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Abstract

Single cell RNA-sequencing (scRNA-seq) technologies are increasingly being applied to reveal 

cellular heterogeneity in kidney development and disease. In just the last year, multiple scRNA-

seq datasets have been generated from kidney organoids, developing mouse and human kidney, 

adult kidney and kidney cancer. The data generated enables a much deeper understanding of 

biological processes within and between cells. It has also elucidated unforeseen cell lineage 

relationships, defined the presence of off-target cell types in kidney organoids and revealed a 

diverse inflammatory response in a human kidney allograft undergoing rejection. This review 

summarizes the recent rapid progress in scRNA-seq of the kidney and outlines future directions 

for single cell technologies as applied to the kidney.
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Introduction to scRNAseq Technology and Methodologies

Single cell RNA sequencing (scRNAseq) has emerged as a powerful tool for exploring the 

transcriptional heterogeneity of large cell populations by measuring gene transcription in 

individual cells. This rapidly emerging technology enables the detection and characterization 

of specific cell populations as they relate to health and disease. There are a number of 

methodologies that have been used for scRNAseq and all of them share a similar procedure: 

single cell or single nucleus isolation, cell lysis and RNA capture, reverse transcription and 

amplification, library generation, and next-generation sequencing (NGS) [1]. Several 
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technologies that are currently in use include 10X Chromium, Drop-Seq, InDrops and 

Microwell-Seq [2–5]. The strengths and weaknesses of these methods have been recently 

reviewed and our discussion will focus on their application to kidney development and 

disease [6, 7]. To date, scRNAseq has been applied to healthy kidney, developing kidney, 

several kidney disease states and to kidney organoids generated from pluripotent stem cells. 

These studies have led to an improved understanding of the mechanisms that lead to kidney 

injury and the pathways critical for nephrogenesis.

Characterization of mature cell populations in the mouse kidney

Recent efforts have utilized scRNAseq to create an atlas of the mouse kidney. Park et al. 

used 10X Chromium to generate 57,979 single cell transcriptomes in healthy mouse kidneys. 

By mapping expression of murine homologs of genes associated with both Mendelian 

inherited disease and expressed quantitative trait loci identified from genome-wide 

association studies, they provided strong evidence that these disease-relevant genes are 

usually expressed in only a single cell type [8, 9]. This provides important clues as to the 

mechanism by which these risk alleles might ultimately cause kidney disease. The genes 

were associated with a broad phenotypic spectrum that included nephrotic syndrome, renal 

tubular acidosis, nephrolithiasis, and hypertension. The group also performed cell trajectory 

analysis with pseudo time reconstitution to identify a novel cell type intermediate between 

principal cells and intercalated cells. They hypothesized that Notch signaling plays an 

important role in the transition between intercalated and principal cells and may be an 

important mediator of kidney fibrosis. Principal cells predominantly express Notch2 

receptor, whereas intercalated cells express Notch ligand, suggesting that principal cells are 

the recipients of Notch signaling in the collecting duct. Initiation of Notch signaling with an 

inducible transgenic mouse model demonstrated that the proportion of cells expressing the 

principal cell marker, aquaporin 2 (Aqp2), increased and the proportion of cells expressing 

the intercalated cell V-ATPase (Atp6v1b1) decreased. A mouse model of CKD showed that 

there is a loss of normal alternation with a relative increase in Aqp2-positive cells and a 

decrease in Atp6v1b1-positive cells consistent with increased Notch signaling [8]. These 

data suggest Notch-mediated signaling in the distal nephron may play an important role in 

CKD as it regulates the transition between cell types.

Although there are advantages to unbiased, whole-organ scRNAseq, rare cell types and 

specific populations may be difficult to capture without enrichment. The glomerulus, 

specific interstitial populations and minor nephron segments all might be lost in whole organ 

scRNA-seq. Karaiskos employed DropSeq to generate a comprehensive atlas of the mouse 

glomerulus [10]. By isolating glomeruli prior to sequencing, they were able to capture nearly 

13,000 cells spread among the 3 known glomerular cell types. Their methodology allowed a 

comprehensive characterization of glomerular endothelial cells, podocytes, and mesangial 

cells, which would have otherwise been extremely difficult to identify if scRNAseq had been 

applied to whole kidney cortex. The increased number of cells led to the identification of 

novel podocyte (Wsb2) and mesangial cell markers (Pde3a) and glomerular endothelial 

subpopulations (Jag1, Fbln5, Cxcl1, Cldn5).
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scRNAseq of Human and Mouse Kidney in Health and Disease

In only the last year, several high-profile publications have used scRNAseq to identify and 

characterize cell populations within the mature kidney. Sivakamasundari et al. used 

Chromium single cell expression (10x Genomics) to identify 27 cell types in a library of 

22,469 cells from a healthy human kidney [11]. They leveraged their large library size to 

identify subpopulations of intercalated and endothelial cells that expressed genes associated 

with human disease. They defined a novel subpopulation of glomerular endothelial cells 

(GECs) that co-express claudin 5 (CLDN5) and plasmalemma vesicle associated protein 

(PLVAP). CLDN5 encodes a membrane protein and integral component of tight junctions 

and PLVAP is a marker of endothelial diaphragms in fenestrae. Neither of these genes is 

known to be expressed in GECs although CLDN5 expression is seen in afferent-efferent 

arteriolar endothelial cells [12]. Sivakamasundari et al. demonstrated expression of CLND5 
in GECs and their data indicates that there is a previously unrecognized subpopulation of 

fenestrated glomerular endothelial cells. A subset of the CLDN5+ cells co-express PLVAP 
and alternative modes of transcellular transport mediated by caveolin 1 (CAV1) and 

aquaporin 1 (AQP1), however, the functional significance of this subpopulation is unknown.

Sivakamasundari et al. also highlighted the strength of scRNAseq in the discovery of novel 

intercellular signaling networks. [11] Endothelial cell-mediated recruitment of pericytes is 

regulated by interaction of platelet derived growth factor subunit B (PDGFB) with its 

receptor, PDGFRB, and blockade of PDGFRB decreases fibrosis and capillary rarefaction in 

a unilateral ureteral obstruction (UUO) model of fibrosis in the mouse kidney [13, 14]. 

However, a recent scRNAseq study by Chen et al. implicated the interaction between KIT 

protooncogene receptor tyrosine kinase (KIT) its ligand, KITLG in the distal nephron [15]. 

Application of scRNAseq enabled the characterization of both signaling networks and raises 

the possibility that KIT-KITLG signaling principal and intercalated cells may play an 

important role in their survival and proliferation.

Gillies et al. investigated the transcriptional profiles of glomeruli and tubulointerstitium in 

187 patients from the NEPTUNE study with nephrotic syndrome using whole genome 

sequencing (WGS) and scRNAseq [16]. The patient population ranged in age from 17 to 56 

and included 51 pediatric patients with a mixture of minimal change disease, focal and 

segmental glomerulosclerosis, and other histopathologic diagnoses. They identified a large 

number of SNVs that are associated with differential expression of glomerular and 

tubulointerstitial genes (eQTLs) and were able to associate them with specific cell 

populations. Phospholipase C gamma 2 (PLCG2) and vacuolar protein sorting 33b 

(VPS33B) are 2 genes that had highly significant glomerular-specific eQTLs. A rare 

missense variant in PLCG2 has been previously implicated as a candidate risk locus in 

steroid sensitive nephrotic syndrome (SSNS) and mutations in VPS33B cause 

arthrogryposis, renal dysfunction, and cholestasis (ARC) syndrome [17, 18]. Gillies et al. 

utilized their glomerular and tubulointerstitial eQTLs to better interpret known single 

nucleotide polymorphisms (SNPs) associated with CKD in GWAS studies. A compelling 

SNP that they identified in their tubulointerstitial eQTL dataset (rs12917707) is upstream of 

uromodulin and is associated with increased UMOD expression.
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Wu and Malone performed scRNAseq on a single human kidney allograft biopsy with mixed 

cellular and antibody-mediated rejection [19]. Application of scRNAseq to kidney allografts 

enables the detection and characterization of infiltrating immune cells and endothelial cell 

injury. They used the InDrops system to generate ~5000 single cell libraries consisting of 16 

cell types (Figure 1). Endothelial cells were further separated into 3 groups based on the 

expression of Ig-associated and angiogenesis-associated genes. Further characterization of 

the endothelial targets of donor specific antibodies (DSAs) may help differentiate between 

antibodies that mediate rejection and those that do not. Monocyte infiltration in kidney 

allografts is associated with kidney allograft dysfunction and Wu et al. identified 2 monocyte 

clusters based on expression of FCGR3A (CD16) [19].. Notably, infiltration by CD16+ cells 

is associated with allograft rejection and this monocytic cell population expressed ABCA1, 

which is a sterol efflux transporter found in activated dendritic cells [20, 21]. These data 

indicate that monocytes may undergo a phenotypic transition within the kidney during 

allograft rejection. Receptor ligand analysis of their dataset detected 14 receptor-ligand 

pairs. Fibroblasts, pericytes, and myofibroblasts expressed the chemokine CXCL12, which 

is a key regulator of immune cell recruitment via its interaction with CXCR4 on leukocytes. 

Additionally, expression of KIT and KITLG was detected in mast cells and collecting duct 

epithelium, respectively. This study provides a proof of principle for the application of single 

cell transcriptomics to characterize, and ultimately aid in diagnostics of, human kidney 

biopsies [1].

Der et al. applied scRNAseq to human skin and kidney biopsies to demonstrate a conserved 

IFN signature present in multiple cell subtypes [22]. Although their sample size was 

relatively small, they were able to demonstrate that the IFN signature correlated with 

histologic evidence of chronicity, proteinuria, and immunoglobulin deposition in the 

glomerulus. Future studies should aim to define a transcriptional signature that has 

prognostic value beyond the ISN/RPS pathologic classification of lupus nephritis.

Significant advances have been made in applying scRNAseq technology to the study of renal 

development and neoplasia. Young et al. generated 72,501 single cell transcriptomes to 

compare Wilms tumor, clear cell renal cell carcinoma (ccRCC), and papillary renal cell 

carcinoma (pRCC) with fetal, pediatric, adolescent, and adult kidneys [23]. Their study was 

able to show that Wilm’s tumor closely resembles normal fetal ureteric bud and primitive 

vesicle cells. Pseudotime reconstruction revealed a branching point between the 

development of nephrogenic rests and Wilms tumor cells that was closely related to normal 

nephrogenesis. In contrast, ccRCC and pRCC were closely related to mature proximal 

tubular cells and associated with VEGFA signaling in infiltrating macrophages. These data 

point towards the utility of scRNAseq in establishing lineage-specific precursors in 

neoplasia and development.

scRNAseq of Developing Human and Mouse Kidney

Lindstrom et al. used scRNAseq to identify cell populations within the nephrogenic niche of 

a 17-week human kidney [24]. Among 3367 cells, they identified multiple clusters 

representing nephron progenitors (NPCs), podocyte precursors, distal precursors, maturing 

cell types of the loop of Henle, and precursors of the proximal and distal tubules. The NPCs 
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(CITED1+, SIX1+, LYPD1+, DAPL1+) were further separated into cells that were primed 

for differentiation (HEY1+, LYPD1+), and those that were in the process of differentiation 

(HES1+, LHX1+, PAX8+) depending on their location and time of recruitment to the 

nephrogenic niche. These data led to the hypothesis that distal NPCs initially express JAG1 
and later transition to a SOX9+ JAG1- phenotype and highlight the importance of cellular 

positional and temporal identity during proximal-distal nephron alignment. A subsequent 

study by Lindstrom et al investigated the differences in cell specific transcription between 

human and murine nephrogenesis [25]. Mice have distinct compartments of Six2+ NPCs and 

Foxd1+ interstitial progenitor cells (IPCs) in contrast to humans, which have significant 

transcriptional overlap between NPCs and IPCs. By comparing the cell-specific profiles of 

mouse and human NPCs, they were able to identify species-specific bias in the expression of 

certain transcripts. Human NPCs are more likely to express H1P1R, UNC5B, LYPD1, 

ECEL1, WASF3, TNFRSF19, CRABP2, CDH24, DAPL1 and COL9A2 whereas mouse 

NPCs express Crym, Serpinf1, Slc12a2, Foxd1, Rspo1, and Capn6. Together, these studies 

demonstrate significant divergence between mouse and human nephrogenesis. Pode-

Shakked et al. performed single-cell analysis on in vitro cultures of human fetal kidney cells 

(hFK) to examine the phenotype of cell subpopulations in early nephrogenesis. [26] They 

utilized a modified nephron progenitor expansion medium (mNPEM) to prevent hFK 

dedifferentiation and were able to characterize 3 subpopulations of cells. The cap 

mesenchyme segregated into induced and uninduced fractions in the NCAM1+ CD133- 

EpCAM- cells and an additional subpopulation (NCAM1+ CD133- EpCAMdim) 

transitioning between a mesenchymal and epithelial phenotype appeared in cells cultured in 

mNPEM. SIX2 expression was identified in this subpopulation, which may represent a cap 

mesenchyme-derived cell type with both a stem and differentiating phenotype.

Modeling Development with Kidney Organoids

Kidney organoids derived from pluripotent stem cells are increasingly used to model kidney 

development and disease. However, there are major unanswered questions that remain, 

including what cell types exist within organoids, their degree of differentiation, and how to 

improve differentiation protocols. scRNA-seq is well-suited to address all of these open 

questions, and two recent studies have used single cell transcriptomics to characterize human 

kidney organoids.

Czerniecki et al. developed a robotic pipeline to efficiently create human kidney organoids 

in microwell plates [27]. Analysis of the organoids by high content automated imaging and 

by scRNAseq showed that organoids appropriately differentiated into well-described kidney 

cell types. The 96- and 384-well formats made it possible to experiment with varying 

concentrations of the WNT agonist, CHIR99021, to determine which concentration is 

optimal for directed differentiation. An unexpected finding was that the optimal 

concentration of CHIR99021 was dependent on which pluripotent stem cell subclone was 

used to generate kidney organoids despite the fact that all of the subclones were created from 

the same hPSC cell line. The concentration of CHIR99021 did not appear to affect the 

proportion of proximal tubule, distal tubule, and podocyte components. However, addition of 

VEGF increased the number of endothelial cells by approximately 10-fold. These data 

highlight the importance of organoid culture techniques that significantly impact the cell 
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repertoire. This technology will be useful for optimizing differentiation protocols as well as 

for assessing kidney-specific toxicity of candidate drugs, for anyone with access to such 

technology.

Wu et al. compared kidney organoid differentiation protocols by scRNAseq and introduced a 

novel method for inhibiting the growth and differentiation of off-target neuronal cell types 

[19]. They compared the Morizane [28] and Takasato [29] protocols for differentiation of 

kidney organoids from hPSC and showed that these protocols have significant differences in 

cellular composition. They concluded that the Morizane protocol is best suited for 

investigating glomerular biology because it has a larger proportion of podocytes. In contrast, 

the Takasoto protocol has a larger proportion of tubulointerstitium. Both protocols resulted 

in the production of substantial numbers of off-target neural cell populations, which was 

prevented by the inhibition of BDNF-NTRK2 signaling. Notably, neither protocol had an 

identifiable population of ureteric bud-derived cells, which ultimately differentiate into the 

collecting duct system. Interconnection between the developing nephron and the collecting 

duct is a significant hurdle in kidney organoid development and may require separate cell 

populations. Taguchi et al. used separate protocols for the induction of metanephric 

mesenchyme and ureteric bud precursors followed by recombination, which significantly 

improved collecting duct architecture [30].

Limitations of scRNA-seq

There are several notable limitations to scRNA-seq methodologies. Depending on sample 

preparation methods, certain cell populations may not be accurately represented due to cell 

dissociation bias [19]. Cell dissociation typically relies on enzymatic digestion of dense 

kidney matrix, which compromise cell viability and induce artifactual transcriptional stress 

responses [31]. Newer sample preparation methods which can be performed entirely on ice 

like single nucleus RNA-seq (snRNAseq) [32], have partially resolved this problem, but it 

remains challenging to capture specific cell types particularly in inflamed or fibrotic tissues 

(Parker and Humphreys, personal observations) Furthermore, spatial information is lost after 

cell dissociation. This is particularly important when considering paracrine signaling 

networks and receptor ligand interactions, which may be restricted to a microenvironmental 

niche.

The informatics infrastructure required to analyze scRNAseq data remains a significant 

practical barrier to widespread adoption of this transformative technology. The initial data 

processing stages involve alignment and clustering of thousands of cells and are typically 

performed in a high performance computing environment on a university cluster. Trends in 

scRNA-seq include the analysis of ever larger numbers of single cell transcriptomes 

(100,000 transcriptomes is no longer unusual for a single publication). This requires 

considerable computational power and not all researchers are likely to have access either to 

adequately rapid computational power or the bioinformatics expertise necessary to 

implement the pipelines. Downstream data analysis generally relies on differential gene 

expression but can be extended to numerous additional techniques including pseudotemporal 

ordering of cells to reveal lineage relationships, receptor-ligand analyses, transcription factor 

networks and even copy number variations that arise in cancerous cells. Performing more 
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advanced analyses generally requires a commitment to learn a programming language such 

as R.

Future Directions

As the cost of scRNAseq decreases it will become more accessible to the research 

community and enable the creation of larger datasets. Recent studies have shown that by 

increasing the number of cells analyzed, rare cell types and subpopulations are more easily 

detectable. Identification of cell subpopulations may become increasingly important as 

scRNAseq is used to measure transcriptional changes in injury and repair. Current scRNA-

seq protocols can measure only more abundant cellular transcripts, typically around 1,500 

unique genes per cell. [33] This represents only about 10% of the total pool of cellular 

mRNA. It is very likely that in the near future protocols will be developed for improved gene 

detection and we predict that detection of 3,000 – 5,000 unique genes per cell will be routine 

within a few years.

Preparation methods will have to be optimized to reduce cell dissociation bias and improve 

assay efficiency in difficult sample types. Current methods exhibit a lower yield in the 

presence of chronic changes like interstitial fibrosis. Approaches like snRNAseq may 

mitigate this drawback but do not entirely resolve the problem.

Novel methods like single cell transposase-accessible chromatin sequencing (ATAC-seq) can 

measure chromatin accessibility and a cell’s epigenetic landscape [34]. Similarly, cellular 

indexing of transcriptomes and epitopes by sequencing (CITE-seq) can measure individual 

cell surface protein levels and cellular mRNAs simultaneously. This approach can 

theoretically measure a nearly unlimited number of proteins simultaneously – unlike 

fluorescence-activated cell sorting [35]. In the future these single cell approaches will 

increasingly be combined – single cell multi-omics - in order to reveal more profound 

biological insight than any single technology used alone [36].

The remarkably rapid adoption of scRNA-seq methods by kidney researchers and the 

resultant work summarized here suggests that there is much more to come, and brings to 

mind Winston Churchill’s words describing England’s first battle victory in World War 2: 

“Now this is not the end. It is not even the beginning of the end. But it is, perhaps, the end of 

the beginning” [37].
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Figure 1. Comprehensive single-cell RNA sequencing of an allograft biopsy reveals diverse 
kidney and immune cell types. T-distributed stochastic neighborhood embedding
(tSNE) plot of cell clusters identified from a human kidney allograft biopsy based on the 

expression of highly variable genes [19]. PT proximal tubule, LOH (DL) loop of henle, 

distal limb, LOH (AL) loop of henle, ascending limb, CD collecting duct, Mono monocyte, 

EC endothelial cells. Figure courtesy of Haojia Wu, PhD.
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