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Abstract
Background: Focal segmental glomerulosclerosis is a histo-
pathological pattern of renal injury and comprises a hetero-
geneous group of clinical conditions with different patho-
physiology, clinical course, prognosis, and treatment. Never-
theless, subtype differentiation in clinical practice often 
remains challenging, and we currently lack reliable diagnos-
tic, prognostic, and therapeutic biomarkers. The advent of 
new transcriptomics techniques in kidney research poses 
great potential in the identification of gene expression bio-
markers that can be applied in clinical practice. Summary: 
Transcriptomics techniques have been completely revolu-
tionized in the last 2 decades, with the evolution from low-
throughput reverse-transcription polymerase chain reaction 
and in situ hybridization techniques to microarrays and next-
generation sequencing techniques, including RNA-sequenc-
ing and single-cell transcriptomics. The integration of hu-
man gene expression profiles with functional in vitro and in 

vivo experiments provides a deeper mechanistic insight into 
the candidate genes, which enable the development of nov-
el-targeted therapies. The correlation of gene expression 
profiles with clinical outcomes of large patient cohorts al-
lows for the development of clinically applicable biomarkers 
that can aid in diagnosis and predict prognosis and therapy 
response. Finally, the integration of transcriptomics with 
other “omics” modalities creates a holistic view on disease 
pathophysiology. Key Messages: New transcriptomics tech-
niques allow high-throughput gene expression profiling of 
patients with focal segmental glomerulosclerosis (FSGS). 
The integration with clinical outcomes and fundamental 
mechanistic studies enables the discovery of new clinically 
useful biomarkers that will finally improve the clinical out-
come of patients with FSGS. © 2021 The Author(s).

Published by S. Karger AG, Basel

Introduction

Focal segmental glomerulosclerosis (FSGS) is a renal 
histopathological pattern of injury defined by the pres-
ence of segmental sclerosis in some glomeruli (i.e., “fo-
cal”) on light microscopy, and is therefore not a speci-
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fied disease entity [1]. FSGS encompasses a notoriously 
heterogeneous group of clinical conditions, all charac-
terized by podocyte damage and subsequent glomerular 
loss as the central pathophysiological event. This clini-
cally results in proteinuria, nephrotic syndrome, and 
progressive kidney function loss [1]. FSGS can be subdi-
vided in primary, secondary, and genetic forms with dif-
ferent outcomes and therapeutic options [1]. Primary 
FSGS is caused by an unidentified circulating permea-
bility factor that causes sudden and generalized injury to 
podocytes, the visceral glomerular epithelial cells, and is 
typically treated with immunosuppressive therapy or 
plasmapheresis [1]. Primary FSGS is a severe disease 
with a grim prognosis: about 20–40% of patients will 
likely develop end-stage kidney disease (ESKD) after a 
mean follow-up period of 3–6 years [2, 3]. Patients that 
receive a kidney transplant have a high risk of disease 
recurrence (20–40%) which can already occur a few days 
after transplantation [4]. Secondary FSGS results from 
glomerular hypertension, in which glomeruli are sub-
jected to abnormal stress (“maladaptive” FSGS) [1]; the 
treatment of the maladaptive form is centered around 
unloading the pressure on the glomeruli with renin-an-
giotensin system blockade [5]. In comparison with pri-
mary FSGS, prognosis is considerably better with fewer 
patients progressing to ESKD [1, 3]. The genetic forms 
of FSGS result from mutations in the genes that encode 
for podocyte proteins (e.g., nephrin, podocin, CD2-as-
sociated protein, and α-actinin-4) and are typically re-
sistant to therapy [1]. Although FSGS remains a rare dis-
ease with current incidence rates in the USA, of 3.2 cas-
es per 100,000 person-years, this rate has doubled over 
the past 10 years [5].

Despite the heterogeneous etiology and prognosis of 
the different FSGS subtypes, the first clinical and histo-
pathological presentation may be very similar [1]. 
Moreover, to date, there are no validated serums, urine, 
or histopathological biomarkers that reliably discrimi-
nate primary from secondary and genetic forms. It is 
therefore often challenging to identify the correct FSGS 
subtype in daily clinical practice [1]. Importantly, a 
misclassification will lead to inappropriate and there-
fore ineffective and potentially harmful therapy. We 
lack prognostic biomarkers, despite the fact that some 
patients rapidly progress to ESKD, while others remain 
relatively stable on antiproteinuric therapy. Next, to 
date, no markers reliably predict whether the patient 
will benefit from immunosuppressive treatments, such 
as corticosteroids. And finally, we currently lack tar-
geted therapies to treat FSGS patients because the un-

derlying pathophysiological mechanisms are incom-
pletely understood.

Recently, “omics” technologies have revolutionized 
kidney research, in which the whole genome, epigenome, 
transcriptome, and proteome of disease entities are stud-
ied, instead of only a few candidate disease targets [6, 7]. 
Transcriptomics techniques can detect differential gene 
expression in disease versus healthy states which trans-
lates in altered protein expression. Transcriptomics tech-
niques have undergone a true revolution from low-
throughput reverse transcription polymerase chain reac-
tion (RT-PCR) and in situ hybridization (ISH) techniques 
that detect only a few expressed genes to the current ex-
tremely high-throughput and performant single-cell and 
single-nucleus RNA-sequencing techniques, which can 
be validated with multiplex assays or used in a multimod-
al approach which simultaneously analyses other “omics” 
from the same single cells [7]. Therefore, analysis of the 
transcriptome of patients with different subtypes of FSGS 
poses great potential to identify the underlying patho-
physiology and candidate biomarkers that can ultimately 
improve clinical care.

This review provides an introduction in transcrip-
tomics analysis of disease models and human patients 
with FSGS. Next, we describe how fundamental and clin-
ical approaches can translate preliminary gene expression 
profiles into candidate tissue, urine, or blood biomarkers. 
The ideal biomarker correlates with clinical outcomes so 
that it can be used in clinical diagnosis, prognosis, and 
prediction of treatment susceptibility, while a fundamen-
tal insight of the underlying disease pathway will enable 
the development of novel targeted treatments.

Elucidating Pathophysiology through Gene 
Expression Analysis

The transcriptome refers to the type and quantity of 
all RNA-based molecules that are present in the cell in 
a (patho-) physiological condition [8]. These RNA mol-
ecules consist of protein-coding messenger RNA 
(mRNA), and non-protein-coding RNA, including mi-
croRNA, ribosomal RNA, and transfer RNA [9]. Most 
human cells express ∼11,000–13,000 genes, of which 
approximately ∼8,000 genes are ubiquitously expressed 
among different tissues and ∼3,000–5,000 expressed 
genes exhibit a cell type-specific pattern [10, 11]. This 
differential gene expression results in a different phe-
notype, representing distinct cell populations with their 
own behavior both in healthy and disease states. To un-
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derstand cell responses in different diseases, gene ex-
pression (transcriptome), and protein expression (pro-
teome) can both be studied [12]. Although both fields 
have been completely revolutionized in the past decade 
with transcriptome and proteome studies at the single-
cell level [7], this review focuses on the transcriptome 
as a tool to decipher the pathophysiology of kidney dis-
eases and more specifically FSGS. Although the poten-
tial of (single-cell) transcriptomics in the analysis of 
kidney diseases is already established [6, 13–15], the 
study of glomerular diseases is still lagging behind, with 
most gene expression data still originating from older 
and lower throughput techniques. This is certainly true 
for FSGS, as this is a rare glomerulopathy, which makes 
the acquisition and analysis of sufficient tissue material 
and rigorous validation of candidate transcriptional 
biomarkers quite challenging.

In vitro and in vivo Models of FSGS

As the acquisition of kidney tissue from patients with 
FSGS is difficult, many research groups have used exper-
imental in vitro and in vivo models to study the disease 
(Fig. 1). Several functional studies have used cultured hu-
man podocytes to study podocyte injury and cytoskeleton 
morphology in vitro, by modifying candidate genes im-
plicated in cytoskeleton regulation [16–18], glomerular 
fibrosis [19], podocyte apoptosis [20], or by exposure to 
nephrotoxic agents (e.g., doxorubicin) [16]. However, the 
transcriptional profile and protein expression of in vitro 
podocytes differ substantially from podocytes in their na-
tive glomerular micro-environment, with loss of lineage-
specific gene expression and phenotype, which limits the 
translation into human clinical practice [21, 22]. Alterna-
tively, various in vivo FSGS animal models have been 

Fig. 1. Overview of transcriptomics analysis of disease models and human patients with FSGS. ADR, adriamycin; 
PA, puromycin aminonucleoside; LPS, lipopolysaccharide; ERCB, The Consortium of European Renal cDNA 
Bank; NEPTUNE, Nephrotic Syndrome Study Network; RT-PCR, reverse transcription polymerase chain reac-
tion; (F)ISH, (fluorescence) in situ hybridization; scRNA-seq, single-cell RNA-sequencing; snRNA-seq, single-
nucleus RNA-sequencing; (+), advantage; (−), disadvantage; FSGS, focal segmental glomerulosclerosis.
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used, created by the use of nephrotoxic agents, (partial) 
nephrectomy, or genetic engineering (for a comprehen-
sive overview, see Yang et al. [23]). In mice or rats, glo-
merular damage and FSGS-lesions can be induced by us-
ing toxic podocyte-damaging agents, including doxoru-
bicin/Adriamycin [16, 18, 24–29], puromycin 
aminonucleoside [18], and lipopolysaccharide [27, 29]. 
Resection of 5/6 of functional renal mass by nephrectomy 
(5/6 nephrectomy model) simulates human secondary 
FSGS due to a reduction in the number of functioning 
nephrons [23]. Genetic engineering of FSGS models in-
clude knockout mice for genes such as podocin (NPHS2) 
[30], COL4A3 (which is also associated with Alport syn-
drome) [31], C2DAP [32], and knock in of ACTN4 muta-
tions [33, 34] or TRPC6 mutations [35], which are all as-
sociated with familial or sporadic genetic FSGS in hu-
mans [1]. Additionally, new candidate target genes (e.g., 
SRGAP1 [16]and NEBL [18]) can be genetically altered in 
in vivo models to validate the role of these genes in disease 
pathophysiology [16–18, 25].

The Challenge of Obtaining Human Tissue of FSGS 
Patients

Candidate transcriptional disease targets or biomark-
ers identified in animal studies should be validated in hu-
man kidney tissue before clinical relevance can be claimed. 
In general, human kidney tissue for research is only avail-
able as 2 types of biopsy specimens: core needle biopsies 
and nephrectomy tissue (Fig. 1). While core needle biop-
sies are frequently performed in clinical practice, they 
yield little tissue material. More tissue can be acquired 
through partial or complete nephrectomy, but this is sel-
domly performed in patients with glomerular disease as 
the main indication is a renal mass. As a consequence, 
tissue from patients with FSGS is generally only available 
as core needle biopsies. While the identification and vali-
dation of disease targets or transcriptional tissue bio-
markers require many samples, this is generally not fea-
sible in a single-center setting. To combat this shortcom-
ing, many different multicenter initiatives and biobanks 
have been initiated. The Consortium of European Renal 
cDNA Bank (ERCB) – Kroener-Fresenius Biopsy Bank 
was founded in the early year 2000 and is a collaboration 
of European research centers that collects kidney biopsy 
tissue for gene expression analysis in a predefined preser-
vation and processing protocol [36], together with clini-
cal information [6]. A second initiative, the Nephrotic 
Syndrome Study Network (NEPTUNE), is a multicenter 

collaborative consortium which unites research centers 
across the USA and Canada to focus on translational re-
search in patients with minimal change disease, FSGS, 
and membranous nephropathy [37]. NEPTUNE has been 
running a prospective observational trial since 2010, 
which includes a biopsy cohort and a pediatric nonbiopsy 
cohort and collects clinical data together with biological 
samples, including an additional research biopsy core 
during clinically indicated kidney biopsy in participants 
of the biopsy cohort [37]. The biopsy cohort has current-
ly included >500 patients [38]. A more recent initiative, 
cure glomerulonephritis (CureGN), is also a multicenter 
initiative and prospective observational trial which aims 
to collect clinicopathological data from a total of 2,400 
patients with biopsy-proven minimal change disease, 
FSGS, membranous nephropathy, or IgA nephropathy 
(including IgA vasculitis) across research centers in the 
USA, Canada, and Europe since 2014 [38]. Contrary to 
the biological samples obtained in the NEPTUNE trial, 
this study only collects blood and urine samples and no 
additional kidney biopsy tissue. CureGN is designed to 
include new patients, but also to complement and extend 
follow-up of NEPTUNE participants, which will allow 
better correlation of their molecular profile with long-
term clinical outcome data [38]. The cohort identified in 
CureGN will also be used for validation studies of identi-
fied candidate blood and/or urine biomarkers [38]. Many 
other smaller registries exist, which can also function as 
independent validation cohorts [38]. In conclusion, these 
large registries allow the compilation of sufficient pa-
tients with FSGS to study their molecular transcriptomic 
profile in kidney tissue, blood, and urine, and allow cor-
relation with histopathological and long-term clinical 
outcome data to identify and validate new biomarkers 
that can be applied in clinical practice.

How to Study the Transcriptional Profile of Human 
FSGS Patients

The aforementioned multicenter initiatives are very 
promising to the research field of transcriptomic profil-
ing in FSGS. Indeed, several studies have already used 
samples from FSGS patients derived from ERCB [22, 39–
44] or NEPTUNE [41, 42, 44, 45]. Most of them used mi-
croarrays, although recently next-generation sequencing 
techniques, such as bulk RNA-seq have also been used 
[44, 46]. However, the first single-cell transcriptomics 
study on kidney tissue of FSGS patients is yet to be pub-
lished. Published transcriptomics datasets of kidney dis-
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ease, including FSGS are also easily accessible online, at 
different repositories or through the search engine and 
data mining tool “Nephroseq” (available at www.nephro-
seq.org, formerly known as “Nephromine” [47]). These 
datasets can be used to validate a candidate transcription-
al biomarker or signature that was identified in in vivo or 
in vitro experiments [16, 18, 20, 31, 48–50] or in an inde-
pendent human FSGS cohort. Vice versa, these datasets 
can first be “mined” for potential disease targets or bio-
markers, which could subsequently be studied in in vivo 
or in vitro models (typically FSGS mouse or rat models or 
cultured podocytes) or validated with transcriptomics or 
proteomics (e.g., immunohistochemistry) in indepen-
dent cohorts to elucidate their role in disease pathophys-
iology [25]. Here, we systematically outline the major 
findings of the transcriptomics studies that have analyzed 
the gene expression profile of the kidney tissue in human 
patients with FSGS (Fig. 1; see online suppl. Tables 1, 2; 
see www.karger.com/doi/10.1159/000518404 for all on-
line suppl. material).

Studies Using RT-PCR and ISH
The earliest techniques to study gene expression in-

clude RT-PCR and in situ hybridization. In these low-
throughput techniques, only a few target genes can be 
studied, and oligonucleotide sequences of the targeted 
transcripts should be known in order to choose the cor-
rect PCR primers or hybridization probes, respectively. 
Indeed, the first studies that analyzed gene expression in 
human kidney biopsies of FSGS patients with these tech-
niques studied only a few candidate genes (online suppl. 
Table 1). Studies were done on snap-frozen or formalin-
fixed paraffin-embedded (FFPE) tissue and mostly in-
volved analysis of unprocessed biopsy cores, while some 
used microdissected glomeruli [51–54]. Upregulated 
genes in FSGS patients were primarily involved in inflam-
mation (e.g., leukotriene metabolism [55], leukocyte in-
filtration [56, 57], upregulation of nuclear factor-κB [58], 
cytotoxic T-cell mediators [59]), and cell proliferation 
(e.g., upregulation of proto-oncogens [60]) or fibrosis 
(e.g., genes involved in the TGFβ-pathway [59, 61]). 
Downregulated genes were primarily involved in the 
podocyte slit diaphragms (e.g., nephrin [51, 54] and 
podocalyxin [54]). These studies identified important 
pathways involved in FSGS pathophysiology that were 
the focus of later research (e.g., TGFβ-pathway, apopto-
sis, and gene regulation of podocyte-specific proteins). 
Later transcriptomics studies have used more high-
throughput methods (microarray and RNA-seq), but still 
utilize RT-PCR and ISH to validate the expression of can-

didate marker genes or use ISH to spatially localize gene 
expression.

Studies Using Microarrays
Similar to PCR and ISH, microarrays also depend 

upon existing knowledge of the oligonucleotide sequence 
of the transcripts of interest [8]. In this technology, fluo-
rescently labeled cDNA is created from RNA from the 
sample and is subsequently hybridized to thousands of 
gene-specific complementary oligonucleotide probe-sets 
that are aligned on a high-density microarray [6, 8, 62]. 
When compared to RT-PCR and ISH, microarrays have 
a much higher throughput, as they simultaneously detect 
thousands of genes and enable the identification of gene 
expression profiles or “signatures” [62]. As freezing of tis-
sue is a conventional way of RNA preservation, either 
snap-frozen (stored at −80°C) or tissue conserved in 
RNase inhibitor (stored at −20°C, implemented in the 
protocol of ERCB [36]) was used in microarray studies 
[6]. One study compared microdissected glomeruli from 
FFPE kidney tissue to frozen tissue. Despite reduced RNA 
quality in FFPE tissue, gene expression profiles of both 
sample types were highly correlated, making FFPE tissue 
a reasonable alternative to frozen tissue [63]. The first mi-
croarray studies were exploratory and identified a gen-
eral FSGS tissue fingerprint of many differentially ex-
pressed genes (online suppl. Table 2) [63–65]. These dif-
ferentially expressed genes were primarily involved in 
TGF-β signaling and fibrosis [63–65], apoptosis [64], and 
podocyte-specific genes involved in the slit diaphragms 
and possibly foot process effacement [63–65]. With this 
approach, it is challenging to elucidate the pathophysio-
logical role or specificity of certain significantly up- or 
downregulated genes. Therefore, later studies were more 
hypothesis-driven, implementing transcriptomics in a 
few different approaches.

In a first approach, candidate genes or gene signatures 
from a large transcriptomics dataset are explored in 
depth, with correlation in animal models and in vitro ex-
periments to gain fundamental mechanistic insight into 
the underlying pathophysiology (Fig. 2) [25, 39, 40, 43, 
66, 67]. For example, 2 research groups found upregula-
tion of genes involved in the mammalian target of ra-
pamycin complex 1 (mTORC1) signaling pathway and 
parietal epithelial cell activation in kidney tissue of FSGS 
patients, which is associated with podocyte hypertrophy 
and glomerulosclerosis [43, 68]. Both groups created a 
transgenic mouse model with mTORC1 hyperactivation 
in podocytes, which resulted in excessive podocyte hyper-
trophy, podocyte loss, and development of FSGS-lesions 
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[43, 68]. Surprisingly, however, complete genetic podo-
cyte-specific mTORC1-inhibition in a mouse model with 
active podocyte loss also resulted in disease progression, 
while partial genetic mTORC1-inhibition resulted in 
amelioration of disease progression, which suggests that 
moderate mTORC-inhibition might be beneficial [68]. 
Both research groups also used pharmacological 
mTORC1-inhibition in FSGS mouse models with active 
podocyte loss, which yielded conflicting results. The first 
study found a protective role of pharmacological 
mTORC1-inhibition with amelioration of disease pro-
gression [68], while the second study found exacerbated 

disease [43]. Therefore, it is hypothesized that mTOR-
mediated podocyte hypertrophy is initially an adaptive 
protective response, until a critical threshold is reached, 
and hypertrophy itself becomes maladaptive and leads to 
podocyte detachment [43]. This might suggest that 
mTOR-inhibition in FSGS has a therapeutic window and 
might be beneficial in these cases where podocyte hyper-
trophy is no longer protective but leads to podocyte loss 
[43, 68]. This hypothesis remains to be validated and fu-
ture studies should focus on early versus late introduction 
of mTOR-inhibition and the use of different inhibitors 
and dosing strategies. Other mechanistic studies that an-

Fig. 2. Overview of fundamental and clinical approaches to iden-
tify FSGS biomarkers. Kidney tissue, blood, and urine derived 
from FSGS patients can be used for molecular profiling of the tran-
scriptome and other (single-cell) omics including the (epi-) ge-
nome, proteome, and spatial information. The correlation of this 
molecular profile with clinicopathologicals outcomes and funda-
mental mechanistic insights from FSGS disease models yields clin-

ically useful biomarkers and disease targets for novel targeted ther-
apies. GFR, glomerular filtration rate; IFTA, interstitial fibrosis 
and tubular atrophy; FSGS, focal segmental glomerulosclerosis; 
RT-PCR, reverse transcription polymerase chain reaction; (F)ISH, 
(fluorescence) in situ hybridization; scRNA-seq, single-cell RNA-
sequencing; snRNA-seq, single-nucleus RNA-sequencing.
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alyzed possible human disease targets in in vivo models 
identified versican 1 and RARRES1 as possible tissue bio-
markers in FSGS patients [25, 67]. Versican 1 (a tubular 
cell-derived extracellular matrix protein) is upregulated 
in tubular cells of FSGS patients, which leads to fibroblast 
activation, collagen synthesis, and also correlates with re-
nal function decline and fibrosis [67]. Upregulation of 
RARRES1 (a retinoic acid-related gene largely restricted 
to podocytes) in FSGS patients contributes to podocyte 
apoptosis and is also correlated with renal function de-
cline [25]. One final example nicely illustrates how mech-
anistic insights into differentially expressed genes may 
indeed point to new possible targeted treatments. The re-
search group of Wilkening et al. [69] found upregulation 
of both C-C motif chemokine ligand 2 (CCL2) and its 
receptor C-C chemokine receptor type 2 (CCR2) in glom-
eruli of patients with FSGS, which play an important role 
in the pathophysiology of glomerulosclerosis through 
CCL2-mediated recruitment of CCR2-positive kidney 
macrophages. Next, CCL2 was shown to be also upregu-
lated in glomeruli of mice that were treated with adria-
mycin and developed glomerulosclerotic lesions. Finally, 
transgenic mice deficient in CCR2 expression were treat-
ed with adriamycin and developed significantly less albu-
minuria, less inflammation, and less glomerulosclerosis 
than wild-type mice, proposing CCR2 inhibitors as a po-
tential therapy in FSGS. In fact, currently 3 trials are run-
ning that will evaluate the effect of CCR2 inhibitors in 
human patients with FSGS [70].

Vice versa, gene expression from in vivo and in vitro 
studies can be correlated with published transcriptomics 
datasets in humans (Fig. 2) [16, 18, 20, 31, 48–50]. For 
example, the gene expression signature of a transgenic rat 
model of FSGS based on podocyte-specific genetic 
mTORC1 inhibition correlated with gene expression of 
human FSGS patients [50]. Another study found a CKD 
progression gene expression signature in COL4A3−/− 
knockout mice, and these upregulated mouse signature 
genes significantly overlapped with upregulated genes in 
human FSGS patients [31]. This study also identified 
vorinostat, a lysine deacetylase inhibitor, as a candidate 
drug treatment to prevent CKD progression, which again 
illustrates the potential of these mechanistic studies in 
identifying new possible targeted treatments [31].

In an alternative more clinical approach, a validated 
gene expression signature that is highly correlated with 
clinical outcomes can be used as a diagnostic or prognos-
tic tissue biomarker, even if the underlying pathophysiol-
ogy of all the differentially expressed genes is incomplete-
ly understood (Fig. 2) [42, 71, 72]. For example, 1 study 

compared the gene expression profile of steroid-sensitive 
FSGS versus steroid-resistant FSGS [72]. Ideally, such a 
“steroid-resistance” signature should additionally be val-
idated in larger cohorts to provide a prognostic transcrip-
tional tissue biomarker, although the exact pathophysiol-
ogy of all involved genes is not necessarily known. As up-
regulated JAK-STAT signaling is involved in many 
glomerular diseases, another research group created a 
STAT1 activity score which comprised the composite ex-
pression of 17 genes [42]. Kidney tissue of FSGS patients 
showed higher scores than healthy patients, and higher 
scores correlated with worse kidney function at baseline, 
increased proteinuria, and a worse prognosis, which 
makes this STAT1 score a possible prognostic tool [42].

Ideally, both fundamental and clinical approaches are 
combined, yielding a tissue, urine, or blood biomarker of 
which the underlying pathophysiology is understood and 
can be targeted with new treatments, while also correlat-
ing with clinical outcomes so that it can be used in clinical 
diagnosis, prognosis, and prediction of treatment suscep-
tibility. One study identified epidermal growth factor 
(EGF) as such a promising biomarker for the “regenera-
tive functional reserve” of kidney tubules in CKD, as in-
trarenal EGF transcripts and urinary EGF protein con-
centrations correlated with kidney function at time of bi-
opsy and higher values were associated with slower renal 
function decline [41]. This study first identified intrare-
nal transcripts that correlate with kidney function at time 
of biopsy, which identified EGF as such a potential can-
didate because it shows kidney-specific expression in tu-
bular cells and previous studies had already shown the 
anti-apoptotic and pro-proliferative effects of EGF on tu-
bular cells [41]. Next, they confirmed that urinary EGF 
protein concentrations correlated with intrarenal EGF 
transcription and with renal function at time of biopsy 
and inversely correlated with renal function decline and 
interstitial fibrosis and tubular atrophy (IFTA) on biopsy, 
making this a potential noninvasive urinary biomarker to 
identify high-risk CKD patients with a poor prognosis 
[41].

Studies Using RNA-Seq
RNA-seq does not rely on probes that hybridize with 

known sequences of the transcripts of interest, as opposed 
to RT-PCR, ISH, and microarrays. It is therefore an un-
biased way of analysis, in which pre-existing knowledge 
of the oligonucleotide sequence of transcripts is not nec-
essary [62]. Indeed, RNA-seq is considered an “open de-
tection platform” as it enables the detection of both 
known and new transcripts [62]. RNA-seq is also able to 
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detect small oligonucleotide changes and transcript vari-
ants and has a wider detection range of gene expression 
levels than microarrays, as it is more sensitive and does 
not have the problem of “saturation” at high transcript 
levels [8, 11, 62]. Up until now, only 2 studies that use 
RNA-seq on kidney tissue of human FSGS patients have 
been published (online suppl. Table 2) [44, 46]. The first 
study performed small RNA-seq to detect the differential 
expression of microRNAs in FSGS patients [46]. Micro-
RNAs are small noncoding RNA molecules that regulate 
gene expression on the post-transcriptional level by pair-
ing with their target mRNA and promoting mRNA deg-
radation or blockade of translation [73]. This study found 
upregulation of miR-21-5p in kidney tissue of FSGS pa-
tients, which suppresses PTEN, eventually leading to col-
lagen deposition and fibrosis [46]. In the second study, 
Menon et al. [44] proposed the expression of A2M, which 
encodes for α-2-macroglobulin and is a target gene of 
STAT1, as new prognostic biomarker in FSGS, and exem-
plifies how large transcriptomics datasets can be boiled 
down to 1 clinically relevant candidate tissue biomarker. 
This study first performed single-cell RNA-sequencing 
(scRNA-seq) of healthy kidney biopsy tissue. Next, they 
identified 78 genes that were exclusively expressed in glo-
merular endothelial cells (GECs) and created a composite 
GEC score which was determined by the expression of 
these target genes. They interrogated bulk RNA-seq data-
sets of microdissected glomeruli of different glomerular 
diseases and found that FSGS patients had the highest 
GEC score. Next, they divided the FSGS patients in 2 
groups: 1 group with a relatively lower GEC score versus 
another group with a higher score. The differential gene 
expression of group 1 versus group 2 was compared and 
yielded A2M as a significantly differentially expressed tar-
get gene with higher expression in the second group. Fi-
nally, higher A2M expression correlated with worse prog-
nosis, proposing A2M expression as a possible prognostic 
tissue biomarker in FSGS [44].

The Power of Single-Cell Transcriptomics
Microarrays and bulk RNA-seq generate a “transcrip-

tional average” of a group of cells, thereby losing informa-
tion on the transcriptional profile of individual cells, 
which is undesirable in the analysis of the human kidney 
that consists of a highly specialized and differentiated cell 
population [14]. This problem is illustrated by the fact 
that several bulk transcriptomics studies of human FSGS 
patients have found downregulated podocyte-gene ex-
pression [27, 51, 54, 63, 65, 71]: it remains unclear wheth-
er this represents true podocyte downregulation of these 

genes, or whether this observation is confounded by the 
fact that less podocytes are present in the sample due to 
podocyte loss in FSGS. To study the gene expression of 
individual cell populations, cell-sorting techniques, such 
as fluorescence- or magnetic-activated cell sorting can be 
used to enrich for a target cell population, in combination 
with “bulk” transcriptomics techniques. However, this 
approach also averages the transcriptional profile of the 
sorted cell population and still does not reach single-cell 
resolution. Some computational techniques have been 
used to discover cell lineage-specific transcripts from mi-
croarray datasets, but again are unable to elucidate gene 
expression on the single-cell level [22]. In contrast, ISH 
techniques do reach single-cell resolution, but conven-
tional low-throughput techniques can only profile a few 
genes per cell and are therefore not capable of detecting 
complex gene expression signatures.

Recently, scRNA-seq and single-nucleus RNA se-
quencing (snRNA-seq) have been developed, which are 
powerful new high-throughput techniques that are able 
to profile the gene expression of thousands of individual 
cells while retaining single-cell resolution [13, 74]. In 
these techniques, biopsy tissue is mechanically and enzy-
matically dissociated into a viable single-cell suspension 
or single-nucleus suspension [75]. These individual cells 
or nuclei are captured with microfluidic devices into sin-
gle-cell reaction vessels [75]. Most popular techniques are 
droplet-based (e.g., 10× Genomics Chromium Single-
Cell Gene Expression Solution [76], Drop-seq [77], and 
inDrops [78]), in which single cells or nuclei are co-en-
capsulated with barcoded oligonucleotide primers and 
enzymes in partitioning oil, although nanowells (e.g., 
Seq-Well [79], STRT-seq-2i [80]), or chip-based integrat-
ed fluidic circuits (compatible with the C1 system by Flu-
idigm [81]) are used as well [75]. Cells or nuclei are sub-
sequently lysed and mRNA is captured with oligonucle-
otide primers. Next, these transcripts are reverse 
transcribed with incorporation of barcoded single-cell 
information, amplified, and sequenced. Downstream 
bioinformatic analysis is subsequently able to identify dif-
ferent cell types and cell states in a mixed population of 
cells, without prior knowledge of the identified cell types 
and markers [13, 82]. ScRNA-seq and snRNA-seq have 
already been applied to healthy human kidneys [44, 83–
86], and kidney diseases, including glomerular disease 
(lupus nephritis [87–89], IgA nephropathy [90], diabetic 
kidney disease [91]), and renal allografts [44, 74, 92]. Sin-
gle-cell transcriptomics would be very useful in FSGS pa-
tients to identify the gene expression of individual glo-
merular cells and therefore solve the aforementioned 



Transcriptomics in FSGS 273Glomerular Dis 2021;1:265–276
DOI: 10.1159/000518404

problem of whether downregulated podocyte genes in 
FSGS represent true downregulation on the single-podo-
cyte level.

Although very promising, some technical challenges 
arise when using single-cell transcriptomics to study glo-
merular diseases, as glomerular cells and especially podo-
cytes are not easily identified in these single-cell tran-
scriptomics experiments [93, 94]. Indeed, kidney tissue of 
patients with FSGS is generally only available as core nee-
dle biopsies, which yields low cell amounts as starting ma-
terial [74]. To date, only 3 scRNA-seq studies have been 
able to isolate podocytes from core needle biopsies, and 
absolute cell counts were very low [44, 90, 95]. This might 
be especially problematic for FSGS patients in which 
podocyte damage, hypertrophy, and detachment are all 
hallmarks of disease [43], which potentially makes the 
isolation and identification of these abnormal podocytes 
in single-cell transcriptomics experiments more difficult. 
Fortunately, other cells from the glomerular micro-envi-
ronment, such as glomerular endothelial cells are more 
abundantly identified in scRNA-seq experiments [44]. 
Furthermore, microarrays from the tubulointerstitial 
compartments of FSGS patients have also shown differ-
ential gene expression [28, 42, 66], which can also be fur-
ther explored on the single-cell level. When compared to 
scRNA-seq, snRNA-seq might be superior in detecting 
podocytes because it uses stronger dissociation tech-
niques which are more efficient in isolating difficult-to-
dissociate cell types [94, 96]. Indeed, all snRNA-seq stud-
ies on human kidneys were successful in identifying 
podocytes [74, 86, 91]. However, to date, no study has 
applied snRNA-seq method to core needle biopsies of hu-
man kidneys, which is the only sample type available in 
FSGS patients [94]. The first single-cell transcriptomics 
studies on kidney tissue of FSGS patients are highly an-
ticipated and will have to show whether current experi-
mental pipelines are efficient enough to identify affected 
podocytes in FSGS. Ideally, patients with primary, sec-
ondary, and genetic FSGS should be included and their 
gene expression compared, to help elucidate the differ-
ences in pathophysiology and guide identification of can-
didate diagnostic, prognostic, and therapeutic markers in 
the different subtypes.

Recently, 3 studies have performed scRNA-seq on in-
dividual cells present in the urine [87, 95, 97] of which 1 
study identified urinary podocytes, whose transcriptome 
was highly correlated with kidney podocytes [97]. This 
technique might be of interest in FSGS, as affected and 
detached podocytes might be detectable in the urine with 
this technique. However, the viability of these damaged 

and detached podocytes might be lower, and the tran-
scriptional signature of FSGS might be obscured by tran-
scriptional changes induced by the long travel of these 
individual cells through the entire nephron and urinary 
tract. Nevertheless, analysis of urinary cells, including 
podocytes might help in the deconvolution of disease 
pathophysiology and might be a means to discover non-
invasive urinary biomarkers.

Finally, many new (single-cell) “omics” technologies 
enable the measurement of different cell modalities, in-
cluding the genome, epigenome, proteome, and spatial 
context [7]. Some assays combine the measurement of 
several cell modalities in 1 pipeline, including the mea-
surement of single-cell transcriptomes together with cell 
surface proteins (e.g., CITE-seq [98]), chromatin acces-
sibility (e.g., sci-CAR [99], which combines snRNA-seq 
with sciATAC-seq [100]) or spatial context (e.g., spatially 
resolved transcriptomics with Slide-seq [101] and 10× 
Genomics Visium Spatial Gene Expression Solution [94, 
102]. In conclusion, the field of single-cell “omics” is rap-
idly evolving and will create new insights into the under-
lying pathophysiology of FSGS and related glomerular 
diseases.

Conclusion

The field of transcriptomics has evolved massively 
since the first microarray study on kidney tissue of FSGS 
patients in 2004 [64]. Many multicenter initiatives have 
compiled large and well-defined FSGS cohorts, and re-
cent next-generation sequencing and single-cell (multi-) 
omics technologies have enabled integrative analysis of 
disease pathophysiology at the single-cell level. These 
conditions set the stage for the development of diagnos-
tic, prognostic, and therapeutic biomarkers for FSGS pa-
tients, as well as more targeted therapies. We envision a 
near future in which RNA or protein biomarkers are used 
on kidney tissue, blood, or urine of FSGS patients to reli-
ably differentiate them into primary, secondary, or ge-
netic subtypes, predict their risk for rapid disease pro-
gression and their responsiveness to therapies. Finally, a 
deep understanding of FSGS disease pathophysiology will 
enable the development of targeted therapies, which will 
ultimately improve patient outcomes.
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