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Abstract

Glomerular podocytes undergo structural and functional changes with advanced age, that increase 

susceptibility of aging kidneys to worse outcomes following superimposed glomerular diseases. To 

delineate transcriptional changes in podocytes in aged mice, RNA-seq was performed on isolated 

populations of reporter-labeled (tdTomato) podocytes from multiple young (two to three months) 

and advanced aged mice (22 to 24 months, equivalent to 70 plus year old humans). Of the 2,494 

differentially expressed genes, 1,219 were higher and 1,275 were lower in aged podocytes. 

Pathway enrichment showed that major biological processes increased in aged podocytes included 
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immune responses, non-coding RNA metabolism, gene silencing and MAP kinase signaling. 

Conversely, aged podocytes showed downregulation of developmental, morphogenesis and 

metabolic processes. Canonical podocyte marker gene expression decreased in aged podocytes, 

with increases in apoptotic and senescence genes providing a mechanism for the progressive loss 

of podocytes seen with aging. In addition, we revealed aberrations in the podocyte autocrine 

signaling network, identified the top transcription factors perturbed in aged podocytes, and 

uncovered candidate gene modulations that might promote healthy aging in podocytes. The 

transcriptional signature of aging is distinct from other kidney diseases. Thus, our study provides 

insights into biomarker discovery and molecular targeting of the aging process itself within 

podocytes.
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INTRODUCTION

With an aging population, attention has increasingly focused on age-associated changes in 

many different organs. Several predictable glomerular changes occur in the aged human,1, 2 

canine,3 rat4–6 and mouse7–10 kidneys, including fibrosis and hypertrophy, and changes to 

parietal epithelial cells,11–14 and podocytes.4, 5, 15–17 What is increasingly clear is that the 

decline in kidney function with aging cannot be solely explained by nephrosclerosis per se.
18, 19 Podocyte number and density decrease,20, 21 and because those remaining are unable 

to replace themselves,22 they undergo maladaptive hypertrophy in aged kidneys.4, 5 Aged 

podocytes undergo senescence,23 stress,4 and decreased slit diaphragm proteins.4 

Understanding the normal aging process of podocytes will allow us to understand their 

susceptibility to injury and identify targetable protective mechanisms.

The pathways underlying healthy aged-related changes to podocytes are not fully 

understood.16, 24 Candidate pathways include oxidative stress,25, 26 epigenetic changes,27, 28 

senescence,29 sirtuins,23 reduced autophagy30 and increased apoptosis.31, 32 While detailed 

gene expression analysis has been undertaken on whole portions of the aging kidney,33–35 

podocytes are underrepresented. Additionally, transcriptomic analysis of whole tissues 

cannot distinguish changes in cell number vs. cell type-specific transcriptional changes.36 
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We therefore sought to directly measure the transcriptomic signature of isolated reporter-

labeled aged podocytes and compare them to the expression signature of young podocytes.

RESULTS

Isolation and validation of young and aged podocyte cohorts

The inducible podocyte specific reporter mouse (NPHS2-rtTA|tetO-cre|tdTomato) was used 

for RNA-seq studies, where a cohort of podocytes permanently labeled in juvenile animals 

resulted in an irreversible and persistent lifetime labeling of a population of podocytes 

(Figure S1). Microalbuminuria (Figure S2A) and glomerulosclerosis (Figure S2B) were 

higher, accompanied by ultrastructural changes in podocytes using super-resolution 

fluorescence microscopy37, 38(Figure 2C).

Live labeled podocytes from young (2–3m) and advanced aged (22–24m) mice were FACS 

sorted and RNA-seq was used to measure transcriptional changes (Figure S1A). The RNA-

seq results reported are from podocyte samples from sex grouped pools of 8 young mice (4 

female, 4 male), and 8 individual samples from aged mice (5 female, 3 male). RNA integrity 

numbers and yields are shown in Figure S3A. The raw and processed data are deposited into 

the GEO database (GSE136138), and available at https://yuliangwang.shinyapps.io/

podo_aging/.

Canonical genes show reduced expression in aged podocytes

The volcano plot shows changes to podocyte genes (Figure 1A). Examples of well-known 

canonical podocyte genes were significantly reduced in aged podocytes (Figure 1B)(Table 

S1). Several genes of interest were highly statistically significantly increased in aged 

podocytes (Figure 1B).

Independent validation of transcriptional changes in a separate mouse podocyte cohort

To avoid potential artifacts from reporter expression or FACS, magnetic bead assisted cell 

sorting (MACS) isolated podocytes from a second cohort of non-pooled young (n=18) and 

aged (n=18) non-reporter mice were generated (Figure S1B). While non-podocyte cell 

fractions did not stain (Figure S3B), Alexa Fluor 488-positive cells indicated the presence of 

nephrin in the podocyte cell fraction (Figure S3B), validating the separation of podocytes 

from other kidney cells. qPCR confirmed the canonical podocyte and increased genes 

(Figure 1C). Staining for nephrin (Nphs1), podocin (Nphs2), synaptopodin (Synpo) and 

zona occludens 1 (Tjp1) confirmed decreases at the protein level (Figure S4A-D), similar to 

aged rats,4 and paired immunoglobin-like type 2 receptor beta (Pilrb2) staining confirmed 

protein increases (Figure S4E). These reproducible results confirmed the RNA-seq dataset.

Global transcriptomic changes in aged podocytes determined using GSEA, gene ontology 
and hallmark pathway analyses

Table S1 shows 2,494 differentially expressed genes (DEGs) identified between young and 

aged podocytes using a false discovery rate <0.05, fold change >2, and absolute expression 

level >4 RPKM normalized for sequencing depth and gene length (Table S2). Of these, 

1,219 and 1,275 genes were expressed significantly higher and lower respectively in aged 
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podocytes. Because many perturbed biological processes overlap, we visualized the 

enrichment results using Enrichment Map (Figure 2, full results in Table S3),39 where 

similar Gene Ontology (GO) biological processes were clustered together within the 

network. Major biological processes increased in aged podocytes included immune 

responses (wound healing, leukocyte activation, cytokine-mediated signaling), non-coding 

RNA metabolism, gene silencing and MAP kinase signaling (Figure 2). In contrast, 

developmental and morphogenesis processes, electron transport chain and cellular 

respiration were down-regulated in aged podocytes (Figure 2).

DAVID enrichment analysis (Tables S4-S5) showed similar findings. Alternative enrichment 

analysis based on Fisher’s exact test yielded additional insights.40 Fisher’s exact test 

determines whether being a DEG increases the chances of belonging to a gene set (Figure 

S5). The 50 Hallmark gene set collection41 identified high-level biological pathways 

perturbed in podocyte aging, with increases in genes related to immune (allograft rejection), 

inflammatory and signaling responses (TNF, interferon, IL6, IL2, complement pathways), 

genes limiting cell cycle, apoptosis, PI3K-mTOR and p53 pathways (Figure S5A). Hallmark 

analysis showed that genes involved in xenobiotic metabolism, apical junction, and fatty 

acid metabolism were down-regulated in aged podocytes (Figure S5B).

Further analysis of cellular compartment GO terms showed that genes up-regulated in aged 

podocytes were located on the external side of the plasma membrane, the immunoglobulin 

complex and the cytosolic ribosome (Figure S5C). Cellular compartment GO terms showed 

down-regulated genes for cell-cell junction and apical junction complexes and mitochondria 

inner membrane (Figure S5D).

Transcriptomic changes in aged podocytes related to sex differences

Principal component analysis (Figure 3A) showed that age differences explain most of the 

expression variance (64%, PC1, x-axis), and overwhelm the small expression variance 

associated with sex (female vs. male, 7.2%, y-axis). Thus, we focused on the aged vs. young 

differences in our subsequent analysis. 279 genes significantly contributed to the expression 

variance along PC2 representing female-male differences: 30 enriched in female, 249 

enriched in male podocytes (PC2 loadings 3 standard deviation beyond the mean)(Table S6). 

As expected, the top female-enriched gene is Xist, while the top male-enriched gene is a Y-

linked gene. Male-enriched genes mainly belong to xenobiotic metabolism (Table S7). 

While female enriched genes did not show any specific pathway enrichment, a few top genes 

are known to encode immunoglobulin kappa chain and P450 enzymes (Table S6). By 

contrast, age-related changes dominated the expression landscape in our cohort. Expression 

changes in aged vs. young mice separated by sex, the up- and down-regulated genes, and 

pathways, largely overlapped (Figure S6). These trends were similar when female and male 

samples when combined within each age group (Fig. 2 and Fig. S4), supporting the validity 

of pooled analysis.
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A supervised approach shows podocyte-specific autocrine signaling is decreased in aged 
podocytes

To connect gene expression changes in disparate genes, we constructed a podocyte-specific 

autocrine signaling network (autocrine here refers to signaling between the same podocyte 

but our analysis logic could also apply to paracrine signaling between different podocytes). 

To achieve this, a manually curated signaling network consisting of 2,557 ligand-receptor 

pairs42 was used as the input network for a single RNA-seq dataset from healthy mouse 

glomeruli developed by Karaiskos.43 Next, a ligand-receptor pair was defined as podocyte-

specific if the mean expression levels of both ligand and the receptor were at least two-fold 

higher in podocytes compared to both endothelial cells and mesangial cells based on single 

cell RNA-seq dataset. Marker genes from the original publication43 were used to define each 

cell type.

Using these filtering criteria, 55 podocyte-specific ligand-receptor interactions were 

observed out of 2,557 possible ligand-receptor interactions. Next, the podocyte-specific 

autocrine signaling network was analyzed using the igraph R package. Mapping gene 

expression changes in our podocyte aging RNA-seq onto the podocyte-specific autocrine 

signaling network identified 26 ligand-receptor pairs, where both the ligand and the receptor 

showed consistent downregulated changes (Figure 3B). Surprisingly, no ligand-receptor 

pairs showed consistent up-regulation of gene expression. The 26 ligand-receptor pairs 

include many pathways required for normal podocyte function, including FGF, VEGFA, 

WNT, BMP, and SLIT2/ROBO2.

The same analysis on bulk RNA-seq of FACS-purified podocytes, mesangial cells and 

podocytes from healthy mouse glomeruli44 showed a similar podocyte autocrine signaling 

network, with age-associated declines in VEGFA, WNT, BMP pathways, and laminin-

integrin interactions (Figure S7).

Apoptosis and senescence-associated genes were significantly up-regulated in aged 
podocytes, and tight junction proteins were down-regulated

Differential expression and pathway enrichment analysis provided a list of perturbed genes 

and pathways in aged podocytes, which included the apoptosis pathway. In order to better 

visualize and understand the interactions between differentially expressed genes in a larger 

context within perturbed pathways, the RNA-seq data was mapped onto the KEGG pathway 

database45 using the PathView tool.46 Figure S8 shows down- and up-regulated genes within 

the apoptosis pathway in aged podocytes. Most were significantly up-regulated, including 

tumor necrosis factor (4.3 fold), Fas-L (7.4 fold), Bim (3.1 fold), Bcl-2 (1.8 fold) and 

Perforin (3.8 fold). Many p53 pathway genes were up-regulated (Figure S8).

Since cellular senescence is a hallmark of aging,47 we compiled a list of senescence related 

genes by combining genes from CSGene,48 a literature-based database for senescence genes, 

with genes from the Gene Ontology term “cellular senescence” (GO:0090398). This yielded 

504 senescence genes in total, which were then intersected with DEGs from aged podocytes. 

The results showed that up-regulated genes in aged podocytes were significantly enriched 

for senescence (2-fold more senescence genes among up-regulated genes than expected by 
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chance, hypergeometric test p-value 2.9×10−12), while down-regulated genes did not show 

significant enrichment for senescence genes (p-value 0.72). Figure 4A shows the top 

differentially expressed senescence genes using the criteria: fold change >3, false discovery 

rate <0.01, and absolute expression>4 RPKM in either aged or young samples. Figure 4B 

shows 13 differentially expressed SASP (Senescence-Associated Secretory Phenotype) 

genes, 11 of which are up-regulated such as Ccl2, 3, 5, and 8, and MMPs 12 and 13.

The KEGG pathway database45 and PathView tool46 visualized interactions between DEGs 

involved in the tight junctions, essential for normal podocyte function and shape.49 Aged 

podocytes had reduced expression for occludins (−4 fold), ZO-150 (−4 fold) Cingulin51 

(−4.6 fold), MAGI-152 (−2.9), claudins53 (claudin 8, −5.6 fold; claudin 4, −4.4 fold) and 

JAM (junctional adhesion molecule)49 (Figure S9). Many regulators of these genes were 

decreased, including PAR3 (−2.9 fold), PAR6 (−4.4 fold),54 aPKC,55, 56 and Nedd4–2 (−2.1 

fold).57 Actin increased in aged podocytes (Figure S9).

VIPER analysis identified master transcription factor gene expression in aged podocytes

To identify transcriptional regulators of the changes observed, we used VIPER (“virtual 

inference of protein activity by enriched regulon analysis”) software.58 The rationale is that 

because of post-transcriptional regulation or low abundance, the expression level of a 

transcription factor (TF) itself may not be a good proxy for its functional activity. Instead, by 

using the expression changes of the TF’s predicted target genes, VIPER provides a buffer 

against weak or inconsistent TF gene expression. By way of example, VIPER infers that if 

the majority of genes positively regulated by a particular TF are down-regulated in aged 

podocytes and genes negatively regulated by the TF are up-regulated, then that TF is likely 

less active in aged podocytes.

VIPER analysis requires 3 steps (Figure 5A). Step 1: We used the ARACNE method59 to 

build a TF–target gene regulatory network based on the co-expression patterns between TF 

and non-TF genes across 110 RNA-seq samples of rat kidney glomeruli and nephron tubule 

segments.60 Step 2: VIPER then determined whether a target gene was positively or 

negatively regulated by the putative TF. Step 3: VIPER used the aged vs. young podocyte 

RNA-seq samples to infer the activity of TFs in podocyte aging by examining whether the 

positively-regulated TF target genes were up-regulated in aged podocytes compared to 

young podocytes, and if the negatively-regulated TF target genes were down-regulated, thus 

inferring the TF active in aged podocytes. The opposite pattern inferred a less active TF.

Figure 5B lists the top ten transcription factors in the RNA-seq dataset identified by VIPER 

in aged podocytes: Hnf1b, Grhl2, Sim1, Lrx1, Creb3l1, Zbtb16, Osr2, Foxo4, Pax8, and 

Trerf1. For example, the expression level of grainyhead-like transcription factor 2 (Grhl2) 

itself and its inferred activity based on target gene expression changes was significantly 

lower in aged podocytes, including E-cadherin (Cdh1), claudin 3 (Cldn3) and 4 (Cldn4), and 

Ras-Related Protein Rab-25 (Rab25), which were all significantly lower in aged podocytes 

(Figure 5C).
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qPCR performed on the second cohort of isolated podocytes confirmed that of the 5 selected 

genes for validation, all were also significantly decreased in aged podocytes (Figure 5D, p 

value ≤0.04).

Bulk RNA-seq from isolated podocytes compared to published single cell RNA-seq

We compared our podocyte aging bulk RNA-seq with the published single cell (sc)RNA-seq 

of kidney aging from the Tabula Muris Senis project (https://tabula-muris-

senis.ds.czbiohub.org). A limitation of scRNA-seq was the number of podocytes available 

for study: only 58 and 171 podocytes in the 3 and 30-month mice respectively. By 

comparison, each of our bulk RNA-seq samples included between 104,615 and 401,350 cells 

(Figure S9). In 3m mice, an average 2,308 genes were detected per cell in the scRNA-seq; 

by comparison, 8,043 genes were expressed above 4 RPKM in our bulk RNA-seq data. We 

detected 2,494 DEGs with stringent cutoff (FDR<0.05, fold change >2, absolute expression 

level >4 RPKM in either aged or young mice; 1219 up, 1,275 down). Even using a more 

lenient cutoff (FDR<0.1, fold change >1.5, in order to get sufficient number of genes for 

enrichment analysis) resulted in only 323 DEGs in the scRNA-seq data (97 up, 226 down, 

Figure S10A). Therefore, our RNA-seq data has more statistical power and detected a larger 

number of DEGs than the scRNA-seq experiment. Notably, none of the up- and down-

regulated genes detected in our RNA-seq data and validated by qPCR in another batch of 

biological samples (Fig. 1C) were detected as DEGs by scRNA-seq (Figure S10B & C).

At the pathway level, only 9 GO terms were significantly enriched in the 226 genes down-

regulated in the podocyte aging scRNA-seq data (FDR<0.05), compared to 500 GO terms 

significantly enriched in the down-regulated genes of our data. 4 of the 9 GO terms enriched 

in the scRNA-seq data are kidney and nephron developmental processes, all of which were 

also in our RNA-seq data, with higher statistical confidence (smaller p-value) in our data 

(Figure S10D). For the remaining 5 GO terms that did not achieve significance (circadian 

rhythm, EGF signaling), our data still captured many DEGs in those functional processes 

(Figure S10D). 496 of the highly significant functional processes we discovered (FDR<0.02) 

were missed by the scRNA-seq data, and few genes in these processes were found as DEGs 

by scRNA-seq (Figure S10E shows 10 such examples).

Comparison of differentially expressed genes in aging with diabetic kidney disease (DKD) 
and focal segmental glomerulosclerosis (FSGS)

Lastly, we used published data to intersect with our mouse aged podocyte data to determine 

any gene overlaps with two common glomerular diseases characterized by podocyte injury. 

FDR<0.05 and fold change >1.5 was used to match both studies. Using Diabetes Affymetrix 

microarray data,61 we matched 1,379 of the 1,700 differentially expressed probes with 1,174 

unique genes in our RNA-seq data (Figure S11A). Only 102 of the 345 genes up-regulated 

in human DKD were also up-regulated in our podocyte aging RNA seq dataset; only 155 of 

the 829 down-regulated genes in DKD are also down-regulated in podocyte aging (Figure 

S11A). Immune regulatory genes commonly up-regulated (Ccl5, Runx3, C1qa, C1qb, Tlr7); 

genes important for podocyte function (Nphs1, Nphs2, Wt1), cell-cell junction (Tjp1, 
Synpo), and Wnt (Tcf7, Tcf21) pathways were commonly down-regulated in podocyte aging 

and DKD. Genes uniquely up-regulated in DKD were enriched for extracellular matrix 

Wang et al. Page 7

Kidney Int. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://tabula-muris-senis.ds.czbiohub.org/
https://tabula-muris-senis.ds.czbiohub.org/


(ECM) organization, endopeptidase activity, and vitamin D signaling; genes uniquely down-

regulated in DKD were enriched for actin filament assembly and RNA polymerase II 

transcriptional initiation (Table S8).

We also compared our podocyte-aging RNA-seq data with Affymetrix microarray from 

human FSGS patients.62 Of the 784 genes up-regulated in FSGS, 148 of were also up-

regulated in podocyte aging (Figure S11B). Of the 181 genes down-regulated in FSGS, 63 

were down-regulated in podocyte aging. Commonly up-regulated genes include caspases 1 

and 4, immune response genes (e.g, Cx3cr1, Tyrobp, C1qa, C1qb, Tlr1), and commonly 

down-regulated genes include growth factors (e.g., Egf, Ghr) and transporters (e.g., Oat3, 
Npt2, NaDC-3). Genes uniquely up-regulated in FSGS were enriched for angiogenesis, 

ribosomal RNA processing, and protein folding; genes uniquely down-regulated in FSGS 

were enriched for cAMP signaling, steroid hormone signaling, and would healing.

Taken together, pathways up- and down-regulated in podocyte aging were largely distinct 

from those perturbed in DKD and FSGS, represent a distinct biological signature.

DISCUSSION

The purpose of this study was to use a global and unbiased approach to define the 

transcriptomic differences between podocytes derived from aged mice and young mice. Our 

study leverages two methodologic strengths. First, we utilized inducible podocyte labeling in 

which podocytes were permanently labeled at a juvenile age (3–6 weeks), and allowed each 

mouse to age to 2–3 months or 22–24 months (equivalent to a 70+ year old human), thereby 

capturing truly aged podocytes. Second, direct isolation of reporter-labeled podocytes and 

unbiased gene expression quantification by bulk RNA-seq overcomes the problem of change 

in relative cellular composition of glomeruli in aged mice due to progressive loss of 

podocytes. Still, since fewer podocytes were isolated from aged mice, we normalized gene 

expression levels by the total sequenced read depth, which resulted in roughly equal 

numbers of significantly up- (1,219) and down- (1,275) regulated genes in aged vs. young 

podocytes. These steps ensured the differential expression changes observed were directly 

attributable to the age of the podocytes and not confounded by cellular composition (in the 

case of whole glomerular RNA-seq analyses) or the absolute number of isolated podocytes 

at each timepoint.

Expression of canonical podocyte genes was decreased in aged podocytes, such as slit 

diaphragm (Nphs1, Nphs2, Cd2ap,Trpc6), actin cytoskeleton (Synpo, Actn4), apical charge 

(Podxl), transcription factor (Wt1, Lmx1B) and the podocyte marker Cdkn1c (p57) genes. 

Podocyte number and density decrease with advancing age.20, 21 Pathways predicted to 

cause podocyte loss such as apoptosis, p53 and senescence were all significantly up-

regulated in aged podocytes. Additionally, tight junction related genes such as ZO-1 (Tjp1),
50, 63 MAGI-1,52, 57, 64 claudins53 and JAM 49 were decreased (Figure S7). With the 

exception of TGFß1, the upregulation of immune response genes (allograft rejection, TNF, 

interleukin and interferon signaling, complement pathway) was unexpected and needs 

further investigation. Interestingly, inflammatory genes increase in neuronal cells.65
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We also analyzed sex differences. In podocyte aging, over 83% of up-regulated genes, and 

67% of down-regulated genes, were shared between male and female mice. PCA analysis 

showed that sex differences account for a much smaller proportion of expression variance 

than age (7.2% vs. 64%). Genes preferentially expressed in female podocytes include the 

classical X-chromosome gene Xist, P450 enzymes (Cyp4a14, Cyp4a10), immunoglobulin 

kappa chain genes, and glutathione S-transferases. Genes preferentially expressed in male 

podocytes include Y chromosome genes Ddx37, Eif2s3y, Uty, Kdm5d and genes in 

xenobiotic detoxification. This contrasts with the kidney aging of cells of renin lineage, 

where most aging-associated genes were sex-specific.7

Taken together, our findings indicate that the decreased expression of canonical podocyte 

marker genes, junctional and adhesion proteins and pro-survival pathways synergize with the 

increase of inflammatory response pathways to provide a comprehensive mechanistic 

foundation for the well-established decrease in podocyte number and function with aging.

A second major finding was that many key podocyte-specific signaling activities were down 

in aged podocytes, likely leading to reduced function. By enriching for podocyte expressed 

genes in publicly available single cell RNA-seq data,43 we built a podocyte-specific ligand-

receptor interaction network.42 Mapping our RNA-seq data onto this network revealed a set 

of podocyte-specific ligand-receptor pairs that show consistent and significant decline in 

aged podocytes. The receptors EGFR (−2.9 fold), ErBB4 (−2.7 fold) and many of their 

ligands that promote kidney injury66, 67 significantly declined. Other critical signaling 

pathways that declined included BMP, WNT, VEGF, FGF and SLIT2/ROBO2. Augmenting 

these declining signaling pathways may be protective in the aging kidney.

A third major finding of our study was that analysis of transcription factor gene expression 

and regulatory networks identified a candidate regulator of the aging response in podocytes. 

Grainyhead-like transcription factor 2 (Grhl2) and its key targets were significantly down-

regulated in aged podocytes. Grhl2 null mice are embryonically lethal at approximately 

E11.5.68 Grhl2 is important for the formation of functional tight junctions and the apical 

junction complex by regulating the expression of junction genes E-cadherin, Claudin 4, 3, 

and Rab25.69–72 Grhl2 regulates renal epithelial barrier function,69 but neither its 

expression, nor function, have been previously reported in podocytes, in health or disease. 

Since down-regulation of cell-cell junctions was a major transcriptomic signature of aged 

podocytes, we speculate that Grhl2 may be a regulator of podocyte functional decline in 

aging. Our data included long non-coding RNAs, which represent a diverse set of RNA 

species that have been implicated in a wide variety of processes including kidney disease.
73, 74 Some of these may reflect epigenetic activation of enhancers75 and can mediate 

sensitivity to drugs76 or contribute to pathways associated with sterile inflammation in 

aging.77

We compared our aging data to several published datasets. First, we asked if the 

transcriptomic signals of aging were distinct from other glomerular injury. While we found 

some common pathways shared with DKD and FSGS, 83% of DEGs were not differentially 

regulated in either disease. By contrast, the top upregulated pathway implicated in DKD is 

ECM organization while actin filament assembly is the most significantly downregulated 
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pathways. FSGS is characterized by upregulation of angiogenesis pathways and 

downregulation of cAMP signaling. However, this conclusion must be balanced by noting 

that the two studies used for comparison used whole glomeruli, while we have reported data 

from isolated podocytes.

Important scRNA-seq studies have provided invaluable information about the podocyte 

transcriptome, but do not specifically address changes seen with aging. Kimmel included 

scRNA-seq of multiple kidney cell types, but unfortunately did not capture podocytes.78 

Park79 and Han80 included podocytes at a single time point, but not in aging. The most 

comparable dataset is scRNA-seq of 10 kidney cell types in the Tabula Muris Senis project. 

Reassuringly, we found genes down-regulated in our dataset overlapped significantly with 

genes down-regulated in their scRNA-seq in aged podocytes. Kidney developmental GO 

terms were down-regulated in our bulk and their scRNA-seq of podocytes. No other kidney 

cell type in their scRNA-seq data displayed down-regulation of kidney developmental GO 

terms (data not shown), suggesting that this aging associated change is unique to podocytes. 

Therefore, our bulk RNA-seq data and analyses represents a richer exploration of the range 

of pathways affected during aging, many of which were missed in scRNA-seq due to the 

reduced sensitivity of the method.

Long non-coding RNAs have been implicated in a variety of processes including kidney 

disease,73, 74 may reflect epigenetic enhancer activation,75 drug sensitivity76 or contribute to 

pathways associated with sterile inflammation of aging.77 Reflecting the complexity of their 

regulation and function, many have been implicated in diverse pathways including 

development, metabolism, inflammation and epigenetic regulation.

We recognize our study limitations, including one aged time point, that changes might be 

species specific, and the use of warm digestion in Liberase versus cold digestion protocols.
81Accordingly, we performed bulk RNAseq to overcome artifacts due to the relatively small 

cell number and lower quantity of RNA utilized for scRNAseq.

In conclusion, we generated a rich reference data set of transcriptional changes associated 

with aging in murine podocytes. Our findings reveal a transcriptional program that alters cell 

junctional complexes, increases senescence pathways and apoptosis that synergizes to 

promote podocyte loss and detachment over time. We have identified autocrine/paracrine 

signaling perturbations that provide an opportunity for pharmacologic modulation of 

podocyte aging. Our analysis of gene regulatory networks identified Grhl2 as a potential 

master regulatory of podocyte aging. While some pathways are shared with DKD and FSGS, 

the majority of the transcriptional changes are unique to aging. In summary, our data 

provides unique insight into podocyte aging and identifies novel targetable pathways with 

potential to reverse the decline of podocyte number and function with age.

METHODS

See Supplementary Methods for detailed descriptions.
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Animals:

1. Podocyte reporter mice (inducible): Inducible NPHS2-rtTA|tetO-cre|tdTomato 

mice were generated as previously reported.82–84

2. Non-reporter mice: NIA aged C57BL/6 colony were analyzed.

3. Podocyte reporter mice (constitutive): Nphs1-FLPo/FRT-EGFP mice were 

utilized.

Animal protocols were approved (2968–04) by the University of Washington Institutional 

Animal Care and Use Committee.

Isolation of podocytes for RNA-seq

From podocyte reporter mice: Kidney cortex was digested and podocytes isolated 

using fluorescence-activated cell sorting (FACS) (Figure S1A).

From non-reporter mice: Kidney cortex was digested and podocytes isolated using 

magnetic-activated cell sorting (MACS) (Figure S1B).

RNA isolation

RNA purification was performed using commercial kits. A summary of the RNA integrity 

numbers and yields are shown in Figure S2A.

RNA-seq library preparation and sequencing

A detailed description of the RNA-seq library preparation and sequencing is provided in the 

Supplemental Methods.

RNA-seq Data Analysis

A detailed description of the RNA-seq data analysis is provided in the Supplemental 

Methods.

Quantitative real-time PCR Analysis

A detailed description of quantitative real-time PCR analysis is provided in the 

Supplemental Methods.

Immunohistochemistry

Immunofluorescent38, 85–87 and immunoperoxidase8, 11, 88 staining were performed as 

previously described.

Assessment of glomerular scarring and extracellular matrix

Jones’ staining was performed as previously described.11

Podocyte ultrastructure analysis using kidney expansion and microscopy

Expansion microscopy was performed using a previously described protocol.37, 38
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Differentially expressed genes (DEGs) between aged vs. young podocytes.
A) Volcano plot of differentially expressed genes (DEGs) between aged vs. young 

podocytes. The Y axis shows the statistical significance measured by p-value, and the X axis 

shows the fold change of aged vs. young podocytes (> 1 reflects higher in aged, < 1 reflects 

lower in aged podocytes; 4 means 4-fold higher in aged, −4 means 4-fold lower in aged). 

Each blue circle represents an individual gene that is lower in aged podocytes, and each red 

circle represents a specific gene higher in aged podocytes.
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B.) Graph of critical podocyte genes significantly lower in aged podocytes (blue) and genes 

that were significantly higher in aged podocytes (red) as measured in the RNA-seq dataset.

C.) Graphs of qPCR of critical podocyte genes on a second cohort of podocytes isolated and 

analyzed from individual non-reporter mice confirm the significant decrease (left) and 

increase (right) in aged podocytes (all genes except Synpo had a p value of 0.0015 or lower)
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Figure 2. Perturbed biological processes in aged podocytes.
Overall, immune processes are up-regulated, and developmental, differentiation and 

metabolic processes down-regulated. Each node represents a gene ontology term 

significantly enriched in genes up-regulated in aged podocytes (red nodes) or down-

regulated in aged podocytes (blue nodes). The transparency of the node is proportional to 

enrichment p-value: more solid-colored nodes represent more significantly enriched GO 

terms. Node size represent gene set size: GO terms with more genes are larger. Two nodes 

are connected by an edge if they have overlapping genes. Edge transparency is proportional 

Wang et al. Page 19

Kidney Int. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to the number of genes shared by two GO terms. Select GO terms from each cluster are 

labeled for each module. Select nodes are numbered and their Gene Ontology terms are 

listed below.
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Figure 3. PCA and Podocyte-specific ligand-receptor signaling network based on single cell RNA-
seq data from mouse glomeruli.
A.) Principal component analysis (PCA) of all RNA-seq samples using all expressed genes. 

Age differences explain most of the expression variance (64%, PC1, x-axis), and overwhelm 

the small expression variance associated with sex (female vs. male, 7.2%, y-axis).

B.) 26 ligand-receptor pairs, defined as podocyte-specific when both the ligand and receptor 

are two-fold higher in podocytes than in endothelial or mesangial cells in the glomerulus 

based on single cell RNA-seq, were identified to change in aged podocytes. Circles represent 
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ligands, squares represent receptors, genes with significantly lower expression in aged 

podocytes are filled with blue color, genes with significantly higher expression in aged 

podocytes are filled with red color, genes with no significant change are labeled with grey 

color and gene names are labeled in brown. Arrows represents ligand-receptor interactions, 

in the direction from ligand to its receptor. Arrows are colored blue if both ligand and 

receptor are significantly lower in aged podocytes, and grey if ligand/receptor did not show 

consistent change.
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Figure 4. Increased senescent genes in aged podocytes.
A.) Heatmap of top differentially expressed senescence genes in aged vs. young podocytes 

(adjusted p-value <0.01, >3 fold change in either direction, expressed above 4 RPKM in 

either condition).

B.) Heatmap of all differentially Senescence-Associated Secretory Phenotype (SASP) genes 

(adjusted p-value <0.05, fold change >2, expressed above 4 RPKM in either condition) 

showed that chemokines and matrix metalloproteases are enriched in aged podocytes.
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Figure 5. Transcription factor (TF) changes in aged podocytes.
A.) Overview of the VIPER (virtual inference of protein activity by enriched regulon 
analysis) method. There are three steps in VIPER analysis. First, we processed a publicly 

available RNA-seq dataset 49 and obtained an expression matrix that includes 7698 detected 

genes (375 of them are TFs) across 110 rat kidney nephron samples. Second, we used the 

ARACNE method,50 one of the most popular method used to infer TF-target interactions in 

mammalian cells, to infer a nephron-specific TF-target gene regulatory network. VIPER 

takes inferred TF-target interactions from ARACNE and assigns the targets of each TF into 
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positive or negative categories based on the direction of expression correlation in the rat 

nephron RNA-seq dataset. In the final step, we inferred activity changes of TFs in podocyte 

aging based on aging-associated expression changes of TF target genes in aged vs. young 

podocyte RNA-seq data from the current study. If a significant fraction of a TF’s positive 

targets are up-regulated, and its negative targets down-regulated in aged podocytes, this TF 

is inferred to be activated in aged podocytes (inactivated in young podocytes); if a significant 

fraction of a TF’s positive targets are down-regulated and its negative targets are up-

regulated in aged podocytes, the TF is inferred to be inactivated in aged podocytes (activated 

in young podocytes).

B.) VIPER analysis results. The columns from left to right are as follows: the first column is 

the enrichment p-value of TF target genes in the up- and down-regulated genes in aged vs. 

young podocytes. The second column represents all genes detected in our podocyte RNA-

seq data, sorted from the most down-regulated to the most up-regulated in aged podocytes. 

A red vertical bar represents the gene at that sorted position is a positive target gene of a TF; 

a blue vertical bar represents the gene at that sorted position is a negative target of a TF. The 

total number of target genes vary across TFs. For example, Grhl2 has many target genes, 

whereas Irx1 have much fewer. The third “TF” column indicates the name of the individual 

TF. The “Inferred activity” column denotes the activity of the TF based the distribution of its 

target genes in the sorted list of differentially expressed genes in aged vs. young podocytes, 

blue represents the TF is inferred to be inactivated; red represents the TF is activated. The 

“observed expression” column denotes the observed expression change of the TF itself in 

aged vs. young podocytes regardless of the expression pattern of its targets. The furthermost 

right column of integer numbers (e.g. “1035, 10, 388 etc.) denotes the rank of the TF among 

all differentially expressed genes (DEGs). Smaller numbers indicate that the TF is highly 

differentially expressed between aged and young podocytes. TFs that are inferred to be 

inactivated based on the expression of their targets (e.g., positive targets down-regulated, 

negative targets up-regulated) and also have decreased expression themselves (i.e. blue 

squares in both “inferred activity” and “observed expression” columns) are most interesting 

because they potentially mediate the down-regulation of kidney developmental processes, 

metabolic activities and cell-cell junction genes observed in aged podocytes. Grhl2 

(highlighted in blue rectangle) is the most down-regulated TF based on its own expression 

change, and its positive targets are significantly down-regulated in aged podocytes.

C.) The transcription factor Grhl2, a master regulator known to be involved in cell junction 

regulation, and its key target genes known to mediate the effects of Grhl2, were significantly 

down-regulated in aged podocytes based on our RNA-seq data, and can potentially explain 

the global down-regulation of cell-cell junction pathway identified in Figure S5. Y axis 

denotes absolute expression level of Grhl2 and its targets.

D.) Graphs of qPCR analysis of Grhl2 and its key target genes on a second cohort of 

podocytes isolated from non-reporter mice confirmed the significant decreases in aged 

reporter podocytes (all genes except Cldn3 had a p value of 0.04 or lower)
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