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Abstract

Our understanding of the pathogenesis of most primary glomerular diseases, including IgA 

nephropathy, membranous nephropathy and focal segmental glomerulosclerosis, is limited. 

Advances in molecular technology now permit genome-wide, high-throughput characterization of 

genes and gene products from biological samples. Comprehensive examinations of the genome, 

transcriptome, proteome and metabolome (collectively known as omics analyses), have been 

applied to the study of IgA nephropathy, membranous nephropathy and focal segmental 

glomerulosclerosis in both animal models and human patients. However, most omics studies of 

primary glomerular diseases, with the exception of large genomic studies, have been limited by 

inadequate sample sizes and the lack of kidney-specific data sets derived from kidney biopsy 

samples. Collaborative efforts to develop a standardized approach for prospective recruitment of 

patients, scheduled monitoring of clinical outcomes, and protocols for sampling of kidney tissues 

will be instrumental in uncovering the mechanisms that drive these diseases. Integration of 

molecular data sets with the results of clinical and histopathological studies will ultimately enable 

these diseases to be characterized in a comprehensive and systematic manner, and is expected to 

improve the diagnosis and treatment of these diseases.
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Introduction

Primary glomerulonephritides—glomerular diseases that are not caused by a systemic 

disease—are the third leading cause of end-stage renal disease (ESRD) in the USA and 

remain major causes of chronic kidney disease in China and worldwide.1,2 The underlying 

molecular basis of most primary glomerulonephritides is, however, still largely unknown. 

As a result, the current classification of primary glomerulonephritides still relies on renal 

histologic features, and disease-specific therapies are lacking. Current therapeutic options 

for primary glomerulonephritides are limited to corticosteroids and immunosuppressive 

agents, which mainly target the immune system but also exert antiproteinuric effects by 

acting directly on the glomerular podocytes.3 Long-term use of these medications is, 

however, fraught with adverse effects, treatment resistance and loss of response.

Conventional studies, using hypothesis-driven and candidate-gene approaches, have 

identified various genes, growth factors and signalling pathways that are involved in primary 

glomerulonephritides, although these approaches do not fully capture the entire picture of 

disease and have not been successful in identifying the underlying molecular basis of these 

diseases. With advances in molecular medicine, however, we can now profile the molecular 

signature of a large number of biological samples on a genome-wide scale, and do so faster 

than ever before. This ability to capture the molecular signature of an affected organ with 

novel high-throughput methods and to integrate these molecular findings with laboratory 

and clinical parameters will facilitate examination of the primary glomerulonephritides as an 

interacting network of genes, proteins and biochemical reactions that affect the function of 

cells and organs (Box 1).

Box 1

An overview of molecular genetics

The essential hereditary information of a living organism is encoded along DNA-based 

nucleotide sequences. DNA is transcribed into RNA-based sequences, which are then 

decoded and translated into the proteins that ultimately carry out most of the cellular 

functions. Products of biological reactions catalysed by proteins are known as 

metabolites.

The entire repertoire of DNA-based genetic information, RNA transcripts, proteins and 

metabolic products in a collection of cells or organisms are known as the genome, 

transcriptome, proteome and metabolome, respectively. Experimental methods that are 

capable of measuring these changes on the genome-wide scale are referred to as ‘omics’ 

technologies.

With the invention and rapid development of molecular technologies for measuring these 

biomolecules over the past two decades, it is now possible to examine the molecular 

signature of disease in a comprehensive and high-throughput manner.

During the past decade, several investigators have applied this systems biology approach to 

the study of the primary glomerulonephritides. The general applications of systems biology 

for studying kidney diseases (molecular techniques, analytical tools and the interpretation of 
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these large data sets),4 interpreting the results of genetic studies by linking genotypes to 

phenotypes,5 and studying diabetic kidney disease have been discussed previously.6–8 In this 

Review, therefore, we focus on studies that have examined the genome, transcriptome, 

proteome or metabolome of patients and animal models of IgA nephropathy (IgAN), 

membranous nephropathy and focal segmental glomerulosclerosis (FSGS). Results from 

these studies have enriched our understanding of this group of complex diseases in a way 

that would not have been possible using traditional hypothesis-driven and candidate-gene 

approaches.

Genome-wide analyses

Several genomic data sets have been generated for IgAN, membranous nephropathy and 

FSGS over the past decade, and the interpretation of this information is fundamental to 

understanding the mechanisms of these diseases and the development of targeted therapies. 

The genome of all cell types in a given organism is essentially the same, although the 

transcriptome, proteome and metabolome can differ greatly. The use of various sources of 

biological samples could, therefore, provide detailed information about the molecular 

characteristics of primary glomerulonephritides (Figure 1). Of note, quantitative analyses of 

the genome, transcriptome, epigenome, proteome and metabolome of a single cell have been 

described in other organisms and systems, but have not yet been applied to the study of 

kidney disease.

Genomic studies

High-density oligonucleotide microarray technology enables the simultaneous interrogation 

of hundreds of thousands of single nucleotide polymorphisms (SNPs). The pattern of SNPs 

across the genome is different for every individual. Genome-wide association studies 

(GWAS) and family-based linkage disequilibrium studies both rely on SNP genotyping to 

map genetic loci related to a disease phenotype. However, the two approaches differ in their 

experimental design. GWAS correlate SNPs with a disease phenotype in a population, 

whereas linkage disequilibrium studies examine the segregation of SNPs within a family 

that includes several affected individuals, to identify disease-related loci. For single-gene 

diseases, mapping of the disease-related loci in a family of affected individuals has 

traditionally relied on linkage disequilibrium mapping. By contrast, risk alleles for polygenic 

diseases are now usually identified by GWAS. The advantage of GWAS is that common 

disease genes can be identified. The disadvantage of this approach, however, is that the 

aggregated risk of disease conferred by all identified disease-related loci usually accounts 

for only a small proportion of the risk of developing the disease. An important caveat to 

consider in the interpretation of results from GWAS is that identification of an association 

between a gene variant and a disease phenotype does not necessarily imply a causal 

relationship between the two. Loci identified in GWAS are, in fact, rarely the causal 

variants. Instead, the identified disease-associated polymorphisms might segregate along 

with the causal gene simply because they occur in the same piece of chromosome (linkage 

disequilibrium). Alternatively, the identified loci could have a permissive role; that is, they 

facilitate the manifestation of the phenotype, but by themselves are not sufficient to cause 

the disease.
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Sequencing an individual’s entire genome has become much faster and more affordable with 

the introduction of next-generation DNA sequencing technology. However, it is still not 

practical to analyse the whole genome of every participant in GWAS. Instead, researchers 

continue to rely on mapping of SNPs spread out across the genome. Other approaches are, 

however, becoming feasible. For example, sequencing the entire coding regions of the 

human genome, known as whole-exome sequencing, has changed the way we study rare 

Mendelian disorders. As 85% of all genetic mutations with a Mendelian pattern of 

inheritance occur within the exome, direct sequencing of all 180,000 protein-encoding 

human exons will greatly facilitate the discovery of causative genes for single-gene 

disorders, most of which are rare and difficult to study by SNP-based techniques. Indeed, 

among the estimated 5,400 known diseases that follow a Mendelian pattern of inheritance, 

the disease-causing gene has been identified in only about 2,600.9 Whole-exome sequencing 

has already identified several genes related to FSGS, for example COQ6,10 MYO1E11 and 

NEIL2.12 Sequence-level data from whole-exome sequencing experiments is expected to 

provide a deep layer of information that is not available from SNP genotyping.

Transcriptomic studies

The transcriptome encompasses all RNA-based molecules, including mRNA, ribosomal 

RNA, transfer RNA and other noncoding RNAs, such as the microRNAs (miRNAs), a 

family of RNAs that are approximately 22 nucleotides long. The miRNAs are endogenously 

produced transcripts that are involved in the fine regulation of gene expression.

The transcriptome is particularly pertinent for contextualizing the molecular basis of disease 

processes. The transcriptome of cells and organs directly implicated in, or affected by a 

disease, is generally considered most informative for understanding its pathogenesis. In the 

primary glomerulonephritides, the cells involved in disease processes could be kidney cells 

or circulating immune cells, and the affected cells are podocytes, parietal epithelial cells, 

mesangial cells, endothelial cells and renal tubular cells. However, glomeruli occupy less 

than 5% of the total kidney mass, and the molecular signatures of the kidney cortex are 

likely to be very different from those of the glomerular compartment or of specific cell types 

within the glomerulus. Several approaches, including glomerular sieving and laser-capture 

microdissection,13 have been developed to isolate glomeruli from biological specimens, 

such as nephrectomy samples or renal biopsy cores. The cellular yield from these 

approaches is sufficient for transcriptomic analysis.

One of the earliest attempts to fully characterize the regulation of genes in human renal 

biopsies was undertaken by investigators who established the European Renal cDNA Bank 

(ERCB)–Kroener-Fresenius Biopsy Bank.14 The Nephrotic Syndrome Study Network 

(NEPTUNE) is another major multicentre initiative that is funded by the NIH to 

prospectively enrol patients with minimal change disease (MCD), membranous nephropathy 

and FSGS, and to collect clinical data and biological samples from these patients.15 One of 

the goals of NEPTUNE is to correlate clinical parameters with molecular signatures in 

biological samples, including the kidney transcriptome. Many published data sets of the 

kidney transcriptome are curated and accessible through Nephromine.16
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Proteomic, metabolomic and histologic analyses

Proteins and metabolites excreted in the urine provide a unique opportunity to examine the 

proteome and metabolome of the kidney in a noninvasive manner. The clinical utility of the 

urinary proteome is widely recognised for diagnosis and predicting the prognosis of patients 

with kidney disease.17–19 However, metabolomic studies are currently scarce in kidney 

research.20–22 Systems pathology represents the integration of molecular and imaging data 

with patients’ clinical histories.23 The goal of such analysis is to identify morphometric 

features and molecular biomarkers that correlate with a clinical event—an aspect of data 

integration for studying glomerular diseases that has been proposed by the NEPTUNE 

group.

Histologic features and clinical presentation still form the basis of the diagnostic criteria for 

most human diseases, and subsets of these characteristics can have known prognostic value. 

For instance, patients with the collapsing variant of FSGS tend to fare poorly compared with 

those who have tip lesions. However, whether proteomic and metabolomic signatures exist 

that correspond to these FSGS histologic variants is not yet known.

IgA nephropathy

IgAN is a major cause of kidney failure worldwide. The prevalence of this disease is highest 

in Asian populations, intermediate in European populations, and lowest in African 

populations, although whether these differences reflect the influence of genetic or 

environmental factors is unknown. The clinical presentation of IgAN is variable, ranging 

from haematuria, with or without nephrotic syndrome, to a rapidly progressive loss of renal 

function. Histological features of IgAN run the gamut of mesangial proliferation to 

glomerular extracapillary proliferation with crescent formation. Overproduction of IgA1 

molecules that are hypogalactosylated in the hinge region is associated with IgAN, although 

this feature alone does not cause renal injury.24 The formation of glycan-specific IgA and 

IgA that recognize these hypogalactosylated IgA1 molecules, with the resulting deposition 

of IgA1 in the glomerular mesangium, is required for disease development. The exact 

mechanism that precipitates each of these stages of disease development is not well defined, 

although information from a number of omics studies are now further enhancing our 

understanding of IgAN pathogenesis. Mechanistic studies are still needed to further dissect 

how innate immunity and inflammation contribute to the pathogenesis of IgAN. Results 

from genomic studies have, however, generated a shortlist of plausible candidate genes that 

are likely to be linked with, or directly responsible for, the development of IgAN.

Genomic studies

Several lines of evidence suggest that the pathogenesis of IgAN has a considerable genetic 

component—for example, the prevalence of IgAN differs greatly across ethnic groups, and 

the prevalence of disease is higher in relatives of affected individuals. A region of 

chromosome 6p that encodes the major histocompatibility complex (MHC) has been 

identified through GWAS as containing the strongest common susceptibility alleles 

predisposing patients of European population to IgAN.25 Interestingly, three independent 

susceptibility loci in this MHC region were also subsequently identified as associated with 

Jiang et al. Page 5

Nat Rev Nephrol. Author manuscript; available in PMC 2014 November 06.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



IgAN in the Han Chinese population, as well as a common deletion in the genes encoding 

complement factor H−related proteins 1 and 3 on chromosome 1q32, and a locus on 

chromosome 22q12 that encompasses several genes.26 In another GWAS of IgAN in the 

Han Chinese population,27 two novel susceptibility genes, TNFSF13 (encoding tumour 

necrosis factor ligand superfamily member 13, also known as APRIL) and DEFA1 

(encoding neutrophil defensin 1) were also linked to IgAN in Chinese patients, and an 

association between the TNFSF13 gene and high serum IgA levels in smokers has been 

reported in a southern Chinese population.28 Whether TNFSF13 variants have any clinical 

utility in the diagnosis of IgAN will need to be studied in a larger cohort of patients. 

Susceptibility loci for IgAN identified by GWAS are often near to genes involved in innate 

immunity and inflammation (Table 1). Taken together, these genetic studies strongly suggest 

a heritable component for IgAN.

Transcriptomic studies

IgAN is generally believed to be related to presence of a systemic immune response, and a 

number of transcriptomic studies have examined gene expression levels in patients with 

IgAN (Table 2). Histologic alterations in the glomeruli are thought to be indirect sequelae of 

the primary systemic immune response and, therefore, most studies of the IgAN 

transcriptome have focused on gene expression patterns in peripheral blood mononuclear 

cells (PBMCs). A gene expression microarray study of PBMCs isolated from 12 patients 

with IgAN and eight healthy control individuals identified 210 genes that were differentially 

expressed.29 Further bioinformatics analysis of these 210 genes revealed that canonical 

Wnt–β-catenin and PI3K–Akt signalling are the two pathways that are most dysregulated in 

patients with IgAN. Dysregulation of these two pathways was subsequently confirmed by 

the finding of reduced levels of inversin and PTEN proteins (which are key regulators of 

Wnt–β-catenin and PI3K–Akt signalling pathways, respectively) in PBMCs from patients 

with IgAN. A comparison of gene expression levels in PBMCs from white European 

patients with IgAN, FSGS, antineutrophil cytoplasmic autoantibody (ANCA)-associated 

glomerulonephritis and MCD versus PMBCs from healthy volunteers30 identified 15 genes 

that were significantly correlated with disease activity and kidney function in the 22 patients 

with IgAN. In another study, gene expression profiles of PBMCs from seven patients with 

IgAN were compared to those of seven healthy individuals and six patients with MCD.31 

The profiles correlated with various clinical indices in the patients with IgAN. For example, 

expression of urotensin-2 (encoded by UTS2) positively correlated with blood pressure in 

patients with IgAN, and retinoic acid receptor α (encoded by RARA) was significantly 

downregulated in samples from patients with IgAN, although expression of this protein was 

not significantly correlated with any clinical indices.31

In IgAN, as well as in other glomerular diseases, an increased glomerular filtration rate 

(GFR) exposes renal tubular cells to excessive amounts of filtered albumin and other 

proteins. The pattern of gene expression in the tubulointerstitium of kidney biopsy samples 

taken from patients with IgAN is different to that of healthy individuals. In normal cultured 

renal tubular cells, 231 genes were identified as differentially regulated under conditions of 

albumin exposure.32 Expression of these genes in the tubulointerstitium of kidney biopsy 

samples from patients with IgAN was compared with that in renal tissue from healthy 
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kidney donors, and the two groups could be distinguished solely on the expression pattern of 

these 231 albumin-regulated genes. Furthermore, profiling of a subset of 11 of the original 

231 genes provided a distinctive expression signature that could distinguish patients with 

FSGS, MGN, MCD and IgAN from healthy controls. However, the expression signature of 

this 11-gene subset is not specific to IgAN per se, but instead is shared across these different 

forms of primary glomerulonephritis. Thus, whether a characteristic gene expression profile 

exists in the glomerular or the tubulointerstitial compartment that is specific to IgAN and 

could be important for the manifestation of this renal disease remains to be determined.

Insulin-like growth factor binding protein 1 (IGFBP-1) is highly expressed in the kidney of 

HIGA mice (a mouse model of IgAN with high serum IgA levels).33 In addition, serum 

IGFBP-1 levels are significantly higher in patients with IgAN than in healthy individuals 

and correlate with estimated GFR as well as with the degree of mesangial cell proliferation 

and interstitial fibrosis in these patients.33 These observations suggest that IGFBP-1 levels 

reflect the severity of IgAN and could, therefore, be useful as a marker of IgAN progression. 

Of note, IGFBPs are produced by a variety of tissues, and might also contribute to the 

development of glomerulosclerosis.34,35

miRNAs are attractive molecules for biomarker research because they are present in 

multiple body fluids and are stable in storage and handling.36,37 Accumulating evidence 

suggests that miRNAs are involved in the pathogenesis of several kidney diseases.38,39 A 

comparison of the urinary and intrarenal expression of several miRNAs in patients with 

IgAN40,41 and healthy volunteers indicated that the levels of urinary miR-200a, miR-200b 

and miR-429 (but not those of miR-200c, miR-141, miR-205 or miR-192) were 

downregulated in patients with IgAN. The degree of reduction correlated with both disease 

severity and progression.40 Intrarenal and urinary levels of miR-146a and miR-155 (which 

have important roles in the regulation of innate and adaptive immune responses) were 

assessed in samples from 43 patients with IgAN and compared with their levels in samples 

from 33 healthy controls.41 Intrarenal and urinary levels of miR-146a and miR-155 were 

significantly elevated in patients with IgAN, and the level of elevation correlated with the 

clinical and histological severity of the disease. High-throughput miRNA profiling of 

PBMCs from patients with IgAN and healthy controls identified 37 differentially expressed 

miRNAs.42 miR-148b, one of the significantly upregulated miRNAs, targets the product of 

C1GALT1 (glycoprotein-N-acetylgalactosamine 3-β-galactosyltransferase 1) and contributes 

to the abnormal glycosylation of IgA1. Reduced expression of this glycoprotein was 

confirmed in PBMCs of patients with IgAN and correlated with miR-148b expression. 

Overexpression of miR-148b in PBMCs from healthy individuals reduced endogenous 

mRNA levels of this glycoprotein by threefold. Conversely, inhibition of miR-148b in 

PBMCs of patients with IgAN increased both mRNA and protein levels of glycoprotein-N-

acetylgalactosamine 3-β-galactosyltransferase 1 to match those observed in healthy persons. 

Furthermore, upregulation of miR-148b directly correlated with levels of galactose-deficient 

IgA1. Taken together, these data suggest a role for miRNAs, specifically miR-148b, in the 

pathogenesis of IgAN. More studies are needed, however, to confirm whether miRNAs are 

robust biomarkers for diagnosis and prediction of the prognosis of IgAN.
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Proteomic studies

Several studies examining the urinary proteome have been published.43–45 A panel of 10 

urinary proteins that have different expression levels in patients with IgAN and healthy 

individuals has been identified (of which, eight are upregulated and two are downregulated 

in patients with IgAN), for example. Moreover, this panel distinguished patients with severe 

IgAN from those with mild IgAN with 90.48% sensitivity and 96.77% specificity, 

respectively.46 Distinct urinary protein profiles that can distinguish between healthy 

individuals and patients with IgAN have also been identified by several other groups, 

although none of the findings has been applied in a clinical setting to definitively 

demonstrate the clinical utility of urinary protein profiling (Table 3).

Proteomic studies can also yield potential predictive markers. For example, the urinary 

proteomic profile of patients with IgAN predicts their response to angiotensin-converting 

enzyme (ACE) inhibitors; urine levels of kininogen-1, inter-α-trypsin inhibitor heavy chain 

H4 and transthyretin differed significantly between responders and nonresponders to ACE 

inhibitor therapy.47 Very low urinary levels of kininogen-1 correlated with a poor response 

to this treatment.47

Studies with large sample sizes are needed to evaluate the clinical applicability of these 

urinary protein markers. Furthermore, whether examination of the urine proteome will 

provide an insight into the pathogenesis of primary glomerular diseases is unclear, because 

differential excretion of urinary proteins is more likely to result from the urinary loss of 

serum proteins (via glomerular dysfunction) rather than from a disease-specific process.

Membranous nephropathy

Membranous nephropathy is the second or third most common type of primary 

glomerulonephritis resulting in ESRD in the USA, Europe and Asia.48 This antibody-

mediated autoimmune glomerular disease is characterized by the presence of immune 

deposits on the epithelial aspect of the glomerular capillary wall. Our understanding of the 

pathogenesis of membranous nephropathy is mostly derived from studies in rats with 

passive Heymann nephritis (PHN), in which a glomerular disease that closely resembles 

human membranous nephropathy is induced by a single injection of heterologous antiserum 

or IgG against renal tubular cell antigens.49 One of the major success stories of molecular 

medicine in glomerular diseases was the identification of secretory phospholipase A2 

receptor (PLA2R) as the target antigen of the autoantibodies produced in the majority 

(~70%) of patients with primary or idiopathic membranous nephropathy.50 Western blotting 

was used to compare the proteins extracted from the glomeruli and sera of healthy 

individuals and patients with idiopathic membranous nephropathy, and other glomerular 

diseases. A 185 kDa band (which was detectable only when nonreducing blotting conditions 

were used) was present in the sera from patients with membranous nephropathy. Candidate 

antigens within this 185 kDa band were analysed by mass spectrometry, and the identity of 

the target antigen was confirmed using available antibodies and recombinant proteins.

Despite this advance in our understanding of membranous nephropathy, many questions 

remain unanswered. Firstly, it is not clear why PLA2R (which is expressed on podocytes) 
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becomes a target for circulating autoantibodies only in these patients, nor why anti-PLA2R 

antibodies are detected in only some patients with membranous nephropathy. Whether the 

limitations of current antibody assays contribute to the lack of detectable anti-PLA2R 

antibodies in some patients remains to be investigated. Most importantly, the role of PLA2R 

in the pathogenesis of membranous nephropathy remains to be defined. However, with the 

availability of genomic, transcriptomic, proteomic and metabolomic data from patients with 

membranous nephropathy, we can reasonably expect that further clinically relevant 

biomarkers and treatment targets for this disease will be developed in the near future.

Genomic studies

GWAS have identified associations between idiopathic membranous nephropathy and the 

HLA-DQA1 locus on chromosome 6p21 and the PLA2R1 locus on chromosome 2q24, in 

white patients of European ancestry (Table 1).51 Interestingly, the risk alleles of these two 

genes have an additive effect; patients carrying all four risk alleles have an odds ratio of 

78.46 for developing membranous nephropathy compared to individuals who have the 

protective variants of all four alleles. More studies are, however, needed to confirm whether 

these risk loci also exist in other populations and to determine how genes in these two loci 

interact with each other to increase susceptibility to membranous nephropathy.

Results from GWAS confirmed the association between PLA2R1 and membranous 

nephropathy, but the pathogenetic role of PLA2R remains unresolved. Some researchers 

postulate that genes that influence the development of primary membranous nephropathy 

might do so by altering the immune response or by enhancing podocyte PLA2R expression, 

configuration or both. However, how these risk alleles precipitate the development of 

idiopathic membranous nephropathy remains unclear.

Transcriptomic studies

The examination of kidney gene expression in rats with PHN identified 234 transcripts that 

were differentially expressed compared with control animals.52 Bioinformatics analysis of 

the differentially expressed genes, based on prior knowledge of known protein–protein 

interactions, revealed that biological processes involved in DNA damage and repair, changes 

in the extracellular matrix, dysregulation of cytokines and growth factors, and 

rearrangements of the cytoskeleton are represented among the differentially expressed 

genes. How these processes are specifically related to the development of membranous 

nephropathy is currently not clear and, to our knowledge, the transcriptome of human 

membranous nephropathy has not yet been published. However, one of the aims of 

NEPTUNE is to identify the renal gene expression profiles of participants with membranous 

nephropathy and we anticipate that the human renal transcriptome of membranous 

nephropathy will be available in the near future. In the future, this data set could be linked to 

genomic data, to facilitate genotype–phenotype analysis of membranous nephropathy.5

Proteomic studies

Serial analysis of the urinary proteome profile of rats, in urine samples collected at days 0, 

10, 20, 30, 40 and 50 after the induction of PHN,53 revealed that 37 proteins were 

differentially expressed across all these time points. The differentially expressed proteins 
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were classified into several categories: proteins that decrease in amount during PHN; 

proteins that increase in amount during PHN; proteins that increase during the early phase of 

PHN but return to basal levels in the late phase; proteins with undetectable levels during 

PHN; and proteins that were detectable in the urine only during PHN. Most of the 

differentially expressed proteins have functions related to signalling pathways, protein 

trafficking and the regulation of glomerular permeability.

A study of the kidney proteome in rats with PHN, using label-free quantitative proteomic 

analysis, found a total of 160 proteins that were differentially expressed between control rats 

and rats with PHN assessed at days 14 and 21 after induction of nephritis.54 These two time 

points were selected because proteinuria in rats with PHN is marked by day 14 and peaks on 

day 28. However, only 30% of patients with membranous nephropathy develop severe renal 

interstitial damage. Interestingly, GRP78 and GRP94 proteins (which are associated with 

endoplasmic reticulum stress) as well as the autophagy marker LC3 were upregulated on 

both days 14 and 21, which suggests that endoplasmic reticulum stress and autophagy have 

an important role in the pathogenesis of membranous nephropathy. Such examinations of the 

dynamic changes that occur in the evolution of PHN should guide future studies in patients 

with membranous nephropathy. To our knowledge, the kidney and podocyte proteomes 

associated with human membranous nephropathy have not yet been published, and 

investigations of protein-based urinary biomarkers for diagnosis and prediction of the 

prognosis of human membranous nephropathy are lacking. Although measurements of 

serum levels of anti-PLA2R antibody are already used to guide the diagnosis and monitor 

the response to treatment of patients with membranous nephropathy,50,55,56 the 

identification of additional biomarkers with clinical utility would be useful for management 

of these patients.57

Metabolomic studies

A parallel metabolomic study conducted on serum and urine samples from patients with 

membranous nephropathy58 showed that citric acid and four amino acids (L-asparagine, L-

serine, L-threonine and pyroglutamic acid) were markedly increased in serum samples from 

patients with severe proteinuria (>3.5 g/24 h). Levels of dicarboxylic acids, phenolic acids 

and cholesterol were also substantially elevated in the urine of patients with severe 

proteinuria.58 The clinical relevance of these findings remains to be determined.

Focal segmental glomerulosclerosis

FSGS is a major cause of proteinuria and renal failure.59 The disease comprises a number of 

clinical and pathological syndromes that share a common glomerular lesion, including 

primary (or idiopathic) FSGS and adaptive FSGS (mediated by glomerular hypertension and 

hyperfiltration) as well as genetic, virus-associated and drug-induced forms.60 

Histologically, FSGS has been classified into several subtypes, including tip variant, 

perihilar variant, cellular variant, collapsing variant, and FSGS not otherwise specified.61,62 

HIV-associated nephropathy (HIVAN) is histologically classified as the collapsing variant 

of FSGS.
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Genomic studies

Genetic forms of FSGS can be either monogenetic or polygenetic. Several mutations or 

polymorphisms, all of which involve genes expressed in podocytes,60 have been linked to 

monogenic forms of FSGS (Table 4). These genes encode podocyte structural proteins, or 

enzymes required for processes associated with podocyte homeostasis (such as cytoskeletal 

organization, cell energetics and cell–cell and cell–matrix interactions).63 Genetic variants 

have been identified in up to two-thirds of patients with monogenic forms of FSGS who 

present in the first year of life. For example, a locus at chromosome 14q is associated with 

increased susceptibility to autosomal-dominant FSGS,64 and sequencing of this 

chromosomal region identified nine independent missense mutations in INF2 (which 

encodes inverted formin-2, a member of the formin family of actin-regulating proteins). The 

observation that alterations in this podocyte-expressed formin can cause FSGS emphasizes 

the importance of fine regulation of actin polymerization in podocyte function. Interestingly, 

mutations in INF2 also seem to underlie the increased incidence of FSGS in patients with 

Charcot–Marie–Tooth neuropathy, which suggests that inverted formin-2 is involved in the 

functioning of both the glomerulus and the peripheral nervous system.65

Mutations in the MYO1E gene (which encodes unconventional myosin Ie) can cause 

childhood-onset, familial, steroid-resistant FSGS.11,12 Whole-genome linkage 

disequilibrium analysis followed by high-throughput sequencing of the positive-linkage area 

in a family with autosomal recessive FSGS led to identification of a missense mutation in 

MYO1E that resulted in the amino acid substitution Ala159Pro.11 Sequencing the MYO1E 

gene in a second family with FSGS led to identification of another mutation in MYO1E that 

causes protein truncation (Tyr695X).12 Patients with FSGS who were homozygous for either 

of these mutations did not respond to glucocorticoid therapy.12 Unconventional myosin Ie is 

a member of the class 1 myosins—small proteins that interact with cell membranes via their 

C-terminus, and with actin filaments via their N-terminus motor domain. Unconventional 

myosin Ie increases actin function, which is likely to be important for podocytes to maintain 

stretch tension against pulsatile glomerular perfusion pressure.

Six different mutations in COQ6 (which encodes ubiquinone biosynthesis mono-oxygenase 

COQ6) have been identified in 13 individuals with early onset of steroid-resistant nephrotic 

syndrome (SRNS) and sensorineural deafness, from seven families.10 COQ6 is required for 

synthesis of coenzyme Q10, which acts as a redox carrier in the mitochondrial respiratory 

chain. Knockdown of COQ6 in podocyte cell lines and zebrafish embryos results in 

apoptosis, an effect that can be partially reversed with coenzyme Q10 treatment. Molecular 

diagnosis of coenzyme-Q10-related forms of SRNS and hearing loss is feasible and clinically 

relevant because these patients could potentially benefit from coenzyme Q10 

supplementation. The effects of coenzyme Q10 therapy have not been systematically studied 

in this setting, owing to the rarity of coenzyme-Q10-related SRNS, but anecdotal reports 

suggest that coenzyme Q10 supplementation has beneficial effects on renal disease in these 

patients.10

Mice with the FVB/N genetic background are more susceptible than other inbred mouse 

strains to developing the HIVAN phenotype after infection with HIV-1.66 A locus on 
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chromosome 3 is strongly associated with the HIVAN phenotype in mice. The expression 

level of podocin, a key functional podocyte protein, is regulated by this locus, as well as by 

a second susceptibility locus on chromosome 13. These findings in the HIVAN mouse 

model indicate that HIV-1 infection alters a network of genes (including genes that encode 

key functional proteins in the podocyte) to cause renal injury in a host with a susceptible 

genetic background. Similarly, in humans, individuals of African ancestry have a strong 

predilection to develop HIVAN after infection with HIV-1.

Patients of African ancestry are also predisposed to develop FSGS and hypertensive kidney 

disease. Two large genetic studies initially identified a strong association between a region 

on chromosome 22 and increased susceptibility to HIVAN, idiopathic FSGS and 

hypertensive kidney disease in individuals of African ancestry.67,68 This region of 

chromosome 22 contains APOL1 (which encodes apolipoprotein L1) as well as MYH9 

(which encodes myosin-9). MYH9 was an initially attractive candidate gene for kidney 

disease, because MYH9 mutations cause several rare diseases associated with autosomal 

dominant FSGS, including Fechtner syndrome and Epstein syndrome.69,70 In further support 

of this association, GWAS conducted in African American and European American patients 

with FSGS showed that genetic variants in the region of chromosome 22 containing both 

MYH9 and APOL1 were strongly associated with increased risk of FSGS in African 

American individuals but not in European American individuals.71 However, when the 

DNA sequence of this region was examined in a larger, worldwide cohort, two APOL1 

variants (named G1 and G2), rather than any variants in the MYH9 gene, accounted for the 

association with FSGS and hypertension-related kidney disease.71 These two APOL1 

variants are common in African patients, but absent from European patients with FSGS.

APOL1 encodes a serum factor that lyses Trypanosoma brucei, a protozoan that causes 

sleeping sickness in humans. Two subspecies of this organism (T. brucei rhodesiense and T. 

brucei gambiense) have evolved the ability to infect humans because they produce an 

APOL1 inhibitor. However, the parasite-derived APOL1 inhibitor is not able to bind to the 

G1 and G2 APOL1 variants. Thus, individuals with these APOL1 variants are resistant to 

infection with both T. brucei rhodesiense and T. brucei gambiense. Resistance against this 

parasitic infection could conceivably have conferred positive selection pressure for these 

two APOL1 variants in African populations. By contrast, how the G1 and G2 APOL1 

variants contribute to an increased susceptibility to FSGS, hypertensive kidney disease and 

HIVAN in patients of African descent remains to be determined.

An association between the presence of the G1 APOL1 allele and a young age at the 

initiation of haemodialysis in African American individuals has been reported.72 This 

association is important because early intervention to prevent the progression of kidney 

disease might benefit this high-risk population. APOL1 genotyping of 271 African American 

patients with HIVAN, 168 European American patients with HIVAN and 939 healthy 

control individuals indicated that homozygosity for the APOL1 variants conferred an odds 

ratio of 17 for developing FSGS and an odds ratio of 29 for developing HIVAN (in a 

recessive model).73 FSGS in individuals with two APOL1 risk alleles was characterized by 

an early age of onset and accelerated progression to ESRD, but a similar sensitivity to 

steroid therapy, when compared with FSGS in patients with no or one APOL1 risk allele. 
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Individuals with two APOL1 risk alleles have an estimated 4% lifetime risk of developing 

FSGS, and untreated HIV-infected individuals with two APOL1 risk alleles have a 50% risk 

of developing HIVAN. The effect of carrying two APOL1 risk alleles explains 18% of cases 

of FSGS and 35% of cases of HIVAN in African populations.73

The exact role of APOL1 in podocyte injury and in the development of FSGS and ESRD, 

however, remains unknown. Clearly, however, the genetic locus containing MYH9 and 

APOL1 is associated with development of FSGS and hypertensive kidney disease, and could 

at least partially account for the increased incidence of these two kidney diseases in patients 

of African ethnic groups. Even though the G1 and G2 alleles of APOL1 are strongly 

associated with kidney disease, the reasons why 95% of people with two copies of the G1 or 

G2 alleles do not develop FSGS remain to be addressed.74 The findings from these genetics 

studies will, however, be useful in clinical practice to diagnose familial forms of FSGS, to 

predict response to steroid treatment, and to select patients for coenzyme Q10 treatment. 

However, we are still far from being able to understand the mechanism of disease in the 

majority of patients who develop FSGS. To further dissect how disease-associated genes 

(such as APOL1) are able to induce kidney injury, mechanistic studies in model organisms 

are required.

Transcriptomic studies

Microarray transcriptomic analysis of mRNA extracted from glomeruli, using archived, 

formalin-fixed and paraffin-embedded renal biopsy samples from patients with primary 

classic FSGS, collapsing FSGS, MCD and healthy controls, identified two distinct gene 

clusters delineating classic FSGS and collapsing FSGS from patients with MCD and 

controls.75 Comparison of the combined group of individuals with classic FSGS and 

collapsing FSGS versus the combined group of controls and patients with MCD revealed 

316 genes that were significantly differentially regulated (134 were upregulated and 182 

were downregulated). Many of these differentially expressed genes encode proteins that are 

part of the slit diaphragm junctional complex or related to the podocyte. The processes of 

development, differentiation and morphogenesis, cell motility and migration, cytoskeleton 

organization and signal transduction are also over-represented among the functions of the 

differentially regulated genes, according to the results of an ontological analysis. 

Transcription factors associated with developmental processes are also substantially over-

represented in patients with classic and collapsing FSGS, highlighting the importance of 

reactivation of developmental pathways in the pathogenesis of the disease.

The functional role of the genes, processes and pathways identified by microarray analysis 

and predicted by bioinformatics to be involved in the development of FSGS need to be 

experimentally verified using transgenic or knockout animal models.

Novel uses for systems biology

Drug discovery

Steroids and immunosuppressive agents are currently the mainstay of treatment for primary 

glomerulonephritis. However, owing to the adverse effects associated with long-term use of 

these agents, the identification of novel drugs or therapeutic targets is urgently needed. The 
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first major hurdle in relation to drug discovery for these kidney diseases is the lack of 

understanding of the underlying molecular mechanisms. The second major challenge is that 

most pharmacological agents target only one pathway, whereas most kidney diseases are 

caused by the activation of multiple pathways or disease processes.

Systems pharmacology (which involves the application of systems biology approaches 

combining large-scale experimental studies with computational analyses to the study of 

drugs, their targets, and beneficial as well as adverse effects), is an alternative approach to 

discovering new drugs to treat complex diseases.76,77 Our research group has used a 

systems-based approach to identify novel therapeutic targets for HIVAN using Tg26 (HIV-1 

transgenic) mice as a model.78 Microarray studies on the kidney cortex of Tg26 mice and 

their age-matched and sex-matched wild-type littermates identified differentially expressed 

genes. Bioinformatics analyses led to identification of the upstream signalling pathways, 

transcription factors and protein kinases that are responsible for regulation of these 

differentially expressed genes, and highlighted homeodomain-interacting protein kinase 2 

(HIPK2) as a master kinase that regulates the altered gene expression in the diseased kidney. 

We verified that HIPK2 expression was indeed higher in kidneys from mice and humans 

with glomerular diseases, and showed that knockout mice that do not express HIPK2 are 

protected from various forms of kidney injury. Our results suggest that a systems biology 

approach could be useful in the identification of new targets for drug treatment of kidney 

diseases.

The renal-disease-specific transcriptome can be used to define disease-specific subnetworks 

within the entire repertoire of molecular interactions in human cells, which can serve as the 

basis for identifying new drug targets. The Nephromine resource16 already includes an 

integrated function to screen for potential genes and molecules that could correct the altered 

gene expression pattern observed in the diseased kidney. In addition, the Connectivity Map 

database79 has been used to screen for drugs that could mitigate kidney disease. This 

database contains gene expression microarray signatures from approximately 6,000 

experiments testing the effect of about 1,300 (mostly FDA-approved) individual drugs at 

different concentrations on several human cancer cell lines. In these data, our research group 

identified pairs of drugs that optimally rectified the altered pattern of gene expression 

observed in Tg26 mice. We computationally predicted that the combination of an ACE 

inhibitor and a histone deacetylase inhibitor could maximally normalize the pattern of gene 

expression in Tg26 mice with HIVAN towards that of healthy mice. Testing of this drug 

combination in Tg26 mice revealed that the combination of both agents provided additional 

renal protection compared to treatment with either drug alone, as assessed in terms of the 

reduction of proteinuria, improvement of renal function and attenuation of kidney injury.80 

Our findings indicate that drug-induced changes in expression signatures can be used for 

predicting the effects of combination drug therapy.

Identifying new targets

A systems-based approach to understanding disease processes also has the potential to 

discover novel drug targets, which would not be possible with traditional hypothesis-driven 

approaches solely based on prior knowledge. However, although some systems biology 
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approaches are mostly hypothesis-free (that is, requiring no prior information on which 

genes are associated with increased disease risk and expression of which proteins or RNA 

transcripts are altered in disease states), most approaches blend systems biology and 

hypothesis-based approaches. In most instances, hypothesis-directed interrogation of 

biological processes using omic-level analysis is followed by interpretation of the resulting 

data set in the light of prior knowledge. For example, a combination of a hypothesis-based 

approach (the postulation that serum from patients with membranous nephropathy must 

contain antibodies directed against the target antigen) and a systems-based approach (mass 

spectrometry, which generated a list of candidate target antigens corresponding to the 185 

kDa band) resulted in identification of the PLA2R antigen involved in membranous 

nephropathy.50 Importantly, it is very challenging to interpret the results of (and to frame the 

large number of data points generated from) omics-level analysis without some prior 

knowledge.

Conclusions

An improved understanding of the molecular basis of kidney disease is needed for the 

development of disease-specific treatments, the identification of noninvasive molecular 

markers for the diagnosis and monitoring of affected patients and the formulation of targeted 

and personalized therapy. Many large omics data sets have been generated for IgAN, 

membranous nephropathy and FSGS over the past decade. However, the interpretation of 

these data and their clinical application will require further functional studies to characterize 

candidate genes and therapeutic targets. Transcriptomic and proteomic data sets for the 

primary glomerular diseases are currently scarce, primarily because of the limited number of 

kidney samples that are available for study. Furthermore, the sample size of most published 

studies (excluding genomic studies) has been small, which limits the interpretation of data 

and predisposes the analyses to multiple testing biases.

To overcome these deficits, it is critical that we develop national and international consortia 

to promote strict disease classification criteria, clear criteria for recruitment of patients into 

clinical trials, standardized protocols for collection of tissue and fluid (kidney biopsy, urine 

and blood) samples, and for prospective collection of detailed clinical data. Collaborative 

efforts, such as the ERCB, NEPTUNE and the European Renal Genomic Project, are already 

underway. In collaboration with NEPTUNE, for example, a biobank containing a large 

number of kidney, blood, and urine samples from patients with various glomerular diseases 

(including IgAN, FSGS and membranous nephropathy) is being built in Jinling Hospital, 

Nanjing, China, and a detailed electronic medical record system has been developed to link 

clinical information to all samples in the biobank. Samples and clinical data collected from 

these efforts will be an invaluable resource for future investigations as newer technologies 

become available.

The ultimate aim of integrating clinical, pathological and molecular information is to 

develop approaches that further characterize the pathogenetic mechanisms underlying 

glomerular diseases and to facilitate the development of improved biomarkers and drug 

targets for the diagnosis and treatment of glomerular disease. To achieve these objectives, a 
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joint collaborative effort of physicians, epidemiologists, molecular biologists, statisticians 

and systems biologists with computer science and mathematical backgrounds is needed.
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Key points

• Novel systems biology techniques that permit comprehensive molecular 

characterization of biological samples are improving our understanding of the 

molecular basis underlying primary glomerular diseases

• Large-scale genomic studies of glomerular diseases have identified genetic loci 

that are associated with the development of these diseases and have enriched our 

understanding of their pathogenesis

• Several novel monogenic forms of focal segmental glomerulosclerosis have 

been identified, which has improved the classification of hereditary and 

spontaneous variants of this disease and could potentially influence therapeutic 

decisions

• Polymorphisms in APOL1 that increase the risk of developing focal segmental 

glomerulosclerosis and HIV-associated nephropathy have been identified in 

African America populations

• Clinical application of the findings generated from systems-biology-based 

analysis is currently limited

• Collaborative efforts for recruiting patients, monitoring clinical outcomes and 

developing standardized protocols for kidney tissue sampling, are needed to 

study rare primary glomerular diseases
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Review criteria

A search of the English-language literature on applications of systems biology in the 

primary glomerulonephritides between January 2005 and January 2013 was performed 

using PubMed. Key terms searched were “nephropathy”, “IgA nephropathy”, 

“membranous nephropathy”, “FSGS”, “transcriptomics”, “gene expression”, 

“metabolomics”, “proteomics”, and “systems biology”.
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Figure 1. 
Sources of biological material for use in ‘omics’ studies of primary glomerulonephritides. 

The three major sources of material for characterization of glomerular diseases are PBMCs, 

renal biopsy samples and urine. DNA extracted from the patient’s cells can be used to 

analyse genomic information, such as susceptibility genes and disease-causing mutations 

and variants, and epigenetic factors that regulate gene expression through DNA methylation, 

changes to chromatin structure and genomic imprinting. RNA transcripts, including 

messenger RNA, microRNA and other noncoding RNAs, can modulate disease-related 

processes or the expression of disease-causing genes in ways that are specific to individual 

tissues or cells. Proteins extracted from cells and soluble proteins in the urine can inform us 

about disease-related process or serve as markers of disease. Renal histologic features of 

disease, when integrated with molecular signatures of disease, can serve as diagnostic and 

predictive biomarkers. The transcriptome, proteome and epigenome are likely to be specific 

to the tissue (kidney versus nonkidney) and cellular compartment (glomerular versus 

tubulointerstitial) analysed. Tissue-specific, renal-compartment-specific and even cell-

specific collection of these omics-level data are, therefore, important for understanding 

disease processes. Abbreviation: PBMC, peripheral blood mononuclear cell.
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Table 3

Proteomics studies in IgAN and passive Heymann nephritis

Author Sample source Participants Method Results

Park et al. 
(2006)43

Urine 13 patients with IgAN
12 healthy controls

2D-GE 59 proteins were differentially expressed

Yokota et al. 
(2007)44

Urine 17 patients with IgAN
10 healthy controls

2D-DIGE 10 proteins (albumin, transferrin, α1-antitrypsin, 
β-globin, α1-globin, carbonic anhydrase I, 
cystatin C, retinol-binding protein 4 and 1-
microglobulin) were differentially expressed*

He et al. 
(2012)46

Urine 56 patients with IgAN‡

14 healthy controls
MALDI-TOF-MS 21 peaks distinguished mild and severe groups§

50 peaks distinguished mild and normal groups||

50 peaks distinguished severe and normal 
groups¶

Rocchetti et al. 
(2008)47

Urine 18 patients with IgAN
20 healthy controls

2D PAGE and nano-
HPLC-ESI-MS/MS

Among patients with IgAN, kininogen, ITI-HC1 
and transthyretin levels were different in 
responders and nonresponders to ACE inhibitors
Low levels of urine kininogen predicted 
inadequate or absent clinical response to ACE 
inhibitors in 20 patients with biopsy-proven 
IgAN

Ngai et al. 
(2006)53

Urine Control rats
Rats with PHN assessed at 
postinduction days 0, 10, 
20, 30, 40 and 50#

2D-PAGE 37 differentially expressed proteins across all 
time points

Wang et al. 
(2012)54

Kidney tissue Control rats
Rats with PHN assessed at 
postinduction days 14 and 
21**

LC–MS/MS 160 proteins were significantly different across 
all three groups
The endoplasmic reticulum stress proteins 
GRP78 and GRP94 and the autophagy marker 
LC3 were upregulated in PHN rats versus 
controls

*
All except 1-microglobulin were higher in patients with IgAN than controls.

‡
Of whom 23 had a severe and 33 had a mild presentation.

§
For a subgroup of 10 peaks selected as biomarkers, sensitivity was 90.48% and specificity 96.77%.

||
For a subgroup of 10 peaks selected as biomarkers, sensitivity was 93.55% and specificity 85.71%.

¶
For a subgroup of 20 peaks selected as biomarkers, sensitivity was 100% and specificity 92.86%.

#
6 rats per group.

**
8 rats per group.

Abbreviations: ACE, angiotensin-converting enzyme; DIGE, difference gel electrophoresis; GE, gel electrophoresis; HPLC-ESI, high performance 
liquid chromatography with electrospray ionization; IgAN, IgA nephropathy; LC, liquid chromatography; MALDI-TOF, matrix-assisted laser 
desorption/ionization time-of-flight; MS, mass spectrometry; MS/MS, tandem mass spectrometry; PAGE, polyacrylamide gel electrophoresis; 
PHN, passive Heymann nephritis.
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