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Abstract  
 
 
Idiopathic change nephrotic syndrome (INS), the most frequent glomerular disease in children and young adults, 

is characterized by heavy proteinuria and a relapsing remitting course. Although the mechanisms underlying the 

pathophysiology of proteinuria remain unclear, clinical and experimental observations suggest that lymphocyte 

and podocyte disturbances are two sides of the disease. The current hypothesis suggests that immune cells 

release a putative factor, which alters podocyte function resulting in nephrotic proteinuria. Besides T cell 

abnormalities, recent evidence of B cell depletion efficacy in sustained remissions added a new challenge in 

understanding the immunological mechanisms of INS. In this review, we discuss recent insights related to 

podocyte disorders occurring in INS and their relevance in human diseases. 
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Introduction 
 

Idiopathic nephrotic syndrome (INS) is a primary glomerular disease, which mainly includes two 

histological variants, minimal change nephrotic syndrome (MCNS) and focal and segmental glomerulosclerosis 

(FSGS). 

MCNS is a primary glomerular disease defined by massive proteinuria and hypoalbuminemia without 

inflammatory lesions or immune complex deposits. Glomerular changes consist mainly of podocyte foot-process 

effacement, assuming a flattened rather than a foot-like morphology. This aspect is non-specific since it is 

commonly observed in glomerular diseases with nephrotic proteinuria. MCNS is recognized as a chronic illness 

in childhood, accounting for 70% of idiopathic nephrotic syndrome (INS) in children and 25% of INS in adults 

[1, 2]. 

Focal and segmental glomerulosclerosis (FSGS), which is less frequent in young children (20%), is a 

distinct glomerular disease characterized by a nephrotic syndrome associated with histological lesions including 

segmental hyalinosis and sclerosis of the glomeruli [3]. Whereas MCNS seems to be a single entity, FSGS 

appears as a heterogeneous disease, with both immune and non-immune causes. Recent genetic approaches have 

elucidated some pathogenic aspects of FSGS by identifying several genes that play a critical role in podocyte 

function and glomerular filtration barrier [4-10]. However, a mechanistic explanation of the glomerular 

abnormalities in MCNS and idiopathic FSGS with relapse remains elusive. In this review, we will discuss the 

results of recent investigations that may contribute to our understanding of the pathophysiology of these 

glomerular diseases. Proteinuria in membranous nephropathy results also from podocyte dysfunction but this 

distinct glomerular disease deserves separate consideration. 

The molecular relationship between MCNS and FSGS with relapse is unclear. Nearly 50% of patients 

with FSGS are steroid-sensitive but relapse. Given the infrequency of kidney biopsies in children with nephrotic 

syndromes, the relative prevalence of MCNS and FSGS at the time of presentation is unknown. The most critical 

parameter of prognosis is the response to steroid therapy: steroid-sensitive FSGS shares the same benign course 

as MCNS. Of those children with nephrotic syndromes, 80-90%, presumably MCNS, are steroid-responsive. 

Overall, 60-80% of steroid-responsive nephrotic children will relapse and about 60% of those will have five or 

more relapses [11]. Around 60% of MCNS children show steroid dependence. In these patients, anti-CD20 

therapy by Rituximab has demonstrated its efficiency by inducing sustained remission even after switching off 

other immunosuppressive medications, while very rare side effects have been observed [12-14]. Thus, Rituximab 
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becomes an invaluable alternative therapy in patients with steroid and/or anti-calcineurin dependent nephrotic 

syndrome.  

Over the past four decades, extensive research aiming to elucidate the pathogenesis of MCNS and 

FSGS with relapse yielded significant insight regarding both immune and podocyte disorders, although the exact 

origin of molecular mechanisms remain unclear. 

Various alterations in cytokine production during MCNS have been described by a large number of studies, 

which, unfortunately, are not all in agreement [15]. This variation might result from the different immunogenetic 

backgrounds of the patients, or from the heterogeneity of studies on stimulated cells in environments that are far 

from physiological. It might also be due to the diversity of the dosage techniques, which do not always take 

relapse [16]. IL13 was found to increase transcellular ion transport in podocytes, which express IL13 receptor. 

IL13 transgenic rats develop nephrotic proteinuria and display a MCNS-like phenotype [17]. However, in many 

pathological conditions in which IL-13 is increased, such as asthma, psoriasis, and allergic dermatitis, 

proteinuria does not occur. Moreover, IL13 does not affect permeability to macromolecules [18]. These 

observations suggest that besides IL13, additional events are required to develop nephrosis in the human disease.  

 

Angiopoietin-like 4 as potential soluble proteinuric factor in MCNS 

Angiopoietin-like 4 (Angptl4) is a secreted glycoprotein, which was classified as an adipokine due to its 

predominant expression in adipose tissues and liver. Although it is involved in many functions including energy 

homoeostasis, wound repair, tumorigenesis, angiogenesis and redox regulation [19], its crucial role seems to be 

related to the regulation of lipid metabolism during fasting, in which Angptl4 induces hypertriglyceridemia 

through inhibition of lipoprotein lipase and stimulates intracellular adipocyte lipolysis [20]. The expression of 

which are potent inducers of Angptl4 [21]. Transgenic mice overexpressing Angptl4 in liver did not exhibit overt 

phenotype or significant abnormalities but displayed high triglyceride serum levels [22]. 

Angptl4 has recently been reported as a possible mediator of MCNS, based on the finding that transgenic rats 

overproducing Angptl4 specifically in the podocyte, but not in adipose tissue, display heavy proteinuria with 

pathological features of MCNS [23]. The mechanism of proteinuria in this model was attributed to podocyte 

release of hyposialylated Angptl4, which interacts with negatively charged glycosaminoglycan chains, and 

promotes the loss of GBM charges, commonly observed in nephrotic proteinuria. Unfortunately, the serum and 



 5 

urinary levels of Angptl4 and its derivatives in MCNS patients and related controls have not been reported.   

 

CD80 and podocyte diseases 

CD80, also named B7.1, is a transmembrane protein commonly expressed by antigen presenting cells (APC) and 

B cells, but not by normal podocyte. However, CD80 is induced in the latter by LPS and puromycin 

administration, as well as in human lupus nephritis, including proliferative and non-proliferative forms [24]. 

Further studies have shown that urinary CD80 levels are increased in MCNS but also in other glomerular 

diseases, suggesting that this phenomenon is common to proteinuric states [25-27]. In the absence of quantitative 

evaluation of podocyte CD80 abundance, the measurement of urinary CD80 deserves some caution because its 

podocyte origin is not ascertained.  

The finding that LPS triggers a signaling pathway in podocyte miming APC through toll-like receptor 4 (TLR-4) 

is interesting in that it supports the role of podocyte not only as a target but also as an actor in the pathogenesis 

of glomerular diseases. The induction of CD80 by LPS trough TLR-4 signaling pathway is associated with 

cytoskeleton disorganization and foot process effacement, leading to proteinuria in wild-type but not in CD80-

deficient podocytes [24]. Therefore, inhibition of CD80 could be of therapeutic interest in experimental models 

of nephrotic syndromes and in human glomerular diseases. This step has recently been achieved with success 

[28]. In this study, five patients with B7 positive podocyte biopsy-proven, four with FSGS recurrence and one 

with primary FSGS, were treated by Abatacept, a CD80 inhibitor (single dose, 10 mg/kg). Nephrotic syndrome 

was resolved in all patients with a sustained remission between 12 and 48 months. This study refines the 

mechanism of CD80-induced proteinuria. Using different in vitro and in vivo approaches, it was demonstrated 

 

 

Expression of c-mip in glomerular diseases 

C-mip was initially identified from MCNS T-cells by subtractive and differential cloning [29, 30]. The natural 

isoform of c-mip encodes an 86-kDa protein that does not belong to any known family. Its predicted structure 

includes an N-terminal region containing a pleckstrin homology domain (PH), a middle region characterized by 

the presence of several interacting docking sites including a 14-3-3 module, a PKC domain, an Erk domain, an 

SH3 domain similar to the p85 regulatory subunit of phosphatidylinositol 3-kinase (PI3K), and a C-terminal 

region containing a leucine-rich repeat (LRR) domain (fig1). C-mip contains a nuclear localization site (NLS) 

near the C-terminus of the PH domain. Depending on physiological or pathological situations, c-mip can move 
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to the nucleus but its localization is not restricted to a particular subcompartment. In basal conditions, c-mip 

abundance is very low in most tissues examined, as well as in cell lines like Jurkat T or M15 ([31] and 

unpublished data). Unexpectedly, we found c-mip overproduced in the podocytes of patients with INS, including 

MCNS and FSGS with relapse [32]. A relevant argument supporting the implication of c-mip in INS comes from 

the observation that occurrence of INS in Hodgkin disease is closely associated with overproduction of c-mip in 

both Reed-Sternberg cells and podocytes [33, 34]. Several works summarized below point out a role of c-mip in 

the pathophysiology of immune and podocyte disturbances occurring in INS. 

 

The expression of c-mip has been analyzed by both in situ hybridization, quantitative PCR on laser-

microdissected glomeruli and Western-blots on glomerular protein lysates [32, 35]. Its basal expression is low or 

undetectable in humans, rats and mice, whereas in primary INS, as well as in mouse and rat models of 

adriamycin-induced nephrotic syndrome, c-mip is strongly increased ([32, 35] and unpublished data). By 

contrast, immunohistochemical studies show that c-mip is not expressed in glomerular proliferative diseases 

such as mesangiocapillary or extracapillary glomerulopathy [36], albeit low levels of transcript are identified by 

quantitative PCR. These observations suggest that c-mip is a marker of primary podocyte diseases without 

inflammatory proliferative lesions. 

 

Functional consequences of c-mip induction in podocytes. 

To clarify the potential effects of c-mip in podocytes, we generated transgenic mice in which a single copy of 

human c-mip is inserted in the HPRT locus by homologous recombination. The expression of c-mip is driven by 

the nephrin promoter, allowing selective expression in podocytes. Transgenic mice develop proreinuria a few 

days after birth and progress to nephrotic range in a few weeks. Morphological analysis shows only minimal 

glomerular lesions in the form of podocyte effacement and fusion of foot processes, while FSGS lesions occur 

lastly [36]. To investigate the mechanisms by which c-mip alters podocyte function and induces proteinuria, we 

used several approaches including the identification of c-mip partners by yeast-two hybrid screening and 

generation of inducible and stable c-mip transfectant podocyte cell lines. Among the partners, we found that Fyn, 

a major podocyte Src kinase, interacts in vitro and in vivo with c-mip through its PH domain [35]. In 

physiological conditions, Fyn binds and activates nephrin and N-WASP (Wiskott Aldrich syndrome protein), 

thus playing a key role in proximal signaling and cytoskeleton remodeling. It was recently shown that Nck 

interacts with and promotes Fyn-mediated phosphorylation of nephrin, a central component of the slit diaphragm 
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playing a crucial role in signal transduction and podocyte integrity [37, 38]. It is likely that phosphorylation of 

Fyn at Tyr 417 is required for Nck-Fyn interaction. Nephrin phosphorylation induces the recruitment of 

p85/p110 heterodimer of PI3 kinase (PI3K), through the interaction of nephrin SH2 domain with p85, the 

regulatory subunit of PI3K, leading to activation of the p110 catalytic subunit and generation of 

phosphoinositides [39]. This step initiates a signaling cascade including the activation of serine threonine kinase 

Akt and the recruitment of podocin and CD2-associated protein (CD2AP). The c-mip-Fyn interaction is merely 

negative, c-mip preventing Fyn phosphorylation at Tyr 417, which is required for its interaction with nephrin and 

N-WASP [32]. This results in inactivation of key proximal signaling events, including nephrin, PI3K, Akt and 

N-WASP phosphorylation, which is demonstrated both in stably transfected podocytes and in vivo in transgenic 

mice (Fig 2).  Interestingly, inactivation of nephrin and Akt is confirmed in kidney biopsies from patients with 

INS, highlighting the role of proximal signaling alterations in the pathophysiology of podocyte disorders [32]. 

-arrestin2 and its 

subsequent endocytosis and degradation [40]. Indeed, nephrin expression is commonly decreased in c-mip 

transgenic mice as well as in INS [32]. However, its downregulation is not only observed in MCNS/FSGS but 

also in other primary nephrotic syndromes such as membranous nephropathy [41]. 

 

C-mip displays pro-apoptotic functions by p53-independent mechanisms  

Podocyte survival is regulated by extracellular and intracellular signals. Nephrin and vascular endothelial growth 

factor (VEGF) recruit the PI3K-Akt signaling pathway, activating NF-

factors, which are potent inhibitors of podocyte apoptosis [42]. Mutation of nephrin abrogates the antiapoptotic 

effect of VEGF, suggesting that nephrin is required for VEGF signaling [42]. CD2AP is an adapter protein 

anchoring nephrin to actin cytoskeleton and inhibits p38 mitogen–activated protein kinase (p38 MAPK) through 

PI3K-mediatedAkt activation [43, 44]. CD2AP-deficient mice develop nephrotic syndrome and renal failure 

caused by glomerulosclerosis [45]. Inhibition of PI3K pathway plays a determinant role in apoptosis occurring in 

CD2AP-deficient podocytes [39]. Although p38 MAPK is activated in glomeruli in many proteinuric renal 

diseases and in diabetic nephropathy, a greater increase is observed in inflammatory, proliferative forms such as 

severe lupus nephritis and vasculitis [46-49]. The increased p38 MAPK activation in glomeruli may be related to 

local cytokine production. In the podocyte, p38 MAPK can promote apoptosis by several mechanisms including 

increased production of reactive oxygen species and activation of Src homology-2 domain-containing 

phosphatase-1 (SHP-1) [49]. SHP- -3 [50]. Likewise, TNF-
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-induced podocyte apoptosis has been associated in vitro with p38 MAPK activation [43].  

Apoptosis induction by c-mip could be the result of several non-exclusive mechanisms. Firstly, we 

found that c-mip upregulation induces in vitro and in vivo downregulation of Akt, an upstream activator of NF-

[32]. Inactivation of Akt is at least partly due to downregulation of PI3K, since c-mip interacts 

with the p85 regulatory subunit and inhibits the release of the p110 catalytic subunit that is required for PI3K 

activation ([51] and unpublished data). Secondly, c-mip activates p38 MAPK and increases the abundance of 

death-associated protein kinase (DAPK) [35, 51]. DAPK promotes apoptosis by disrupting integrin-mediated 

cell adhesion, altering cytoskeleton, which ultimately results in loss of extracellular matrix–dependent survival 

signals [52]. Alteration of the actin network induces the production of reactive oxygen species from 

mitochondria, leading to apoptosis [53]. Thirdly, It has been shown that c-mip binds RelA through its leucine-

rich repeat–containing C-terminal domain and may target the latter to proteasome-dependent degradation [31], 

[36]. Altogether, in vitro and in vivo data suggest that c-mip is a multifunctional protein and may promote 

apoptosis through different mechanisms. 

 

NF- -mip cross-talk influences the pathophysiology of podocyte diseases  

Inhibition of angiogenesis by anti-VEGF and VEGF-receptor tyrosine kinase inhibitors (VEGFR TKIs) is 

believed as a major axis of oncology therapy. Because this ligand-receptor system is fully expressed and plays a 

prominent functional role in glomeruli, some on-target side effects are expected [54-56]. Data derived from 

several thousands of patients treated with anti-VEGF therapy show that anti-VEGF ligands (Bevacizumab and 

VEGF trap) may induce thrombotic microangiopathy (TMA), whereas VEGFR TKIs, such as sorafenib and 

sunitinib, are more frequently associated with heavy proteinuria [57, 58]. Histological analysis of renal biopsies 

of patients with nephrotic syndrome occurring under VEGFR TKI therapy shows minimal change and /or focal 

segmental sclerosis lesions (MC/FSG) without TMA-like lesions [58]. We found that c–mip abundance is highly 

increased in the podocytes of MC/FSG biopsies, whereas its expression is undetectable in TMA glomeruli [58]. 

On the other hand, RelA is upregulated in TMA glomeruli both in podocytes and endothelial cells, while it is 

dramatically reduced in MC/FSG lesions. These observations suggest that c-mip and RelA are mutually 

antagonistic (Fig 3). Indeed, we provide evidence that RelA binds to the c-mip promoter in vivo and represses its 

transcription, whereas RelA knockdown releases this inhibition [58]. Downregulation of RelA by VEGFR TKI 

such as sorafenib, also reported by other authors [59] may release the transcriptional activation of c-mip as 

observed in sorafenib-treated podocytes [58]. Altogether, these results may account for c-mip downregulation in 
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the podocytes of patients with TMA. Conversely, RTKI-mediated NF- -mip expression 

and reproduces an experimental human model of MCNS/FSGS-like lesions. Inasmuch that NF-kB is 

constitutively active in the podocyte, it is not surprising that c-mip expression is much lower in physiological 

conditions.  

The mechanism by which c-mip expression is increased in podocytes of patients with INS relapse is unclear. 

Although c-mip interferes with RelA stability and may contribute to NF-kB downregulation, the initiating event 

leading to c-mip induction is unknown. Whether this mechanism involves NF-  amplified 

by c-mip as suggested by VEGFR TKI, or another podocyte signaling disorder induced by a circulating factor 

remains to be clarified.  

 

Research on permeability factors  

Resistance to therapy occurs in 50% of FSGS and 10% of MCNS patients despite various 

immunosuppressive treatments (cyclosporine, cyclophosphamide, high-dose steroids) [60, 61]. Such patients 

often progress to renal failure, requiring dialysis and transplantation. Recurrent disease in the transplant accounts 

in 30-50% of patients with FSGS, often within the first hours or days following engraftment [60]. This 

percentage is as high as 80% for the second graft if recurrence caused the loss of the first one [62, 63]. The 

number of years to achieve end-stage renal failure predicts the risk of recurrence after transplantation: 50% if 

end-stage renal failure is attained in less than 3 years and 10-20% if this period is longer [64, 65].  

Given the short time between engraftment and disease recurrence, one may exclude the generation of an 

immune response against any component of the allogeneic glomerular filtration barrier, but a circulating factor 

endowed with pathogenic properties across the glomerular structure has been postulated [66]. The absence of 

inflammatory lesions and immune complex deposits within the glomeruli, as well as the rapid relapses following 

renal transplantation, support the extra-renal origin of a circulating factor. This concept is also supported by the 

transmission of transient nephrotic syndrome in a new born from a mother exhibiting INS relapse [67]. Indirect 

evidence comes from observations showing that nephrotic syndrome disappears when an MCNS or an FSGS 

kidney is transplanted into an INS-free patient [68, 69]. In addition to clinical observations, plasma replacement 

performed in patients with FSGS who escape drug therapy has been successful [70, 71]. Moreover, immediate 

recurrence after transplantation has been successfully treated by plasma exchange or plasma immunoadsorption 

techniques [72-74]. Another line of evidence suggesting secretion of a permeability factor comes from 

experiments showing that systemic infusion of supernatants of cultured PBMC or T cells from MCNS relapse 
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induces proteinuria in rats [75-77]. Immunochemical analysis of affinity column eluate fractions inducing 

proteinuria suggested that the molecular weight of the permeability factor is below 150 kDa [72]. Identification 

of a permeability factor remains a serious challenge although there is little doubt about its immune origin. 

Several candidates, such as cardiotrophin-like cytokine-1 (CLC-1) and soluble urokinase-type plasminogen 

activator receptor (suPAR), have been proposed and some of them are yet being discussed [65, 78, 79]. For now, 

few data related to CLC-1 are available. 

SuPAR is released from cleavage of the urokinase-type plasminogen activator receptor (uPAR). High 

suPAR serum levels have been initially reported in most patients with primary FSGS, the highest concentrations 

found in FSGS patients who recur after renal transplantation. The pathophysiological relevance of these findings 

anchors podocyte to the glomerular basement membrane, resulting in foot process effacement and nephrotic 

inhibitor. These clinical and experimental data have been recently challenged by several reports, which make 

highly questionable the use of this molecule as a biomarker for FSGS recurrence. First, suPAR is highly secreted 

in broad conditions such as infections, inflammation, cancers, cardiovascular diseases and diabetes and is not 

correlated with proteinuria [80]. In a large survey in children, suPAR levels were found not significantly 

different between FSGS, non-FSGS glomerular diseases and healthy controls, whereas higher levels were rather 

found in non-glomerular diseases (hypoplasia, obstructive nephropathy or cortical necrosis) versus FSGS [81]. 

Interestingly, serum suPAR levels were found inversely correlated with glomerular filtration rate but no 

correlation with the degree of proteinuria was found [81-83]. In another recent study, it was found that serum 

suPAR levels do not differentiate between FSGS (with or without recurrence), membranous nephropathy, 

diabetic nephropathy and IgA nephropathy, among others, but a negative correlation with GFR has also been 

noticed [84]. By contrast, it seems that urinary suPAR excretion could predict the risk of recurrence [84].  

Nonetheless, given the low number of patients analyzed (five patients), this data requires to be confirmed. 

Although the role of suPAR and its derivative forms in FSGS remains to be clarified, compelling evidence 

suggests that high serum suPAR levels are significantly correlated with systemic inflammation and renal failure, 

so that suPAR cannot be used presently as a biomarker of FSGS recurrence. Lastly, it has been demonstrated that 

suPAR does not bind in vitro and in vivo to protein-A column, which is successfully used to deplete the putative 

circulating factor from patients with FSGS recurrence [85]. 
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The mechanisms by which Rituximab, an anti-CD20 monoclonal antibody usually used for the 

treatment of lymphoma, induces remission in post-transplant recurrence has been recently revisited [86]. The 

efficacy of Rituximab was initially attributed to interference with B cell function and/or T cell-B cell 

cooperation. However, it has been reported that Rituximab, besides its original target, also binds to 

sphingomyelin phosphodiesterase acid-like 3 (SMPDL-3b), which was found basally expressed in the podocytes 

[86]. Incubation of podocytes with serum from recurrent FSGS patients induces SMPDL-3b downregulation, as 

well as loss of stress fibers, which is prevented by Rituximab.  

The presence of permeability factors in circulation, the beneficial role of Rituximab, and the expression 

of c-mip by the lymphocyte-podocyte axis in pathologic conditions, might constitute different sides of the same 

conundrum. The current state of investigations is nonetheless far from establishing a mechanistic connexion 

between these three elements. 

 

Conclusion and perspectives 

Our understanding of pathophysiology of podocyte disorders in INS has considerably evolved during this last 

decade. The cytokine era has given way to some unknown molecules discovered by several groups using distinct 

approaches. It is likely that new genes relevant to INS disease will be identified in the future. For now, CD80 

and Angptl4 define two different mechanisms of proteinuria. Regardless of initial event, both proteins are 

produced by the podocytes, which currently may be considered as an actor and not only as target of the disease.  

Consistent data derived from animal models, human diseases, as well as experimental investigations support a 

role of c-mip in lymphocyte and podocyte disorders occurring in INS relapse. These data suggest that c-mip is at 

the crossroads of proximal signaling events and cytoskeletal organization, ultimately leading to regulation of cell 

morphology and survival. Therefore, c-mip represents a crucial research target to understanding INS 

immunopathogenesis. While in normal mature podocytes, basal c-mip expression is very low, the constitutive 

knockdown is lethal, suggesting that c-mip plays a critical role during the embryonic development (unpublished 

data). The recent generation of conditional c-mip knockdown in mice will be helpful to clarify c-mip function. 



 12 

Acknowledgement 

We would like to thank Pr Pierre Ronco for his helpful comments and supports during the progression of this 

work. 



 13 

 

References 

 

Niaudet P (1993) Nephrotic syndrome in children. Curr Opin Pediatr 5:174-179. 

Nakayama M, Katafuchi R, Yanase T,  Ikeda K, Tanaka H, and Fujimi S (2002) Steroid responsiveness and 

frequency of relapse in adult-onset minimal change nephrotic syndrome. Am J Kidney Dis 39:503-512. 

Mathieson PW (2007) Minimal change nephropathy and focal segmental glomerulosclerosis. Semin 

Immunopathol 29:415-426. 

Kestila M, Lenkkeri U, Mannikko M et al (1998) Positionally cloned gene for a novel glomerular protein--

nephrin--is mutated in congenital nephrotic syndrome. Mol Cell 1:575-582. 

Boute N, Gribouval O, Roselli S et al (2000) NPHS2, encoding the glomerular protein podocin, is mutated in 

autosomal recessive steroid-resistant nephrotic syndrome. Nat Genet 24:349-354. 

Hinkes B, Wiggins RC, Gbadegesin R et al (2006) Positional cloning uncovers mutations in PLCE1 responsible 

for a nephrotic syndrome variant that may be reversible. Nat Genet 38:1397-1405. 

Kaplan JM, Kim SH, North KN et al (2000) Mutations in ACTN4, encoding alpha-actinin-4, cause familial focal 

segmental glomerulosclerosis. Nat Genet 24:251-256. 

Reiser J, Polu KR, Moller CC et al (2005) TRPC6 is a glomerular slit diaphragm-associated channel required for 

normal renal function. Nat Genet 37:739-744. 

Lowik MM, Groenen PJ, Pronk I et al (2007) Focal segmental glomerulosclerosis in a patient homozygous for a 

CD2AP mutation. Kidney Int 72:1198-1203.  

Brown EJ, Schlondorff JS, Becker DJ et al (2010) Mutations in the formin gene INF2 cause focal segmental 

glomerulosclerosis. Nat Genet 42:72-76. 

Eddy AA, and Symons JM (2003) Nephrotic syndrome in childhood. Lancet 362:629-639. 

Guigonis V, Dallocchio A, Baudouin V et al. (2008) Rituximab treatment for severe steroid- or cyclosporine-

dependent nephrotic syndrome: a multicentric series of 22 cases. Pediatr Nephrol 23:1269-1279. 

Munyentwali H, Bouachi K, Audard V et al (2013) Rituximab is an efficient and safe treatment in adults with 

steroid-dependent minimal change disease. Kidney Int 83:511-516. 

Ravani P, Ponticelli A, Siciliano C et al (2013) Rituximab is a safe and effective long-term treatment for children 

with steroid and calcineurin inhibitor-dependent idiopathic nephrotic syndrome. Kidney Int 84:1025-1033. 



 14 

Zhang S, Audard V, Fan Q et al (2011) Immunopathogenesis of idiopathic nephrotic syndrome. Contrib Nephrol 

169:94-106.. 

Yap HK, Cheung W, Murugasu B et al (1999) Th1 and Th2 cytokine mRNA profiles in childhood nephrotic 

syndrome: evidence for increased IL-13 mRNA expression in relapse. J Am Soc Nephrol 10:529-537. 

Lai KW, Wei CL, Tan LK et al (2007) Overexpression of interleukin-13 induces minimal-change-like 

nephropathy in rats. J Am Soc Nephrol 18:1476-1485. 

Van Den Berg JG, Aten J, Chand MA et al (2000). Interleukin-4 and interleukin-13 act on glomerular visceral 

epithelial cells. J Am Soc Nephrol 11:413-422. 

 Zhu P, Goh YY, Chin HF et al (2012). Angiopoietin-like 4: a decade of research. Bioscience reports. 32:211-

219. 

Koliwad SK, Gray NE, Wang JC. Angiopoietin-like 4 (Angptl4) (2012): A glucocorticoid-dependent gatekeeper 

of fatty acid flux during fasting. Adipocyte.1:182-187. 

Koliwad SK, Kuo T, Shipp LE et al (2009) Angiopoietin-like 4 (ANGPTL4, fasting-induced adipose factor) is a 

direct glucocorticoid receptor target and participates in glucocorticoid-regulated triglyceride metabolism. J Biol 

Chem. 284:25593-25601. 

Koster A, Chao YB, Mosior M et al (2005) Transgenic angiopoietin-like (angptl)4 overexpression and targeted 

disruption of angptl4 and angptl3: regulation of triglyceride metabolism. Endocrinology. 146:4943-4950. 

Clement LC, Avila-Casado C, Mace C et al (2011) Podocyte-secreted angiopoietin-like-4 mediates proteinuria in 

glucocorticoid-sensitive nephrotic syndrome. Nat Med.17:117-122. 

Reiser J, von Gersdorff G, Loos M et al (2004) Induction of B7-1 in podocytes is associated with nephrotic 

syndrome. J Clin Invest 113:1390-1397. 

Garin EH, Mu W, Arthur JM et al (2010) Urinary CD80 is elevated in minimal change disease but not in focal 

segmental glomerulosclerosis. Kidney Int 78:296-302. 

Garin EH, Mu W, Arthur JM et al (2010 ) Urinary CD80 is elevated in minimal change disease but not in focal 

segmental glomerulosclerosis. Kidney Int. 78:296-302. 

Navarro-Munoz M, Ibernon M, Perez V al (2011) Messenger RNA expression of B7-1 and NPHS1 in urinary 

sediment could be useful to differentiate between minimal-change disease and focal segmental 

glomerulosclerosis in adult patients. Nephrol Dial Transplant. 26:3914-3923. 

Yu CC, Fornoni A, Weins A et al (2013) Abatacept in B7-1-Positive Proteinuric Kidney Disease. N Engl J Med. 

2013. 



 15 

Sahali D, Pawlak A, Valanciute A et al (2002) A novel approach to investigation of the pathogenesis of active 

minimal- change nephrotic syndrome using subtracted cDNA library screening. J Am Soc Nephrol 13:1238-

1247. 

Grimbert P, Valanciute A, Audard V et al (2003) Truncation of C-mip (Tc-mip), a new proximal signaling 

protein, induces c-maf Th2 transcription factor and cytoskeleton reorganization. J Exp Med 198:797-807. 

Kamal M, Valanciute A, Dahan K et al (2009) C-mip interacts physically with RelA and inhibits nuclear factor 

kappa B activity. Mol Immunol 46:991-998. 

Zhang SY, Kamal M, Dahan K et al (2010) c-mip impairs podocyte proximal signaling and induces heavy 

proteinuria. Sci Signal 3:ra39. 

Audard V, Zhang SY, Copie-Bergman C et al (2010) Occurrence of minimal change nephrotic syndrome in 

classical Hodgkin lymphoma is closely related to the induction of c-mip in Hodgkin-Reed Sternberg cells and 

podocytes. Blood 115:3756-3762. 

Cambier JF and Ronco P (2012) Onco-nephrology: glomerular diseases with cancer. Clin J Am Soc Nephrol 

7:1701-1712. 

[Sendeyo K, Audard V, Zhang, SY et al (2013) Upregulation of c-mip is closely related to podocyte dysfunction 

in membranous nephropathy. Kidney Int 83:414-425. 

Ory V, Fan Q,  Hamdaoui N et al (2012) c-mip down-regulates NF-kappaB activity and promotes apoptosis in 

podocytes. Am J Pathol 180:2284-2292. 

Patrakka J and Tryggvason K (2007) Nephrin--a unique structural and signaling protein of the kidney filter. 

Trends Mol Med 13:396-403. 

New LA, Keyvani Chahi A, and Jones N (2013) Direct regulation of nephrin tyrosine phosphorylation by Nck 

adaptor proteins. J Biol Chem 288:1500-1510. 

Huber TB, Hartleben B, Kim J et al (2003) Nephrin and CD2AP associate with phosphoinositide 3-OH kinase 

and stimulate AKT-dependent signaling. Mol Cell Biol 23:4917-4928. 

Quack I, Rump LC, Gerke P et al (2006) beta-Arrestin2 mediates nephrin endocytosis and impairs slit diaphragm 

integrity. Proc Natl Acad Sci U S A 103:14110-14115. 

Uchida K, Suzuki K, Iwamoto M et al (2008) Decreased tyrosine phosphorylation of nephrin in rat and human 

nephrosis. Kidney Int 73:926-32 

Foster RR, Saleem MA, Mathieson PW et al (2005) Vascular endothelial growth factor and nephrin interact and 

reduce apoptosis in human podocytes. Am J Physiol Renal Physiol 288:F48-57. 



 16 

Schiffer M, Bitzer M, Roberts IS et al (2001) Apoptosis in podocytes induced by TGF-beta and Smad7. J Clin 

Invest 108:807-816.. 

Schiffer M, Mundel P, Shaw AS et al (2004) A novel role for the adaptor molecule CD2-associated protein in 

transforming growth factor-beta-induced apoptosis. J Biol Chem 279:37004-37012. 

Shih NY LJ, Karpitskii V, Nguyen A et al (1999) Congenital nephrotic syndrome in mice lacking CD2-

associated protein. Science 286:312-315. 

Sakai N, Wada T, Furuichi K et al (2002) p38 MAPK phosphorylation and NF-kappa B activation in human 

crescentic glomerulonephritis. Nephrol Dial Transplant 17:998-1004. 

Stambe C, Nikolic-Paterson DJ, Hill PA et al (2004) p38 Mitogen-activated protein kinase activation and cell 

localization in human glomerulonephritis: correlation with renal injury. J Am Soc Nephrol 15:326-336. 

Koshikawa M, Mukoyama M, Mori K et al (2005) Role of p38 mitogen-activated protein kinase activation in 

podocyte injury and proteinuria in experimental nephrotic syndrome. J Am Soc Nephrol 16:2690-2701. 

Mima A, Kitada M,  Geraldes P et al (2012) Glomerular VEGF resistance induced by PKCdelta/SHP-1 

activation and contribution to diabetic nephropathy. FASEB J 26:2963-2974. 

Emoto Y, Manome Y, Meinhardt G et al (1995) Proteolytic activation of protein kinase C delta by an ICE-like 

protease in apoptotic cells. EMBO J 14:6148-6156. 

Kamal M, Pawlak, BenMohamed AF et al (2010) C-mip interacts with the p85 subunit of PI3 kinase and exerts a 

dual effect on ERK signaling via the recruitment of Dip1 and DAP kinase. FEBS Lett 584:500-506. 

Wang WJ, Kuo JC, Yao CC et al (2002) DAP-kinase induces apoptosis by suppressing integrin activity and 

disrupting matrix survival signals. J Cell Biol 159:169-179. 

Gourlay CW, Carpp LN, Timpson P et al (2004) A role for the actin cytoskeleton in cell death and aging in 

yeast. J Cell Biol 164:803-809. 

Eremina V, Jefferson JA, Kowalewska J et al (2008) VEGF inhibition and renal thrombotic microangiopathy. N 

Engl J Med 358:1129-1136. 

Sison K, Eremina V, Baelde H et al (2010) Glomerular structure and function require paracrine, not autocrine, 

VEGF-VEGFR-2 signaling. J Am Soc Nephrol 21:1691-1701. 

Veron D, Reidy KJ, Bertuccio C et al (2010) Overexpression of VEGF-A in podocytes of adult mice causes 

glomerular disease. Kidney Int 77:989-999. 

Ivy SP, Wick  JY, and Kaufman BM (2009) An overview of small-molecule inhibitors of VEGFR signaling. Nat 

Rev Clin Oncol 6:569-579. 



 17 

Izzedine H, Massard C, Spano JP et al (2010) VEGF signalling inhibition-induced proteinuria: Mechanisms, 

significance and management. Eur J Cancer 46:439-448. 

Echeverria V, Burgess S, Gamble-George J et al, (2009) Sorafenib inhibits nuclear factor kappa B, decreases 

inducible nitric oxide synthase and cyclooxygenase-2 expression, and restores working memory in APPswe 

mice. Neuroscience 162:1220-1231. 

Niaudet P, Gagnadoux MF, and Broyer M (1998) Treatment of childhood steroid-resistant idiopathic nephrotic 

syndrome. Adv Nephrol Necker Hosp 28:43-61. 

Magnasco A, Ravani P, Edefonti A et al (2012) Rituximab in children with resistant idiopathic nephrotic 

syndrome. J Am Soc Nephrol 23:1117-1124. 

Ramos EL (1991) Recurrent diseases in the renal allograft. J Am Soc Nephrol 2:109-121. 

Fairhead T and Knoll G (2010) Recurrent glomerular disease after kidney transplantation. Curr Opin Nephrol 

Hypertens 19:578-585. 

Canaud G, Martinez F, Noel LH et al (2010) Therapeutic approach to focal and segmental glomerulosclerosis 

recurrence in kidney transplant recipients. Transplant Rev (Orlando) 24:121-128. 

Cravedi P, Kopp JB, and Remuzzi G (2013) Recent progress in the pathophysiology and treatment of FSGS 

recurrence. Am J Transplant 13:266-274. 

Hoyer JR, Vernier RL, Najarian JS et al (1972) Recurrence of idiopathic nephrotic syndrome after renal 

transplantation. Lancet 2:343-348. 

Kemper MJ, Wolf G  and Muller-Wiefel DE (2001) Transmission of glomerular permeability factor from a 

mother to her child. N Engl J Med 344:386-387. 

Ali AA, Wilson E, Moorhead JF et al (1994) Minimal-change glomerular nephritis. Normal kidneys in an 

abnormal environment? Transplantation 58:849-852. 

Rea R, Smith C, Sandhu K et al (2001) Successful transplant of a kidney with focal segmental 

glomerulosclerosis. Nephrol Dial Transplant 16:416-417. 

Feld SM FP, Savin V, Nast CC (1998) Plasmapheresis in the treatment of steroid-resistant focal segmental 

glomerulosclerosis in native kidneys. Am J Kidney Dis 32:230-237. 

Ginsburg DS DP (1997) Plasmapheresis in the treatment of steroid-resistant focal segmental glomerulosclerosis. 

Clin Nephrol. 48:282-287. 

Dantal J, Bigot E, Bogers Wet al (1994) Effect of plasma protein adsorption on protein excretion in kidney- 

transplant recipients with recurrent nephrotic syndrome [see comments]. N Engl J Med 330:7-14. 



 18 

Dantal J, Godfrin Y, Koll R et al (1998) Antihuman immunoglobulin affinity immunoadsorption strongly 

decreases proteinuria in patients with relapsing nephrotic syndrome. J Am Soc Nephrol 9:1709-1715. 

Savin VJ, Sharma R, Sharma M et al (1996) Circulating factor associated with increased glomerular permeability 

to albumin in recurrent focal segmental glomerulosclerosis. N Engl J Med 334:878-883. 

Boulton Jones JM, Tulloch I, Dore B et al (1983) Changes in the glomerular capillary wall induced by 

lymphocyte products and serum of nephrotic patients. Clin Nephrol 20:72-77. 

Yoshizawa N, Kusumi Y, Matsumoto K et al (1989) Studies of a glomerular permeability factor in patients with 

minimal- change nephrotic syndrome. Nephron 51:370-376. 

Koyama A, Fujisaki M, Kobayashi M et al ( 1991) A glomerular permeability factor produced by human T cell 

hybridomas. Kidney Int 40:453-460. 

McCarthy ET, Sharma M and Savin VJ (2010) Circulating permeability factors in idiopathic nephrotic syndrome 

and focal segmental glomerulosclerosis. Clin J Am Soc Nephrol 5:2115-2121. 

Wei C, S. El Hindi JL, Fornoni A et al (2011) Circulating urokinase receptor as a cause of focal segmental 

glomerulosclerosis. Nat Med 17:952-960. 

Eugen-Olsen J, Andersen O, Linneberg A et al (2010) Circulating soluble urokinase plasminogen activator 

receptor predicts cancer, cardiovascular disease, diabetes and mortality in the general population. J Intern Med. 

268:296-308. 

Bock ME, Price HE, Gallon L, Langman CB (2013) Serum soluble urokinase-type plasminogen activator 

receptor levels and idiopathic FSGS in children: a single-center report. Clin J Am Soc Nephrol. 8:1304-1311. 

Maas RJ, Wetzels JF, Deegens JK (2012) Serum-soluble urokinase receptor concentration in primary FSGS. 

Kidney Int. 81:1043-1044. 

Wei C, Trachtman H, Li J et al (2012) Circulating suPAR in two cohorts of primary FSGS. J Am Soc Nephrol. 

23:2051-2059. 

Franco Palacios CR, Lieske JC, Wadei HM et al (2013) Urine but not serum soluble urokinase receptor (suPAR) 

may identify cases of recurrent FSGS in kidney transplant candidates. Transplantation. 96:394-399. 

Beaudreuil S, Zhang X, Kriaa F et al (2013) Protein A immunoadsorption cannot significantly remove the 

soluble receptor of urokinase from sera of patients with recurrent focal segmental glomerulosclerosis. Nephrol 

Dial Transplant. Nov 13 [Epub ahead of print]. 

Fornoni A, Sageshima J, Wei C et al (2011) Rituximab targets podocytes in recurrent focal segmental 

glomerulosclerosis. Sci Transl Med 3:85ra46.  



 19 

Legends 

Figure 1. Structure organization of c-mip. The gene c-mip contains 22 exons spanning 270 Kb. It encodes a 

messenger RNA of 4.2kb consisting of 434 bp-5’UTR,   2,200   bp-coding sequence and 1600 bp-3’UTR.   The  

protein c-mip is original in that it contains two domains usually not found within the same protein, the 

Pleckstrin-homogy domain (PH) and LRR domain, as well as an SH3-like domain and many docking sites for 

signaling molecules. 

 

Figure 2. Current understanding of nephrin signaling. In basal conditions, clustering of nephrin in lipid rafts 

induces Fyn phosphorylation at tyrosine 417, leading to its conformational change in active form. The amount of 

active Fyn is amplified upon its interaction with Nck. Then, Fyn phosphorylates nephrin at multiple residues 

within the cytoplasmic domain, which subsequently recruits several proteins including podocin, CD2AP and 

synaptopodin. Fyn binds to and phosphorylates N-Wasp. These diverse interactions initiated by Fyn preserve 

cytoskeleton organization. Phosphorylation of nephrin induces the recruitment of PI3 kinase, which then 

activates Akt and promotes podocyte survival through activation of NF- -mip 

is barely detected in physiological conditions. However, in some pathological situations, c-mip abundance is 

increased and interferes with Fyn activity and nephrin (and likely other podocyte receptors) signaling. 

 

Figure 3. Cross-talk c-mip/NF- -VEGF-mediated glomerular diseases. Thrombotic 

microangiopathy (TMA) is a frequent complication of anti-VEGF ligand therapy (Bevacizumab and VEGF trap), 

whereas minimal change nephropathy/focal segmental glomerulosclerosis (MCN/FSG) are mostly observed 

following receptor tyrosine kinase inhibitor (RTKI) treatment. Glomerular TMA is associated with an 

upregulation of NF- -mip. By contrast, RTKI such as Sorafenib inhibits NF-

leading to increased c-mip abundance and cytoskeleton disorganization, which subsequently induces nephrotic 

proteinuria with MCN/FSG-like histological lesions. 
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