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Introduction 

Focal segmental glomerulosclerosis (FSGS) is not a specific 

renal disease, but a histological change in glomerular inju-

ry, in which podocytes are the primary target, glomerular 

injury is due to podocyte loss, the pathologic findings are 

focal, and there is segmental glomerulosclerosis with dif-

fuse disappearance of the foot process. FSGS is classified as 

collapsing, tip, cellular, perihilar, and not otherwise speci-

fied variants according to the location and character of the 

sclerotic lesion. The primary clinical feature is varying de-

grees of albuminuria with or without nephrotic syndrome 

(NS). In primary nephropathy, FSGS accounts for nearly 

20% of the NS in children and adults [1]. The incidence of 

FSGS is increasing year by year and it is one of the kidney 
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diseases most likely to develop into end-stage renal disease 

(ESRD), accounting for 10% to 15% of children with end-

stage kidney disease and 3% of adults with ESRD in the 

United States. In addition, FSGS recurs in 20% to 25% of 

transplanted kidney patients [2]. 

The etiology of primary FSGS is still unknown. However, 

knowledge on FSGS is growing quickly, and new advanc-

es need to be translated into clinical practice. Big data in 

respect of the genome has changed our understanding of 

FSGS and shows that there may be specific genetic muta-

tions in FSGS. Kidney biopsies are invasive with potential 

complications, histological examination of kidney tissue 

may not reliably distinguish between idiopathic and sec-

ondary FSGS, and there is an urgent need for reliable non-

invasive biomarkers for accurate diagnosis. Biomarkers 
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such as circulating permeability factors (CPFs), exosomes, 

and metabolomics comprise one research direction, and 

the discovery of new biomarkers also provides a new idea 

for clinical treatment. In terms of treatment, unlike mini-

mal change disease (MCD) patients, most FSGS patients 

respond poorly to glucocorticoids, and the effectiveness 

and safety of immunosuppressors are unknown. Thera-

peutic research is now moving in the direction of precision 

medicine, and several new drugs that selectively target 

different disease pathways are currently being evaluated, 

some with promising results (Fig. 1).  

This review will discuss the genetic analysis, biomarkers 

research, and the update of clinical treatment, so as to un-

derstand the biological characteristics of FSGS and make 

further progress in precision medicine. 

Focal segmental glomerulosclerosis genetics and 
epigenetics 

With the popularization of next-generation sequencing, 

many monogenic causes of FSGS have been found and 

their manifestations are various; these varied causes ex-

plain the lack of diagnosis to a large extent. Identification of 

the monogenic causes of FSGS has moved the podocyte to 

the center of its pathogenesis. Over 50 genes are currently 

known to be involved in FSGS, revealing that the proteins 

they encode are essential for glomerular function [3]. Start-

ing with nephrin gene (NPHS1), many pathogenic genes 

are involved in the maintenance of the structure and func-

tion of podocytes. Most genes have specific variants that 

are reported to contain protein products that are important 

regulators of the podocyte skeleton, signal transduction, 

slit diaphragm components, and the basement membrane. 

Any damage to the glomerular filtration barrier leads to al-

buminuria, some of which can develop into FSGS. 

Multiple genetic forms of FSGS have been reported; Gast 

et al. [4] listed 39 genes associated with FSGS, Preston et 

al. [5] listed 48, and De Vriese et al. [3] listed 55, which 

may account for a significant proportion of FSGS with ste-

roid-resistant NS (SRNS) [6]. Whole exome sequencing was 

performed in 187 SRNS patients by Bierzynska et al. [7] and 

pathogenic variants were detected in 26.2% of patients. Au-

Figure 1. Precision medicine approaches for focal segmental glomerulosclerosis.
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tosomal recessive FSGS mostly develops in childhood, and 

common genes are NPHS 1, NPHS2, PLCE1, and TTC21B 

[7]. Among the 14 gene mutations reported for the PodoNet 

cohort, abnormalities in NPHS2, WT1, and NPHS1 were 

the most common [6]. Autosomal dominant FSGS is more 

common in older children, adolescents, and adults, and 

the most common single gene pathogenic mutation is CO-

L4A3–5 [8], followed by INF2. Other major genes involved 

in autosomal dominant FSGS are TRPC6, WT1, ACTN4, 

LMX1B, and PODXL [9]. A small number of mutations can 

be inherited through X-linked recessive models, such as 

OCRL1 and NXF5 [9,10]. In addition, there is the possibility 

of mitochondrial gene mutation, suggesting that mitochon-

drial gene detection should be perfected when necessary. 

Although extrinsic phenotypes can provide clues to genetic 

disease, not all patients exhibit traits of genetic disease, so 

the phenotypic combination with whole exome sequenc-

ing is an effective tool for early identification of the etiology 

of FSGS. 

Studies in recent years have found that ApoL1 mutations 

cause higher rates of FSGS in African Americans than in 

European Americans. ApoL1 is the trypanolytic factor of 

human serum that confers resistance to certain trypano-

somes. The APOL1 gene may have undergone natural 

selective pressure to counteract these trypanosoma ad-

aptations [11]. The APOL1 gene is one of six members of 

the APOL gene family on human chromosome 22; only 

APOL1 has acquired a secretory signal peptide permitting 

cellular export of the APOL1 protein into the bloodstream. 

Intracellular APOL1 protein lacking a signal peptide is re-

tained within the cell; it is this protein isoform that leads 

to kidney injury within the cell [12]. Approximately 75% 

of black FSGS patients have high-risk APOL1 genotypes. 

Black patients with primary FSGS were more likely to have 

APOL1-related diseases. It was found that APOL1 protein 

was expressed in endothelial cells, podocytes, and prox-

imal tubule cells outside the glomeruli. APOL1 causes 

kidney cell injury via three mechanisms: 1) APOL1 is over-

expressed in podocytes related to cell injury and glomer-

ular injury, leading to cell injury. 2) Increased expression 

of APOL1 risk variants has been shown to induce inflam-

masome activation and cell death pathways. 3) APOL1 

variants G1 and G2 overexpress activated protein kinase R 

in cultured human podocytes, resulting in reduced protein 

synthesis, cell stress, or death [13]. Furthermore, differ-

ences in mitochondrial gene regulation appear to underlie 

many of the differences observed between high-risk and 

low-risk black FSGS patients [14]. 

The CureGN (Cure Glomerulonephropathy) cohort study 

included 650 participants with biopsy diagnoses of FSGS. 

A total of 476 (73%) underwent genetic testing, of whom 

87 (18%) were at high risk, and it was found that high-

risk APOL1 genotypes were the primary factor associated 

with faster loss of kidney function [15]. A cohort study of 

90 black patients with FSGS or MCDs showed that while 

APOL1-associated FSGS is associated with having two risk 

alleles, both one and two risk alleles are associated with 

cellular/tissue changes in FSGS patients [16]. Expression of 

APOL1 risk variants in transgenic mouse models was found 

to increase susceptibility to lipid-dependent podocyte in-

jury, ultimately leading to mitochondrial dysfunction [17]. 

Ge et al. [17] found that in an FSGS model, APOL1 protein 

G1 expression worsened albuminuria and renal function 

in mice, characterized by podocyte-induced activated 

nuclear factor expression. APOL1 protein G1 expression 

in this FSGS model also resulted in increased triglyceride 

and cholesterol ester contents in kidney cortices, where 

lipid accumulation correlated with loss of renal function 

[17]. Recent studies have also found that APOL1’s interac-

tion with the environment and infection may be of greater 

clinical importance in triggering kidney disease in black 

patients [18]. 

Genetic FSGS may either be limited to the kidney or be 

part of a broader syndrome with extrarenal involvement. 

Genetic FSGS may be less responsive to immunosuppres-

sive therapy, and clinicians should consider discontinuing 

immunosuppression to protect patients from the potential 

side effects of such therapy if no clinical benefit is demon-

strated after receiving positive gene test results. In addition, 

patients with monogenic FSGS have a lower rate of dis-

ease recurrence after renal transplantation, whereas those 

caused by CPFs have a higher risk of recurrence [19]. If liv-

ing-related transplantation is considered, it is safest to have 

a genetically unaffected family member donate. Likewise, 

future children of people with hereditary FSGS may inherit 

the disease, and the identification of mutations is import-

ant for genetic counseling of pregnant families [20]. An un-

equivocal molecular diagnosis can enable individualized 

treatment approaches to reduce immunosuppressive ther-

apy, avoid kidney biopsy, and provide accurate, informed 
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genetic counseling [10]. In addition to these clinical bene-

fits, identifying known and pathogenic variants involved in 

monogenic FSGS will better define genotypic-phenotypic 

associations, and provide new avenues for in vitro and in 

vivo studies of the pathophysiological mechanisms of pro-

teinuria. 

Focal segmental glomerulosclerosis and biomarker 

In addition to monogenic factors, biomarkers are also a 

current research direction. FSGS biomarkers cover a broad 

range of biochemical entities, such as proteins, nucleic ac-

ids, small metabolites, and cytogenetics. They can be used 

for risk assessment, diagnosis, prognosis, and the predic-

tion of treatment efficacy and recurrence. The discovery 

of reliable FSGS biomarkers plays a crucial role in disease 

management (Table 1). 

Circulating permeability factors 

CPFs have long been the focus of research. First, in renal 

transplantation, proteinuria was observed in some patients 

within hours after transplantation and was improved by 

plasma exchange. Second, allograft function gradually re-

covered after transplantation from FSGS patients to non-

FSGS patients, suggesting a pathogenic role of one or more 

CPFs in recurrent primary FSGS [21,22]. Recent research 

has developed a novel in vitro assay to detect possible CPF 

activity in plasma in patients with relapsing and primary 

FSGS, suggesting the presence of a delicate balance be-

tween CPFs and a CPF inhibitory factor, which is disturbed 

in patients with active disease [23]. Identification of the 

presence of CPFs is very important for the treatment and 

prognosis of patients, because patients with CPFs have a 

higher risk of recurrence after transplantation, or they may 

choose to use plasma exchange or immunosorbent thera-

py. At present, although some molecules that may be con-

sidered CPFs have been found, the specific characteristics 

and mechanisms are still unclear. 

Soluble urokinase-type plasminogen activator receptor 
Urokinase-type plasminogen activator receptor (uPAR) is a 

membrane-bound glycosylated single-chain protein with 

a molecular weight of 45 to 55 kD and three extracellular 

domains (D1, D2, and D3) associated with a glycosylated 

phosphatidylinositol anchor in cell membranes. Under the 

stimulation of inflammation, infection, and other related 

factors, uPAR is cleaved by proteases from the cell sur-

face, shedding from the cell surface to form soluble uPAR 

(suPAR). Full-length suPAR (suPAR D1–3) can be cleaved 

into two other soluble forms with different biologic proper-

ties, suPAR D2D3 and suPAR D1; suPAR D2D3 is a chemo-

tactic agent [24]. suPAR is widely present in a variety of body 

fluids such as plasma, serum, and urine, and participates 

in a variety of physiological pathways. Under pathological 

conditions, suPAR acts as a chemotactic agent that activates 

the immune system, leading to elevated suPAR levels in 

serum or urine [25]. In the kidney, the main injury mech-

anism involves circulating suPAR entering the glomeruli 

and binding with αvβ3 integrin. The increased level of cir-

culating suPAR activates the αvβ3 integrin of the podocyte, 

mediating the actin skeleton recombination of the podocyte 

and the fusion of the foot process. In addition, pathological 

mitosis of the podocyte is induced, which leads to apoptosis 

of the podocyte and causes proteinuria [26]. 

Wei et al. [26] first reported that suPAR was elevated in 

two-thirds of patients with primary FSGS, but not in oth-

er patients with glomerular disease. They also found that 

higher concentrations of suPAR before transplantation 

underlie the increased risk of FSGS recurrence after trans-

plantation, suggesting that serum suPAR may be a circula-

tory factor in FSGS [26]. Subsequently, suPAR levels were 

found to be significantly positively correlated with FSGS 

and with posttransplantation recurrent FSGS but negative-

ly correlated with MCD and membranous nephropathy, 

suggesting that suPAR levels can distinguish primary FSGS 

from other glomerular diseases [27]. A recent meta-anal-

ysis found that serum suPAR levels were elevated in FSGS 

patients compared to controls; this finding was consistent 

when compared to MCD, but not for membranous ne-

phropathy or immunoglobulin A nephropathy (IgAN) [28]. 

Although suPAR is closely related to the development of 

FSGS, its role is still controversial [29]. In another study 

involving mouse models, the urokinase-type plasminogen 

activator (uPA) knockout group was found to have higher 

plasma suPAR levels, glomerular cell apoptosis, and Th1/

Th2 imbalance, characterized by rapid disease progression 

and increased albuminuria levels. These data suggest the 

levels of serum uPA may be an indicator of the progres-
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Table 1. Summary of biomarkers in primary FSGS
Biomarkers Mechanism of action Findings for FSGS Limitations
CPFs
 suPAR Increased level of circulating suPAR 

activates the αvβ3 integrin of the 
podocyte, mediating the actin 
skeleton recombination of the 
podocyte and the fusion of the foot 
process.

suPAR increased in patients with primary 
FSGS.

Did not cause podocytosis or 
proteinuria in animal models.

suPAR levels were found to be significant-
ly positively associated with FSGS and 
post-transplantation recurrent FSGS.

In a further study serum suPAR 
levels did not differ signifi-
cantly in children.

 CLCF1 CLCF-1 increased the phosphory-
lation of STAT3, activated podo-
cytes leading to the formation of 
lamellipodia and a decrease in 
basal stress fibers, and increased 
glomerular albumin permeability.

The plasma concentration of CLCF1 in pa-
tients with recurrent FSGS was significantly 
higher than that in the control group.

Its pathophysiological effects 
need to be clearly identified 
and validated in different 
patient cohorts.

CLCF1 or FSGS plasma increased permea-
bility to albumin and activated JAK2/STAT3 
pathways in the glomeruli.

 Anti-CD40  
autoantibody

In FSGS, suPAR-mediated podocyte 
injury may lead to the uncovering 
of hidden podocyte epitopes that 
are easily recognized by anti-CD40, 
leading to the production of auto-
antibodies.

Increased antiCD40 antibodies before trans-
plantation had the best correlation with 
the risk of rFSGS after transplantation.

suPAR and anti-CD40 autoan-
tibodies may play a coopera-
tive role in the development 
of rFSGS, but the main cause 
of the disease is not fully 
understood.

In wild-type mice, the injection of anti-CD40/
rFSGS antibodies enhanced suPAR-medi-
ated proteinuria.

ApoA-Ib ApoA-Ib is a misprocessed form of 
proApoA-I. and impair the correct 
ApoA-I reabsorption in the proximal 
tubular cells.

ApoA-Ib was detected in the urine of pa-
tients with rFSGS and was only found in 
patients with rFSGS.

Studies are needed in larger 
cohorts of patients with 
rFSGS and ApoA-Ib cannot be 
tested in anuria patients.

B7-1 B7-1 promotes disease-associated 
podocyte migration through β1 in-
tegrin inactivation. B7-1 mediates 
podocyte injury and glomeruloscle-
rosis through communication with 
the Hsp90ab1-LRP5-β-catenin 
pathway.

B7-1 staining was observed in biopsy speci-
mens from patients with rFSGS.

The exact molecular mecha-
nisms of B7-1 and the clin-
ical response to abatacept 
remain the subject of debate.

Some patients with posttransplant FSGS 
who received abatacept therapy, followed 
by improvement of proteinuria, and stable 
renal function.

Exosomes Exosomes comprise a class of extra-
cellular membrane-bound vesicles 
released from host cells via the 
fusion of the multivesicular body 
with the cell membrane. Specific 
microRNA profiles are associated 
with cellular processes.

Mice expressing transgenic miR-193a rapidly 
progressed to FSGS.

The sample size was small and 
further studies are needed to 
verify the results.

Serum or plasma exosomes 
may not be suitable as they 
may contain non-nephrogenic 
exosomes.

Urine exosome miR-193a levels were signifi-
cantly higher in patients with primary FSGS.

Plasma miR-186 and miR-150 levels were 
correlated with the degree of proteinuria in 
patients with FSGS.

Urinary miR-196a was significantly increased 
in active FSGS.

The miRNA group is also a potential indepen-
dent diagnostic and prognostic factor for 
FSGS.

Metabolomics Enzymes catalyze chemical reactions 
that are essential for cell function. 
The upstream biological disruption 
leads to a series of metabolomic 
changes, and as a result, metabolo-
mics holds a wealth of information.

A significant increase in myo-inositol in 70 
urinary metabolites was found in FSGS 
patients.

The biological interpretation of 
metabolomic data depends 
on the ability to accurately 
identify metabolites.

Single-cell  
transcriptome

Gene expression is examined by par-
tial sequencing of complementary 
DNA clones, revealing the sequence 
and abundance of the correspond-
ing RNA.

Type 1 IFN-mediated STAT1 activation could 
be a key mechanism involved in glomerular 
disease progression for patients with endo-
thelial cell activation.

Providing only a partial sample 
of the cellular transcriptome 
and preferring highly ex-
pressed genes, being sensi-
tive to sample quality, and 
high costs.

TNF-pathway urine 
markers

TNF pathway activation leads to 
adverse outcomes.

Two TNF-pathway urine markers were iden-
tified, which could be used to predict an 
individual’s TNF pathway activation score.

Need to expand clinical sub-
groups.

ApoA-Ib, apolipoprotein A-Ib; CLCF1, cardiotrophin-like cytokine factor 1; CPFs, circulating permeability factors; FSGS, focal segmental glomerulosclerosis; 
IFN, interferon; JAK2: Janus kinase 2; rFSGS, recurrence FSGS; STAT3: signal transducer and activator of transcription 3; suPAR, soluble urokinase-type 
plasminogen activator receptor; TNF, tumor necrosis factor.



sion of FSGS in clinical subjects and animal models [30]. 

In wild-type (WT) and uPAR−/− mouse trials, suPAR was 

deposited within the glomeruli but only in the endothe-

lium not in podocytes, and only in WT mice. Neither trial 

produced a loss of podocytes or albuminuria [31,32]. In a 

further study, serum suPAR levels did not differ significant-

ly in children and it is recommended that future studies 

should be better age-stratified [33]. 

There are several possible reasons for the difference in 

results: 1) Different isoforms and glycosylation statuses of 

suPAR may have different impacts. 2) Modifying factors 

may have mediated suPAR-induced activation of αvβ3 

integrin. 3) Major confounders of suPAR need to be con-

trolled. 4) No appropriate statistical methods were chosen 

[28]. In addition, a low glomerular filtration rate (GFR) may 

increase suPAR levels due to impaired clearance. A recent 

study that analyzed suPAR values in patients with chron-

ic kidney disease (GFR below 60 mL/min/1.73 m2) and 

patients without chronic kidney disease confirmed that 

suPAR was negatively correlated with estimate GFR (eGFR), 

highlighting the significance of suPAR in the assessment 

of FSGS independent of renal function [34]. Although the 

discovery of suPAR as a CPF and biomarker for recurrence 

FSGS (rFSGS) has attracted significant attention, its use in 

the clinical diagnosis of rFSGS still needs to be better un-

derstood. 

Cardiotrophin-kike cytokine factor 1 
Cardiotrophin-like cytokine factor 1 (CLCF1) is a member 

of the IL-6 family of cytokines, with a predicted molecular 

weight of 22 kDa. CLCF1 is considered to be a heterodimer 

composite cytokine that is secreted and circulates with ei-

ther of two proteins, namely cytokine receptor-like factor-1 

(CRLF1) or soluble receptor alpha for ciliary neurotrophic 

factor. CRLF1 is essential for normal kidney development, 

and CRLF1 and CLCF1 appear to function as heterodimers 

in neuronal differentiation and kidney development. 

An earlier study identified CLCF1 in the active fraction 

from galactose affinity chromatography. CLCF1 is pres-

ent in the plasma of active FSGS patients and decreases 

nephrin expression by glomeruli and cultured podocytes. 

In the aforementioned study, the plasma concentration of 

CLCF1 in patients with recurrent FSGS was significantly 

higher than that in the control group. The authors suggest-

ed that CLCF1 might be a permeability factor for recurrent 

FSGS [35]. The team then found that CLCF-1 increased 

the phosphorylation of signal transducer and activator 

of transcription (STAT) 3 in multiple cell types, activated 

podocytes leading to the formation of lamellipodia and a 

decrease in basal stress fibers, increased glomerular albu-

min permeability, and increased STAT3 phosphorylation 

of peripheral blood cells and the renal cortex. CLCF-1 has 

also been shown to increase the urine albumin/creati-

nine ratio in mice and increase the B-cell expression of 

immunoglobulin G in mouse spleens [36]. Research by 

Savin et al. [36] also showed that CLCF1 or FSGS plasma 

increased permeability to albumin and activated Janus 

kinase 2 (JAK2)/STAT3 pathways in the glomeruli. Sharma 

et al. [37] compared the effect of CLCF1 sera from FSGS 

patients on glomerular albumin permeability in vitro using 

anti-CLCF1 antibody or inhibitors of JAK2 and STAT3. The 

results showed that the monomer CLCF1 or FSGS serum 

increased, while the heterodimer CLCF1-CRLF1 attenuat-

ed the effect [37]. These studies provide a direction for the 

role of CLCF1 and its related molecules in the etiology of 

relapsing FSGS. 

Anti-CD40 autoantibody 
The CD40 receptor and CD40L ligand are transmembrane 

proteins that belong to the tumor necrosis factor (TNF) re-

ceptor superfamily and are critical to the initiation and sus-

tainment of the inflammatory response. The CD40–CD40L 

pathway is the backbone of cell-cell communication in the 

immune system. It is involved in the pathogenesis of im-

mune system diseases, transplant rejection, nervous sys-

tem regulation, cardiovascular diseases, and tumors. Renal 

epithelial cells and podocytes have been shown to express 

CD40 and identified as antigen-presenting cells, and circu-

lating anti-CD40 autoantibody is considered a permeability 

factor for FSGS [38]. 

Delville et al. [39] processed 141 serum samples from 64 

rFSGS patients and 34 non-FSGS control patients from four 

hospitals and selected 10 antibodies against glomerular 

antigens for enzyme-linked immunosorbent assay valida-

tion. A panel of seven antibodies (CD40, PTPRO, CGB5, 

FAS, P2RY11, SNRPB2, and APOL2) could predict rFSGS af-

ter transplantation with 92% accuracy. Increased antiCD40 

antibodies before transplantation had the best correlation 

with the risk of rFSGS after transplantation (78% accuracy). 

The authors found that anti-CD40 antibodies purified from 
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rFSGS patients were particularly pathogenic in human 

podocyte cultures. In WT mice, the injection of anti-CD40/

rFSGS antibodies enhanced suPAR-mediated proteinuria, 

but no sensitization was observed in mice deficient in 

CD40 or in WT mice receiving CD40-blocking antibodies 

[39]. It was found that suPAR-mediated podocyte injury 

in FSGS may lead to the uncovering of hidden podocyte 

epitopes, leading to the production of autoantibodies. In 

rFSGS serum, two β-hairpin peptides (NSQCC and ESEF) 

were found between the two antiparallel beta-strands of 

the CD40 structure. The flexible folding of these peptides 

makes them particularly exposed and easily recognized by 

anti-CD40 from rFSGS patients [39]. 

Apolipoprotein A-Ib 

In addition to the possible presence of CPFs in the blood, 

there also appear to be meaningful biomarkers in the 

urine. Apolipoprotein A-Ib (ApoA-Ib) is the heavier form 

of ApoA-I, and the increase in molecular weight may cor-

respond to a posttranslational change in the conventional 

form of ApoA-I. Lopez-Hellin et al. [40] detected ApoA-

Ib in the urine of patients with relapsed FSGS, and since it 

was only found in relapsed patients, it was speculated that 

ApoA-Ib might be a biomarker associated with the disease 

activity of relapsed FSGS. In a retrospective cohort study of 

61 renal transplant patients (37 FSGS and 24 non-FSGs), 

the sensitivity, specificity, and negative predictive value of 

ApoA-Ib diagnosis of FSGS relapses were 93.3%, 90.9%, and 

95.2%. In the prospective cohort, ApoA-Ib predated the re-

currence in four out of five episodes observed. In the non-

relapsing group (n = 9), ApoA-Ib was negative in 37 of 38 

samples. ApoA-Ib has the potential to be a good diagnostic 

biomarker for FSGS relapses [41]. The mass spectrometry 

analysis revealed three extra amino acids at the N-terminal 

end of ApoA-Ib that were not present in the standard plas-

matic form of ApoA-I. These amino acids corresponded 

to half of the propeptide sequence of the immature form 

of ApoA-I (proApoA-I), indicating that ApoA-Ib is a mis-

processed form of proApoA-I [42]. The team’s latest study 

showed that ApoA-I was localized at the brush border of 

tubule cells in patients with recurrent FSGS, while ApoA-I 

was distributed along the cytoplasm of tubule cells in non-

FSGS patients. This suggests that ApoA-I staining in a 

kidney biopsy, coupled with the determination of ApoA-Ib 

in urine, can be used as a diagnostic tool for the relapse of 

primary FSGS after kidney transplantation due to its highly 

specific tubular distribution [43]. 

B7-1 (CD80) 

Recent studies have found that the expression of B7-1 on 

podocytes is considered to be both a biomarker and a ther-

apeutic target. B7-1 (CD80) is a new biomarker of podocyte 

injury discovered in 2004. B7-1 is a transmembrane protein 

normally expressed by antigen-presenting cells, playing a 

key role in initiating and modulating immune responses 

by activating (when combined with CD28) or inactivating 

(when combined with CTLA-4) T cells. B7-1 may play a role 

in proteinuria, actin recombination, and podocyte migra-

tion [44]. 

Yu et al. [45] observed B7-1 staining in biopsy speci-

mens from patients with relapsed FSGS and treated five 

FSGS patients with abatacept, an inhibitor of the T-cell 

costimulatory molecule B7-1. Abatacept partially or com-

pletely alleviated proteinuria in these patients, suggesting 

that B7-1 may be a useful biomarker for the treatment of 

FSGS [45]. Recently, the team described nine patients with 

posttransplant FSGS who received abatacept therapy, fol-

lowed by improvement or resolution of proteinuria, and 

stable renal function. The presence of B7-1 in podocytes 

in the kidney transplant biopsies of FSGS recipients after 

transplantation suggested a subset of patients who may 

benefit from abatacept therapy [46]. The mechanism may 

be that B7-1 promotes disease-associated podocyte mi-

gration through β1 integrin inactivation, which is reversed 

by abatacept. In addition, B7-1 mediates podocyte injury 

and glomerulosclerosis through communication with the 

Hsp90ab1-LRP5-β-catenin pathway [47]. The exact molec-

ular mechanisms of B7-1 and the clinical response to aba-

tacept, however, remain the subject of debate. Novelli et al. 

[48] analyzed the expression of B7-1 in the kidneys of Balb/

c mice injected with adriamycin, and the model was very 

similar to the histological lesions of human FSGS; however, 

the expression of B7-1 in the glomerulus was not detected 

in either polyclonal or monoclonal antibodies. Eroglu et 

al. [49] found that CD80 expression was positive in only 

six of 19 FSGS biopsies. Cd80-positive biopsies showed 

a decreased number of FOXP3-positive CD4 T cells, sug-

gesting that a decreased anti-inflammatory milieu may be 

Xie and Liu. Precision medicine for FSGS
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a cause of increased CD80 expression [49]. A systematic 

review including 11 studies (n = 32) showed that the effica-

cy of abatacept therapy for FSGS or MCD was only 43.8%. 

Abatacept should only be used in patients with positive 

B7-1 staining on kidney biopsies, as these patients tend to 

respond to treatment [50]. Although B7-1 offers new hope 

as a biomarker of podocytes, many questions remain about 

the current data. 

Exosomes 

Exosomes comprise a class of extracellular membrane- 

bound vesicles released from host cells via the fusion of 

the multivesicular body with the cell membrane. Specific 

microRNA (miRNA) profiles are associated with cellular 

processes such as fibrosis, inflammation, and epitheli-

al-mesenchymal transformation. Exosomal miRNA has 

also been found to be associated with the development of 

FSGS. Gebeshuber et al. [51] revealed that mice expressing 

transgenic miR-193a rapidly progressed to FSGS, present-

ing extensively as the effacement of podocyte foot process-

es. Meanwhile, upregulation of miR-193a levels has been 

observed in the isolated glomeruli of adults with FSGS [51]. 

It was found that urine exosome miR-193a levels were sig-

nificantly higher in patients with primary FSGS than in pa-

tients with minimal change nephropathy (MCN) and IgAN. 

The area under the receiver operating characteristic values 

for distinguishing primary FSGS from MCN or IgAN were 

0.85 and 0.821 [52,53]. Possible mechanisms include the 

following: 1) miR-193a inhibits the expression of Wilms’ 

blastoma protein (WT1), and decreased WT1 expression 

leads to downregulation of its target genes PODXL (podoc-

alyxin) and NPHS1 (nephrin), as well as several other genes 

critical to podocyte structure, affecting podocyte stability 

[51]. 2) Overexpression of miR-193a in vivo results in the 

upregulation of human parietal epithelial cell (PEC) mark-

ers and the loss of podocyte markers in isolated glomeruli 

[54]. 3) MiR-193a drives inflammatory response activation, 

upregulation of complement and fibrinogen pathways, 

and several protease inhibitors, leading to changes in the 

extracellular matrix [55]. Other studies showed that plasma 

miR-186 and miR-150 levels were correlated with the de-

gree of proteinuria in patients with FSGS [56,57]. Urinary 

miR-196a was significantly increased in active FSGS, and 

patients with higher levels of urinary miR-196a had lower 

renal survival than patients with lower levels of urinary 

miR-196a [58].  

The miRNA group is also a potential independent diag-

nostic and prognostic factor for FSGS. It was found that 

four miRNAs (miR-17, miR-451, miR-106a, and miR-19b) 

were significantly downregulated in the plasma of FSGS 

patients, which may lead to enhanced apoptosis of podo-

cytes during FSGS development [59]. Urinary miR-196a, 

miR-30a-5p, and miR-490 discriminated active FSGS from 

FSGS in remission. After steroid treatment, their levels were 

lower in steroid-responsive patients with FSGS but were 

unchanged in steroid-resistant patients [60]. Yildirim et al. 

[61] found that miR-34c, miR-132, and miR-214 play a role 

in autophagy regulation and prorenin receptor expression 

in podocytes by regulating the expression of key autophagy 

proteins. Urine miR-155-5p was also significantly increased 

in experimental models of FSGS [62]. 

Therefore, exosomes may be a potential source of 

new biomarkers for FSGS. The noninvasive acquisition 

of urinary exosomes is another advantage, whereas se-

rum or plasma may not be suitable as they may contain 

non-nephrogenic exosomes. 

Metabolomics 

Metabolomics studies also provide potential early bio-

markers for FSGS. A significant increase in myo-inositol in 

70 urinary metabolites was found in FSGS patients, which 

was inversely proportional to the initial eGFR and correlat-

ed with plasma suPAR levels. In an in vitro FSGS model, 

myo-inositol treatment improved the decreased expression 

of ZO-1 and synaptopodin, and as myo-inositol increased, 

myo-inositol oxygenase tissue expression decreased pro-

portionally to eGFR. It has been suggested that myo-inosi-

tol in urine may be an important indicator for the diagnosis 

and treatment of FSGS patients [63]. 

Single-cell transcriptome 

In recent years, RNA sequencing approaches at the sin-

gle-cell transcriptome level have also been applied in the 

diagnosis of FSGS. Menon et al. [64] found that type 1 in-

terferon (IFN)-mediated STAT1 activation could be a key 

mechanism involved in glomerular disease progression for 

patients with endothelial cell activation. They identified 



Xie and Liu. Precision medicine for FSGS

9www.krcp-ksn.org

two distinct FSGS groups with significant differences in in-

trarenal A2M gene expression levels. The group with higher 

A2M gene expression was associated with poor prognosis 

[64]. Although single-cell studies have certain limitations, 

such as providing only a partial sample of the cellular tran-

scriptome and preferring highly expressed genes, being 

sensitive to sample quality, and high costs limiting the 

ability to perform large-scale analysis, they also provide a 

direction for precision therapy. 

In addition, renal tubule interstitial injury and fibrosis 

have been shown to be closely related to a decreased GFR 

and treatment response. Although FSGS is a glomerular 

disease, it is possible to detect pathways associated with 

disease progression in the renal tubulointerstitial profile. 

Mariani et al. [65] used an unbiased transcriptomic-driven 

approach to identify a subgroup of patients with MCDs 

or FSGS that shared renal TNF pathway activation and 

adverse outcomes. Two TNF-pathway urine markers were 

identified, i.e., tissue inhibitor of metalloproteinases-1 and 

monocyte chemoattractant protein-1, which could be used 

to predict an individual’s TNF pathway activation score [65]. 

The study of the renal tubulointerstitial TNF pathway may 

represent the pathogenesis and chronic progression of glo-

merular disease. 

Focal segmental glomerulosclerosis and treatment 

The most commonly used drugs for FSGS include gluco-

corticoids and calcineurin inhibitors (CNIs). Other drugs 

such as mycophenolate mofetil, adrenocorticotropic hor-

mone, or rituximab (RTX), have been used for some time, 

but their efficacy is still debatable [66,67]. The strategy of 

protecting podocytes based on precision medicine is the 

development direction in respect of progressive kidney 

disease. The molecular pathways associated with FSGS are 

targets for several emerging therapies and, while they are 

still being explored, they can also serve as a framework for 

precision medicine to identify appropriate drugs for specif-

ic patients with FSGS (Table 2). 

Immunosuppressors are usually used in combination 

with renin-angiotensin system inhibitors (RASIs) in FSGS, 

but immunosuppressors have many adverse effects. Stud-

ies have shown that endothelin (ET) can damage podo-

cytes through a variety of molecular mechanisms, includ-

ing promoting inflammatory response and fibrosis. ET type 

A (ETA) receptor antagonists enhance the effects of RASI, 

and small-molecule ET-receptor antagonists or RASIs im-

prove parenchymal injury and reduce proteinuria in FSGS 

rodent models [68]. DUET was a phase 2 randomized, dou-

ble-blind, active-control study of the efficacy and safety 

of the dual ET-receptor and angiotensin-receptor blocker 

sparsentan (RE-021) in patients with FSGS. Compared with 

irbesartan, patients treated with sparsentan had a greater 

decrease in proteinuria and experienced no adverse effects 

[69]. Therefore, dual inhibition of the renin-angiotensin-al-

dosterone system and ETA receptors seems to be a prom-

ising approach, and further clinical trials are needed to 

clarify the efficacy. 

Table 2. Summary of clinical trials for drugs targeting the FSGS
Drug Target Status References and NCT number
Sparsentan ARB and ETA Phase III NCT03762850
ION532 APOL1 Phase I [76]
VX-147 APOL1 Phase II NCT04340362
AZD2373 APOL1 Phase I NCT04269031
Adalimumab TNF-α Phase II NCT00814255
Ofatumumab CD20 Phase II NCT02394106
Ofatumumab CD20 Phase II NCT02394119
GFB-887 TRPC5 Phase IIa NCT04387448
PF-06730512 ROBO2 Phase II NCT03448692
Bardoxolone methyl NRF2 Phase II NCT03366337
LNA-antimiR-150 miR-150 Preclinical [57]

APOL1, apolipoprotein L1; ARB, angiotensin-receptor blocker; ETA, endothelin type A; FSGS, focal segmental glomerulosclerosis; NCT, National Clinical Tri-
al; NRF2, nuclear factor erythroid 2-related factor 2; ROBO2, roundabout guidance receptor 2; TNF-α, tumor necrosis factor alpha; TRPC, transient receptor 
potential channel.
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Genetic testing is recommended for highly suspected 

genetic problems. Although some cases of hereditary SRNS 

partially respond to CNIs, genetic FSGS is usually resistant 

to immunosuppression and does not recur after kidney 

transplantation. The identification of a monogenic (such as 

TRPC6, ARHGDIA, PLCE1, and ADCK4) cause could result 

in new treatment possibilities for specific patients. Coen-

zyme Q10 is an important part of the mitochondrial respi-

ratory chain. The recessive mutation of the gene encoding 

the protein in the biosynthetic pathway of coenzyme Q10 

can lead to the deficiency of coenzyme Q10 and cause 

FSGS/SRNS [70]. In one study, genes involved in the coen-

zyme Q10 biosynthesis pathway (PDSS2, COQ2, COQ6, and 

COQ8B/ADCK4) were found to be mutated in about 1% to 

2.7% of SRNS cases [71]. Once the genetic diagnosis is clear, 

early treatment with coenzyme Q10 can benefit patients 

[72,73]. Researchers suggest that all patients diagnosed 

with primary CoQ 10 deficiency should receive early and 

lifelong coenzyme Q10 supplementation to slow the pro-

gression of kidney disease and prevent further damage to 

other organs [74]. Some reports suggest that patients with 

FSGS caused by genetic mutations, such as PLCE1, TRPC6, 

and APOL1, may occasionally have a partial response to 

immunosuppressive agents, although data are limited [75]. 

APOL1-mutation–induced FSGS has been found in Af-

rican patients. The current treatment for APOL1 nephrop-

athy is nonspecific and the efficacy is not satisfactory. 

Aghajan et al. [76] developed a transgenic mouse model 

of APOL1 and discovered the first APOL1 inhibitor, IO-

NIS-APOL1Rx, which is a potent antisense treatment of 

APOL1 and can systematically inhibit the expression of 

APOL1 in the liver and kidney. IONIS-APOL1Rx effectively 

improved IFN-γ–induced albuminuria in APOL1 G1 mice 

in a dose-dependent manner [76]. Yang et al. [77] admin-

istered antisense oligonucleotides (ASO) targeting APOL1 

to podocyte-specific G2APOL1 mice and observed an 

efficient reduction in APOL1 levels. They concluded that 

APOL1 ASO1 may be an effective therapeutic approach 

for APOL1-associated glomerular disease. Two therapies 

that inhibit APOL1 function have undergone clinical tri-

als. One was a pharmacokinetic study of escalating single 

doses of a subcutaneously administered ASO (AZD2373) 

against APOL1 conducted by AstraZeneca; this was ter-

minated, seemingly because the sponsor felt that there 

were sufficient data available for further study and that 

higher doses were associated with injection site reactions 

(NCT04269031). The other was a phase II study spon-

sored by Vertex Pharmaceuticals testing VX-147, an oral 

small-molecule APOL1-active inhibitor, in patients with 

APOL1-associated FSGS (NCT04340362). In addition, JAK 

inhibitors may have therapeutic benefits for managing 

cytokine-induced, APOL1-mediated podocytopathy [78]. 

Although the therapeutic effect is still unknown, targeted 

therapy for patients with APOL1 high-risk alleles will be an 

important advance in the accurate treatment of FSGS. 

Because TNF-α and peroxisome proliferator activator 

gamma pathways are involved in FSGS, and galactose has 

been found to neutralize circulating FSGS permeability fac-

tor activity, the FONT phase II clinical trial (NCT00814255) 

was designed to assess the efficacy of adalimumab and 

galactose compared to standard medical therapy, which 

usually comprises lisinopril, losartan, and atorvastatin. 

Oral administration of galactose resulted in at least a 50% 

reduction in albuminuria in three of the seven subjects, 

with stable eGFR in two subjects. The findings suggest that 

adalimumab is not a viable drug for further study in resis-

tant FSGS patients and galactose seems to have potential 

value [79]. 

B-cell–targeting drugs reduce the B-cell production 

of antibodies and have been shown to be effective and 

relatively safe in a variety of immune-mediated kidney 

diseases. RTX is a chimeric monoclonal antibody that spe-

cifically binds to CD20-positive lymphocytes and can kill 

B cells by binding to CD20. A meta-analysis of 221 adult 

patients in 16 studies found that overall remission and re-

lapse rates were 53.6% and 47.3%, respectively, and there 

were fewer serious adverse effects [80]. B-cell-targeting 

drugs reduce the B-cell production of antibodies and have 

been shown to be effective and relatively safe in a variety 

of immune-mediated kidney diseases [81,82]. The toxicity 

of anti-CD20 monoclonal antibodies has been limited to 

post-infusion side effects in children with more complex 

diseases. Adverse reactions were more common in patients 

treated with ofatumumab [83]. 

The transient receptor potential canonical-5-Ras-related 

C3 botulinum toxin substrate 1 (TRPC5-Rac1) pathway is 

central to the pathogenesis of podocyte injury. Rac1 ac-

tivation leads to elevated reactive oxygen species, which 

promote cytoskeletal remodeling and podocyte death. 

Therefore, reducing the Rac1 level by inhibiting TRPC5 has 
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potential as a targeted therapy for podocytosis. GFB-887 is 

a podocyte-targeting, small-molecule inhibitor of TRPC5 

designed specifically to treat patients with glomerular kid-

ney diseases characterized by overactivation of the TRPC5-

Rac1 pathway. TRACTION-2 was a phase 2a, double-blind, 

placebo-controlled, multiple escalation dose study 

(NCT04387448) of GFB-887, in which GFB-887 was found 

to be safe and well tolerated, having a pharmacokinetic 

profile allowing once-daily dosing, and dose-dependently 

decreased urinary Rac1 in healthy adults [84]. 

Roundabout guidance receptor 2 (ROBO2) is a cell ad-

hesion molecule that belongs to the Ig superfamily of sin-

gle-pass transmembrane receptors. In humans, mutations 

in ROBO2 or its ligand slit guidance ligand 2 (SLIT2) can 

cause urinary birth defects. Studies have shown that the in-

hibition of glomerular ROBO2/SLIT2 signaling can stabilize 

podocyte adhesion. ROBO2 may be a therapeutic target 

for podocyte injury and podocyte disease [85,86]. PODO 

(NCT03448692) is an open-label, phase IIa, multicenter 

trial in adults with FSGS. The ongoing trial will evaluate the 

initial efficacy and safety of ROBO2/ SLIT2 inhibition with 

the ROBO2 fusion protein PF-06730512 in patients with 

FSGS [87]. 

MiRNA also plays an important role in the treatment of 

FSGS. It was found that upregulation of miR-150 in human 

podocytes increases profibrotic proteins and decreases the 

antifibrotic suppressor of cytokine signaling 1. MiR-150 in-

hibitors improve doxorubicin-induced FSGS in mice, and 

the renal protective mechanism may be mediated by anti-

fibrosis, anti-inflammation, and reduction of T-cell infiltra-

tion in the kidney [57]. A significant increase in miR-155-

5p was also found in an FSGS mouse model and Nrf2 is the 

direct target of miR-155-5p; in that model, anti-miR-155-

5p mitigated kidney damage and delayed the progression 

of renal fibrosis. MiR-155-5p was significantly increased in 

urine, suggesting that urine miR-155-5p may be useful in 

the diagnosis of FSGS [62]. Glomerular PECs are speculat-

ed to be pathogenic and comprise extracapillary prolifer-

ation in FSGS. MiR193a is a novel mediator that connects 

podocyte loss and PEC activation. In a mouse model of 

primary FSGS, induction of miR193a led to the downreg-

ulation of WT1, leading to podocyte dedifferentiation [88]. 

Thus, downregulation of miR193a with a similar drug ap-

pears to be promising for improving podocyte morphology 

in pathologic conditions. 

Conclusion 

At present, FSGS still represents a difficult problem in the 

field of glomerular diseases, with limited therapies and 

poor prognosis. In this paper, we reviewed the rapid devel-

opments in precision medicine in FSGS. Genomics is the 

foundation of precision medicine research, and proteom-

ics and transcriptomics can provide diagnostic biomarkers 

and therapeutic targets. The search for genetic tests and 

biomarkers in FSGS is continuing, and therapies targeting 

specific molecular markers or other biomarkers are being 

further developed. This reveals the complexity of FSGS and 

requires a major shift in treatment modalities, from his-

tologically type-centric to gene-level or molecular-mark-

er-oriented diagnosis and treatment that is intended to 

provide individual choices for each patient. At present, pre-

cision medicine research still faces many challenges, such 

as the lack of random, large sample, and high-matching 

clinical trials; the identification of meaningful biological 

markers; the need for advanced technical support; and the 

difficulty in obtaining targeted therapeutic drugs. We be-

lieve that with the continuous expansion of precision med-

icine approaches in FSGS, there will be increasing patient 

benefits by which to achieve diagnosis and treatment at the 

individual level. 
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