The DAVID functional annotation tool aids in identifying biological processes associated with a gene list using gene co-occurrence prob-

ability. DAVID 6.8 contains information on >1.5 million genes from >65,000 species. The STRING database includes both known and pre-

dicted protein-protein interactions. These interactions stem from computational prediction, from knowledge transfer between organisms,

and from interactions aggregated from other (primary) databases. The STRING database currently covers 24,584,628 proteins and 5,090 or-

ganisms. The GSEA was performed by the Bioconductor R package -cluster profiler (https://bioconductor.org/packages/release/bioc/html/

clusterProfiler.html) using the Molecular Signatures Database (MSigDB) C2 curated gene set and Canonical Pathways (CP) as subcategory.

GSEA identifies biological pathways that are enriched in a gene list more than would be expected by chance. GSEA progressively examines

genes from the top to the bottom of a ranked list, increasing the enrichment score (ES) if a gene is part of the pathway and decreasing the

score otherwise. The ES score is calculated as themaximum value of the running sum, and normalized relative to the pathway size, resulting in

a normalized enrichment score (NES) that reflects the enrichment of the pathway in the list. Positive and negativeNES values represent enrich-

ment at the top and bottom of the list, respectively. C2 curated gene-sets collection in molecular signatures database (MSigDb) was used

for GSEA.

Publicly available human dataset validation

Nephroseq database (https://www.nephroseq.org/) was used to query gene expression in the Hodgin MCD and FSGS dataset31 generated

from laser capture microdissection of 8–35 glomeruli from kidney biopsies and analysis with the Affymetrix X3P Array. Patients included had

biopsy-proven MCD (n = 7) or primary classic FSGS (n = 8). Control kidney samples (n = 9) were taken from biopsies for minimal isolated pro-

teinuria or hematuria (n = 7) or tissue from uninvolved portions of a kidney at the time of nephrectomy for tumor (n = 2) (NephroSeq: Hodgin

FSGS Glom). Also, the Mariani et al. 2022 glomerular dataset33 was also used for analysis of gene expression (NephroSeq: Mariani Nephrotic

Syndrome Glom). The study included 220 NEPTUNE,62 35 H3Africa,63 and 30 ERCB64,65 participants with biopsy-proven MCD or FSGS and

compartment-enriched genome-wide kidney mRNA expression profiles. NEPTUNE (NCT01209000) is a prospective study of children and

adults with proteinuria, recruited at the time of their first clinically indicated kidney biopsy.62,66 ERCB is a European study of adults with biopsy

tissue for gene expression profiling and cross-sectional clinical information.64,65 H3 Africa is a prospective study of participants aged 15 years

and above, eligible for a kidney biopsy, recruited in Nigeria and Ghana with estimated glomerular filtration rate (eGFR)R15 mL/min/1.73m2

and proteinuria (albuminuria >500 mg/day).63 For all cohorts, informed consent was obtained from individual patients or parents/guardians,

on approval by Institutional Review Boards or local ethics committees of participating institutions. In NEPTUNE and H3 Africa, RNAseq was

performed on manually micro-dissected kidney biopsy tissue that separated tubulointerstitial and glomerular compartments. In ERCB,
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compartment specific transcriptomic profiles of the research core were generated using the Affymetrix microarray platform (Santa Clara, CA).

TheWoroniecka32 dataset was alsomanually microdissected for glomerular and tubular compartments, with 5 glomeruli used for RNA extrac-

tion and analysis by Affymetrix U133 A2.0 expression arrays (NephroSeq: Woroniecka Diabetes Glom). Kidney samples were obtained from

living allograft donors and surgical nephrectomies and leftover portions of diagnostic kidney biopsies to include n = 9 diabetic kidney disease

(diabetic nephropathy, DN) and n = 13 control samples. Upregulation and downregulation of genes were summarized into a table format with

p-values denoted as *p < 0.05 vs. normal/healthy kidneys. Output from queries is presented in Figures S2–S5 showing heatmaps of log2 me-

dian-centered intensity with Fold Change relative to normal kidneys/healthy living donor and associated p values.
In silico cellular deconvolution of rat glomerular RNAseq with mouse single cell RNAseq

Deconvolution was based on a published comprehensive online atlas of gene expression in mouse glomerular cells.35 This published paper

did set a stage for the dissection of glomerular function at the single-cell level. The listed genes in the published paper for each cell type in the

glomerulus were used as reference for our rat transcriptomics data where we subdivided our glomerular transcriptomes into cell-specific sub-

groups. To do so, we used a cut-off of R500 normalized mRNA counts (since the normalized mRNA counts varied from 0 to �400,000) to

qualify that gene to be enriched in that cell-type specificity analysis. After applying this criterion, we identified 66 podocyte-, 43 mesan-

gial-, and 42 endothelial-cell-specific genes. The normalized counts were converted to Z scorse to generate a heatmap illustrating each of

these three cell-types specific gene clusters, including comparisons of mRNA changes among the Control vs. PAN vs. PAN + MP vs.

PAN + Pio treatment groups.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance was determined by the unpaired Student’s t test for single comparisons and one-way ANOVA (analysis of variance) or

two-way ANOVA for multiple group comparisons, using the GraphPad Prism software version 8.00. p-values are indicated in the respective

figures and figure legends. Data is represented as MeanG SEM. In all cases, p < 0.05 was considered statistically significant. N’s (number of

rats) and p-values for comparisons can be found in figure legends.
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