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INTRODUCTION 

Focal segmental glomerulosclerosis (FSGS) is a common cause of steroid-resistant 

nephrotic syndrome. Because FSGS is a progressive form of renal disease, it has also 

become the most common cause of glomerulonephritis-related end-stage renal disease 

(ESRD). Podocytes are highly specialized visceral epithelial cells that form the outermost 

layer of the glomerular capillary tufts, and play a critical role in the maintenance of the 

glomerular filtration barrier. Although FSGS is considered a podocyte disease, the etiology 

is diverse (1). FSGS due to primary alterations of podocytes can be a result of viral infection, 

drugs, or genetic disorders. In addition, primary FSGS is diagnosed, by definition, in 

patients without a known cause (2). Recently, many inheritable genetic forms of FSGS have 

been described, caused by mutations in proteins that are important for podocyte function. 

These genes are mainly those regulating slit diaphragm structures, the actin cytoskeleton, 

foot process structures and transcription factors in podocytes (2).  

MafB is a basic leucine zipper transcription factor belonging to the large Maf family 

(3), which share a conserved basic region and leucine zipper (bZip) motif that mediates 

dimer formation and DNA binding to the MARE (Maf recognition element) (4). Analysis of 

MafB-deficient mice revealed that this factor is essential for podocyte differentiation. 

Nonetheless, MafB expression persists in normal mice after podocyte morphogenesis, 



although its role in podocyte maintenance is not well established, because the 

MafB-deficient mice die during the perinatal period (5). Human MAFB mutations were 

reported in multicentric carpotarsal osteolysis (MCTO) and Duane retraction syndrome 

(DRS) (6, 7). Zankle et al. reported that MCTO is caused by mutations clustering within the 

amino-terminal transcriptional activation domain of MAFB (6). MCTO is a rare skeletal 

dysplasia characterized by aggressive osteolysis, particularly affecting the carpal and tarsal 

bones, and is frequently associated with progressive renal failure. Because renal biopsy is 

often only obtained at a late stage of the disease, the relationship between renal 

involvement and MAFB mutation in MCTO has not been clarified (6). Park et al. reported 

that MAFB mutations cause DRS (7), which is a congenital eye-movement disorder defined 

by limited outward gaze and retraction of the eye on attempted inward gaze. It was 

suggested that in DRS mutants, MAFB lacks the domain for DNA binding and 

dimerization (7). However, Park et al. did not report renal involvement in DRS. 

Recently, we found that DRS patients carrying a MAFB mutation in the 

DNA-binding domain, p.Leu239Pro, developed FSGS (8). Here, to clarify MafB function in 

podocytes, we investigated conditional podocyte-specific MafB knockout (cKO) mice. We 

found that these mice suffered massive proteinuria and presented with FSGS lesions in the 

glomeruli. We also found that enforced MafB overexpression in podocytes, or 



administration of	MafB inducers, protected against FSGS.  

 



MATERIAL AND METHODS 

Patients with MAFB mutations 

This research complied with the Declaration of Helsinki and the Ethics Committee on 

Human Genome Analysis (ECHGA) of Showa University. Informed written consent was 

obtained from all patients and their family members.  

 

Human kidney tissue samples 

Formalin-fixed paraffin-embedded (FFPE) kidney specimens were obtained from patients 

with DRS carrying MAFB mutations, minimal change nephrotic syndrome (MCNS), IgA 

nephropathy (IgAN), primary FSGS and diabetic nephropathy (DN). The clinical study was 

approved by the Institutional Review Board (IRB) of Fujigaoka Hospital of Showa 

University School of Medicine (Approved number: F2017C52). This research protocol was 

also approved by the Ethics Committee of University of Tsukuba Hospital (H26-26). 

Additionally, the comprehensive permitting system for the treatment of human biological 

samples at University of Tsukuba Hospital was utilized as a foundation for this research 

protocol (H26-26). Sections were stained with Periodic acid–Schiff (PAS) and Masson’s 

trichrome (M&T) for histopathological examination under light microscopy. For 

immunohistochemistry, a standard ABC (avidin-biotin complex) method was employed on 



paraffin-embedded sections. Two µm-thick sections were deparaffinized, hydrated, and 

treated at pH 6.0 in citrate for 10 min (for NPHS1, MAGI2 and TCF21 detection) or pH 9.0 

Tris/EDTA (for MAFB and WT1). The tissue was incubated with the following antibodies 

for 60 minutes at room temperature: mouse anti-MAFB monoclonal antibody (2A6, Life 

Span Bio Sciences, Seattle, WA, USA; 1:100), rabbit anti-WT-1 monoclonal antibody 

(CAN-R9(IHC)-56-2, Abcam, Cambridge, UK; 1:200), sheep anti-NPHS1 polyclonal 

antibody (R&D Systems, Minneapolis, MN, USA; 1:50), rabbit anti-MAGI2 polyclonal 

antibody (Sigma Aldrich, St. Louis, MO, USA; 1:100) and rabbit anti-TCF21 polyclonal 

antibody (Abcam; 1:50). The signals were visualized using a horseradish 

peroxidase-conjugated compact polymer. Diaminobenzidine (DAB) was used as the 

substrate chromogen. The sections were then counterstained with hematoxylin. For 

co-immunofluorescence staining of MAFB and WT1, anti-MAFB and anti-WT1 antibodies 

were labeled with Alexa Fluor-488 (green) and -594 (red) secondary antibodies (Thermo 

Fisher Scientific, Waltham, MA, USA), respectively. For electron microscopy, tissues were 

fixed in 2% glutaraldehyde in phosphate-buffered saline, and transmission electron 

microscopy was performed using standard methods. 

 

 



Mice 

To create MafB conditional knock-out (cKO) mice, the Mafb gene was flanked with a loxP 

element with a neomycin-resistant gene using homologous recombination in ES cells 

(Mafbflox/flox) (9). Following this, the mice were crossed with NPHS2-Cre ERT2 transgenic 

mice (10) to obtain Mafbflox/flox::NPHS2-CRE ERT2 animals. Injection of tamoxifen at 6 

weeks of age resulted in podocyte-specific MafB knockout. Mafbflox/flox mice served as 

controls. The genetic background of these mice is C57BL/6J. NPHS1-MafB transgenic (TG) 

mice were overexpressing MafB in podocytes by using the NPHS1 promoter/enhancer (11). 

These TG mice were backcrossed ten times to BALB/c mice for the adriamycin nephropathy 

experiments. Mice were maintained in the Laboratory Animal Resource Center. All 

experiments were performed according to the Guide for the Care and Use of Laboratory 

Animals of the University of Tsukuba. 

 

Urinary protein, creatinine and albumin, BUN and serum creatinine 

Urinary protein, albumin and creatinine were measured in a Hitachi 7170 automated 

analyzer (Hitachi High-Technologies Corporation, Tokyo, Japan). Urinary protein was 

determined by the pyrogallol red method, creatinine by an enzymatic method and albumin 

by turbidimetric immunoassays. BUN and serum creatinine were measured using a 



Dry-Chem 3500 automated analyzer for routine laboratory tests (Fuji Film Inc., Tokyo, 

Japan).  

 

Histopathological analysis of murine renal tissues 

Each mouse was bled out while under ether anesthesia. Organs were then fixed with 10% 

formalin in 0.01 mol/l phosphate buffer (pH 7.2) and embedded in paraffin. Sections were 

assessed by PAS and M&T staining for histopathological examination under light 

microscopy. For immunofluorescence analysis, frozen sections were stained using rabbit 

anti-MafB polyclonal antibody (BL658; BETHYL Laboratories, Montgomery, TX, USA; 

1:100), gout anti-Nphs1 polyclonal antibody (R&D Systems; 1:100), rabbit anti-Magi2 

polyclonal antibody (Sigma Aldrich; 1:100) and rabbit anti-Tcf21 polyclonal antibody 

(Abcam; 1:50) using Alexa Fluor-488 (green)-labeled secondary antibodies (Thermo Fisher). 

Electron microscopy was performed using standard methods. Quantitative estimation of 

immunofluorescence was performed using Image J software. Relative fluorescence 

intensity was calculated using the mean fluorescence intensity of wild-type mice defined as 

1.0. Glomerulosclerosis score was calculated by dividing the number of sclerotic glomeruli 

by the total number of glomeruli counted. The degree of glomerular sclerosis was 

estimated in at least 80 counted glomeruli. The renal tubulointerstitial injury area in each 



kidney section was measured using a BIOREVO BZ-9000 microscope (Keyence, Osaka, 

Japan), and the mean area was calculated. The average foot process width, expressed in 

microns, was calculated by dividing the total GBM length measured in the single 

glomerulus by the total number of slits counted. The value obtained was multiplied by π/4, 

a correction factor for the random orientation in which the foot processes were sectioned 

(12).  

 

Murine Glomerular isolation 

Mice were anesthetized and perfused through the heart with 1 mg/mL of iron powder 

(Iron; 1.03815.1000, Merck Millipore, Darmstadt, Germany). Kidneys were minced into 

small pieces, digested by 10 mg/mL collagenase A (Roche Diagnostics, Basel, Switzerland) 

and 0.1 mg/mL DNase I (Roche Diagnostics), filtered, and collected using a magnet (13). 

 

Quantitative RT-PCR 

Total RNA (1 µg) was reverse-transcribed into cDNA. Each reaction was done in duplicate. 

The quantity of cDNA in each sample was normalized to the amount of Hprt cDNA. For 

the PCR, we used SYBR Premix Ex Taq II (TAKARA Bio, Otsu, Japan) according to the 

manufacturer's instructions. The amplification was carried out in a Thermal Cycler Dice 



Real Time System (TAKARA Bio). The following primer pairs were used: Mafb, 5’- 

GTGCAGGTATAAACGCGTCC -3’ and 5’- CACCTCCTGCTTAAGCTGCTC -3’; Hprt, 5’- 

CAAACTTTGCTTTCCCTGGT -3’ and 5’- CAAGGGCATATCCAACAACA -3’. 

 

RNA-seq 

RNA-seq was applied for transcriptome analysis. RNA was extracted from glomeruli from 

3 control (Mafb flox/ flox) and 3 MafB cKO mice. Briefly, total RNA was isolated using 

TRIZOL reagent (ThermoFisher Scientific). RNA quality was controlled using an RNA 6000 

Pico kit (Agilent, Santa Clara, CA, USA). A total amount of 50 ng total RNA was used for 

RNA-seq library preparation using the NEB NEBNext rRNA Depletion Kit and ENBNext 

Ultra Directional RNA Library Prep Kit (New England Biolabs, Ipswich, MA, USA); 2×36 

base paired-end sequencing was performed with NextSeq500 (Illumina, San Diego, CA) by 

Tsukuba i-Laboratory LLP (Tsukuba, Ibaraki, Japan). FASTQ files were analyzed using 

CLC Genomics Workbench (Version 7.5.1; Qiagen, Redwood City, CA, USA). Sequences 

were mapped to mouse genome (mm10) and quantified for annotated genes. Transcription 

expression values were estimated as “reads per kilobase per million reads,” and analyzed 

using the Empirical Analysis of the DGE tool (Qiagen). EdgeR, in the statistical software 

package R (http://www.rproject.org/), was used to detect differential gene expression (false 



discovery rate <0.05) (14). Functional analysis was performed using Enrichr 

(http://amp.pharm.mssm.edu/Enrichr/)(15). RNA-seq data were visualized on the 

Integrative Genomics Viewer (IGV) (http://software.broadinstitute.org/software/igv/). 

 

Luciferase assay 

 To construct reporter plasmids, DNA fragments corresponding to positions -2000 to 

0 in the WT and mutant murine Magi2 gene promoter were PCR-amplified and subcloned 

into the pGL3-Luc vector (Promega, Madison, WI, USA). Additionally, DNA fragments for 

positions -2080 to +754 in the WT and mutant murine Tcf21 gene promoter were 

PCR-amplified. To express MafB, we used a previously-described expression plasmid 

(pEFX3-FLAG-MafB) (16). Reporter and effector plasmids were transfected into 293T cells 

by lipofection using polyethylenimine (Polysciences, Warrington, PA, USA) and then 

harvested 48 hours post-transfection. Luciferase assays were performed according to the 

manufacturer's protocol using the Dual-Luciferase Reporter Assay System (Promega). 

Transfection efficiency was routinely monitored and normalized using co-expressed Renilla 

reniformis luciferase activity from the pRL-TK (Promega) expression plasmid. 

 

 



Podocyte culture 

Mouse podocytes (SVI) from a conditionally immortalized cell line were obtained from 

CLS (CLS GmbH, Eppelheim, Germany) (17). Cells were grown in RPMI 1640 medium 

supplemented with 10% fetal bovine serum (FBS), penicillin (100 U/L) and streptomycin 

(100 mg/L) in a controlled humidified atmosphere. To propagate podocytes, the culture 

medium was supplemented with 10 U/mL mouse recombinant interferon (IFN γ; R&D 

Systems) and the cells were cultured at 33°C to enhance the expression of the 

temperature-sensitive large T antigen (permissive conditions). To induce differentiation, 

podocytes were maintained at 37°C without IFN γ (non-permissive conditions) for 10 days. 

Subsequently, podocytes were cultured with atRA for 6 hours. 

 

Adriamycin Nephropathy 

Male BALB/c mice (WT or TG) aged 8-10 weeks were injected intravenously with a single 

dose of adriamycin (12 mg/kg) (Doxorubicin Hydrochloride; Sigma Aldrich). Urinary 

protein was measured weekly. The mice were sacrificed 2 weeks after adriamycin 

administration (18). For MafB induction experiments, atRA (all trans-Retinoic Acid; Sigma 

Aldrich) (320 µg/mouse) was injected intraperitoneally daily for 7 days after adriamycin 

administration. 



Statistical Analysis 

All results are expressed as means ± s.e.m. Significant differences between two groups were 

analyzed using the unpaired Welch’s t-test. Differences were considered statistically 

significant at P<0.05. Comparisons of survival rates were done by the Kaplan-Meier 

method and Mantel-Cox log-rank test. 

 

 

 

 

 

 

 

 

 

 

 

 

 



RESULTS 

Duane retraction syndrome (DRS) patients carrying a MAFB mutation develop FSGS 

associated with the depletion of MAFB in podocytes  

We recently identified two unrelated Japanese FSGS families including probands 

suffering from DRS (8). Next-generation sequencing revealed that affected individuals 

harbored a novel missense variant (p.Leu239Pro) in the MAFB DNA-binding domain. The 

MAFB p.Leu239Pro mutation may result in less stable DNA binding. The patients, Case 1 

and Case 2, are siblings. The affected sister (Case 1) presented with nephrotic syndrome at 

the age of 10 years. A renal biopsy at the age of 23 revealed progressive segmental 

glomerulosclerosis with global tuft obsolescence, severe tubular atrophy and interstitial 

fibrosis (Fig. 1A). Electron microscopy revealed podocyte foot process effacement (Fig. 1B). 

The affected brother (Case 2) also developed nephrotic syndrome at the age of 10. A renal 

biopsy performed at age 18 revealed FSGS. Another patient, Case 3, unrelated to these 

siblings, was diagnosed by renal biopsy at the age of 17 as suffering from FSGS (Fig. 1A). In 

these MAFB mutation cases, we performed immunohistochemistry for MAFB and WT1 

proteins in renal biopsy tissues. Glomerular podocytes were identified as WT1-positive cells. 

We confirmed that MAFB is present in podocytes from control glomeruli (from patients 

with minimal change nephrotic syndrome, MCNS). Meanwhile, MAFB-negative podocytes 



(pink-colored) are increased in MAFB mutant glomeruli (Fig. 1C). The number of 

MAFB-positive glomerular cells in patients with the mutation was approximately half that 

of controls. However, the number of podocytes (WT1-positive cells) did not differ between 

MAFB mutants and controls. We found that the number of MAFB-positive podocytes in 

patients carrying the mutation was significantly lower than in controls (Fig. 1D, E). 

 

MAFB expression in podocytes is decreased in primary FSGS patients 

Next, we analyzed MAFB expression in a variety of human kidney diseases 

(MCNS, IgA nephropathy, primary FSGS and diabetic nephropathy) (Fig. 2A). We found 

significantly lower numbers of MAFB-positive glomerular cells in primary FSGS and 

diabetic nephropathy patients relative to those with other kidney diseases (Fig. 2B). After 

correction for the number of MAFB-positive cells-vs-podocyte numbers, the abundance of 

MAFB-positive podocytes in primary FSGS was approximately half that in other kidney 

diseases (Fig. 2C). 

 

MafB podocyte-specific knockout mice develop overt proteinuria and exhibit focal 

glomerular segmental sclerosis lesions 

We have determined that human MAFB mutation results in FSGS and showed that 



MAFB expression in podocytes was decreased in primary FSGS patients. These findings 

indicate that MAFB plays an important role in podocytes. To investigate the mechanisms 

related to MafB function in podocytes, we exploited conditional podocyte-specific MafB 

knockout (cKO) mice (Fig. 3A). We have previously generated Mafb flox/ flox mice (9) and 

now we crossed NPHS2 promoter Cre ERT2 transgenic mice (10) with them to create Mafb 

flox/ flox :: NPHS2-Cre ERT2 mice. After injecting tamoxifen at 6 weeks of age, we compared 

MafB conditional knockout and Mafb flox/ flox (control) mice. We confirmed that Mafb 

expression in cKO glomeruli was reduced to less than 10% of controls a week after 

tamoxifen administration (Fig. 3B). After MafB inactivation for 12 weeks following 

tamoxifen injection, cKO mice showed overt proteinuria (Fig. 3C). The levels of urinary 

protein in cKO mice were significantly higher than in controls 16 weeks after tamoxifen 

administration (urinary protein of control versus cKO at 16 weeks: 16.00 ± 1.99 versus 

52.04 ± 9.65 (mg/mg creatinine), P<0.05) (Fig. 3C). Proteinuria was mainly due to albumin 

(urinary albumin of control versus cKO at 16 weeks: 0.66 ± 0.36 versus 23.29 ± 5.65 (mg/mg 

creatinine), P<0.05) (Fig. 3D). We examined renal function in MafB cKO mice by measuring 

blood urea nitrogen (BUN) and serum creatinine as an index of renal function. These mice 

exhibited significantly higher BUN and serum creatinine levels than control mice 16 weeks 

after tamoxifen administration (BUN concentration of control versus cKO: 28.8 ± 1.4 versus 



36.5 ± 2.2 (mg/dL), P<0.01, serum creatinine concentration of control versus cKO: 0.21 ± 0.02 

versus 0.29 ± 0.03 (mg/dL), P<0.05) (Fig. 3E). Fifty percent of the MafB cKO mice were alive 

at 27.0 ± 3.0 weeks, and most died of renal failure by 40 weeks (Fig. 3F). Their kidneys had 

a pale appearance (Fig. 3G) and renal histopathological analysis of MafB cKO kidneys 

showed FSGS lesions 16 weeks after tamoxifen administration (Fig. 3H, J). We also found 

renal interstitial damage in the MafB cKO mice (Fig. 3H, K). Ultrastructural analysis 

revealed podocyte foot process effacement in MafB cKO glomeruli (Fig. 3I, L). 

 

Gene expression of slit diaphragm-related proteins (Nphs1 and Magi2) and the 

podocyte-specific transcription factor Tcf21 is significantly reduced in MafB cKO 

glomeruli 

Because glomerular sclerosis had already occurred in MafB cKO mice 16 weeks after 

tamoxifen administration, non-specific changes of gene expression in glomeruli would also 

be expected by that time. Therefore, RNA samples were collected from the isolated 

glomeruli of MafB cKO and control mice at an earlier time point and RNA-seq analysis was 

performed (8 weeks after tamoxifen injection). We compared the expression profiles of all 

38,924 annotated genes and found that levels of expression of 32 genes were significantly 

different in MafB cKO mice and controls (False Discovery Rate (FDR) adjusted P-value < 



0.05). We observed that 21 genes were down-regulated and 11 up-regulated in MafB cKO 

glomeruli (Fig. 4A). To investigate potential molecular mechanisms in MafB cKO mice, we 

performed functional gene enrichment analysis using Enrichr 

(http://amp.pharm.mssm.edu/Enrichr/) (15). This identified down-regulated genes in MafB 

cKO, ranking ‘PodNet: protein-protein interactions in the podocyte’ as the top associated 

process. This involves several podocyte-specific genes including Nphs1, Magi2, Tcf21, Ddn 

and Angptl2 (Fig. 4B). Interestingly, some of these podocyte-specific genes, Nphs1, Magi2 

and Tcf21, had already been identified as genetic causes of FSGS or congenital nephrotic 

syndrome in humans and/or mice (19-23). Therefore, we further analyzed the relationships 

between Mafb and, Magi2, Nphs1, and Tcf21. In our RNA-seq study, the visualization of 

read mapping clearly showed severe depletion of Mafb, Magi2, Nphs1 and Tcf21 (Fig. 4C). 

Additionally, we found that podocyte specific genes, Dag1, Iqgap1 and Ntrk3 were 

upregulated in MafB cKO glomeruli (Fig. 4A, B).  

 

MafB Directly Regulates Nphs1, Magi2 and Tcf21 Expression 

A significant reduction of Nphs1, Magi2 and Tcf21 mRNA in MafB cKO mice suggests 

a role for MafB in the regulation of their expression. We previously showed that MafB 

directly regulates the transcription of Nphs1 by interacting with the highly conserved 



MARE site in its promoter region (11). We found that the 5’-flanking region of Magi2 

contains a half-MARE (Maf recognition element; TGCTGA) that is highly conserved 

between human and mouse (Fig. 4D). Therefore, we hypothesized that MafB directly binds 

the Magi2-MARE and activates Magi2 transcription. To test this hypothesis, we transfected 

a firefly luciferase reporter plasmid construct, containing the murine Magi2 promoter 

region together with the MafB expression plasmid, into 293T cells. As expected, the 

reporter was activated by co-expression of MafB in a dose-dependent manner (Fig. 4E). 

However, a luciferase reporter plasmid construct in which the Magi2-MARE was deleted 

within the Magi2 promoter (Mut-Luc) was not activated by MafB (Fig. 4E). We also found 

that the 5’-flanking region of Tcf21 contains a half-MARE. By the same analysis with Tcf21, 

we found MafB could activate Tcf21 transcription (Fig. 4F, G). These results suggest that 

MafB directly regulates the transcription of Magi2 and Tcf21 by interacting with the highly 

conserved half-MARE. 

 

Glomerular expression of MafB targets are decreased in MafB cKO mice and MAFB 

mutant patients 

We assessed the expression of the MafB target proteins Nphs1, Magi2 and Tcf21 by 

semi-quantitative immunofluorescence analysis in MafB cKO mice. Consistent with the 



results of RNA-seq analysis, the amounts of these podocyte proteins were significantly 

decreased in MafB cKO glomeruli (Fig. 5A). As described above, podocytes of DRS patients 

with MAFB mutations were depleted of MAFB (Fig. 1D, E). Therefore, we also performed 

immunohistochemistry in the human MAFB mutation cases. MAFB targets (NPHS1, 

MAGI2 and TCF21) were exclusively expressed in glomeruli in controls but in 3 affected 

individuals, the expression of these proteins was decreased (Fig. 5B). 

 

Enforced overexpression of MafB in podocytes, or treatment with a MafB inducer, protects 

against FSGS in the murine model 

As described above, MafB deletion results in FSGS in mice and humans. We also 

documented MAFB depletion in human primary FSGS. These results imply that MafB 

plays a crucial role in podocyte maintenance and FSGS pathogenesis. Thus, we 

hypothesized that MafB might be protective against FSGS. To test this, MafB 

podocyte-specific transgenic (TG) mice were treated with adriamycin which causes 

nephropathy, an accepted murine model for FSGS (18). We previously generated 

transgenic (TG) mice as previously described (11). Renal injury was induced in these 8-10 

week-old TG and WT (wild-type) mice by intravenous injection of adriamycin (ADR). 

Renal manifestations were assessed two weeks thereafter. The level of urinary protein in 



ADR-induced TG mice (TG ADR) was significantly less than in WT mice (WT ADR) 

(urinary protein of WT ADR versus TG ADR: 165.22 ± 25.81 versus 34.05 ± 10.68 (mg/mg 

creatinine), P<0.01) (Fig. 6A). Severe glomerular sclerosis was observed in WT ADR mice, 

but was less obvious in TG ADR mice (Fig. 6B). We performed RT-PCR analysis on isolated 

glomeruli and found increased expression of Mafb in control (ADR-non-induced) TG (TG 

Cont) glomeruli relative to WT controls (WT Cont). Mafb expression was reduced after 

induction of ADR nephropathy in WT glomeruli. However, Mafb expression in TG ADR 

glomeruli remained greater than that observed in WT Cont mice (Fig. 6C). Thus, enforced 

MafB overexpression in podocytes protected against adriamycin-induced podocyte 

damage and proteinuria. 

Recently, we showed that PPARδ/RXRα, LXRα/RXRα, RAR, and glucocorticoid 

receptor (GR) agonists activate Mafb expression in macrophages. All-trans retinoic acid 

(atRA), a RAR agonist, particularly strongly induced Mafb (24). However, it was not known 

whether atRA could induce MafB in other cell types or in vivo. To determine whether atRA 

induces MafB expression in murine podocyte cell lines, they were cultured in the presence 

of atRA 0, 1, 10 or 100 nM. We found that atRA induced Mafb expression in cultured 

podocytes in a dose-dependent manner. The addition of 100 nM atRA increased Mafb 

expression by greater than 10-fold relative to untreated cells (Fig. 6D).  



Next, we investigated the effects of atRA on ADR nephropathy. After ADR 

administration, WT mice were treated with daily intraperitoneal injections of atRA for 7 

days, or left untreated. The level of urinary protein in atRA-treated ADR-induced (atRA(+) 

ADR) mice was significantly lower than in atRA-non-treated ADR-induced (atRA(-) ADR) 

mice (urinary protein of atRA(-) ADR versus atRA(+) ADR at 2 weeks: 109. 91 ± 19.65 

versus 44.55 ± 9.47 (mg/mg creatinine), P<0.01) (Fig. 6 E). Glomerular sclerosis was 

observed in atRA(-) ADR mice, but was again less obvious in atRA(+) ADR mice (Fig. 6F). 

Glomerular Mafb expression was significantly reduced in atRA(-) ADR mice compared 

with atRA(-) Cont animals, whereas Mafb levels did not significantly differ between 

atRA(+) Cont and atRA(+) ADR mice (Fig. 6G). Thus, atRA inhibits murine FSGS by MafB 

induction in glomeruli. These data provide new insights into the underlying molecular 

mechanisms of FSGS and suggest a novel therapeutic strategy. 

 

DISCUSSION 

FSGS is a clinicopathologic syndrome manifesting as proteinuria, usually within the 

nephrotic range, characterized by a typical histological injury pattern, steroid-resistance, 

and progression to ESRD (1, 2). Treatment of nephrotic syndrome due to FSGS remains a 

medical challenge because its steroid resistance requires a high cumulative steroid dose. 



The necessity of using alternative steroid-sparing immunosuppressive agents with 

potential toxic side effects also restricts their long-term use. Several other treatments have 

been explored in steroid-resistant nephrotic patients with FSGS, but to date, these therapies 

have either not been effective, or there is thus far too little experience of them to determine 

their ultimate utility (25). In the present study, we identified MafB as a potential novel 

therapeutic target for FSGS. 

MafB is expressed in both developing and mature podocytes. It regulates the later 

steps of podocyte development at the capillary loop stage or after (26). Analysis of 

MafB-deficient mice shows that it is essential for podocyte differentiation and foot process 

formation (5). However, its role in podocyte maintenance has not been established, because 

MafB-deficient mice die during the perinatal period (5). Here, we show conditional MafB 

podocyte-specific deficient mice results in FSGS. RNA-seq analysis revealed several 

podocyte-specific genes, Nphs1, Magi2, Tcf21, Ddn and Angptl2 were down-regulated in 

MafB cKO glomeruli. The NPHS1 gene, encoding Nephrin, is a major cause of congenital 

nephrotic syndrome (19); it is specifically located at the slit diaphragm of glomerular 

podocytes (20). MAGI2 (membrane-associated guanylate kinase, WW, and PDZ 

domain-containing 2) is also known to be a cause of congenital nephrotic syndrome (21). It 

is a component of the slit diaphragm of glomerular podocytes, and specifically knocking it 



out in mice results in FSGS (22). Although the relationships between the podocyte-specific 

transcription factor TCF21 and human chronic kidney disease (CKD) are not known, Tcf21 

conditional knockout mice do develop FSGS (23). The role of Dendrin (Ddn) in podocytes is 

controversial. Ablation of Dendrin delays the onset of kidney failure in mice (27), but in 

contrast, several studies reported that its expression is lower in nephrotic animal models 

and in human glomerular diseases (28, 29). Dendrin is localized at the slit diaphragm in 

podocytes, protected from Nedd4–2–mediated ubiquitination by Magi-2 (22). Thus, 

Dendrin depletion in MafB cKO glomeruli might be caused by Magi2 impairment. 

Although a previous report indicated that ANGPTL2 was upregulated in podocytes of 

diabetic human glomeruli (30), Angptl2-deficient mice did not reveal any obvious renal 

phenotype under normal conditions (31). We also found that podocyte specific genes, Dag1, 

Iqgap1 and Ntrk3 were upregulated in MafB cKO glomeruli (Fig. 4A, B). Dag1 

(Dystroglycan) is expressed by podocytes, but its specific deletion in mice caused only mild 

GBM thickening, suggesting that it is not a critical adhesion receptor in podocytes (32). 

Iqgap1 (IQ domain GTPase-activating protein 1) and Nephrin are co-localized in podocytes. 

Because Iqgap1 regulates actin cytoskeleton organization in podocytes through interaction 

with Nephrin (33), its increase may be secondary to Nephrin depletion. The role of the 

fourth moiety, Ntrk3 (neurotrophic receptor tyrosine kinase 3), in podocytes is not 



established. 

In humans, MAFB mutation results in FSGS in DRS and MCTO (6-8). DRS is a 

congenital eye movement anomaly characterized by impaired horizontal eye movement 

due to cranial nerve mal-development. However, DRS is heterogeneous, and MAFB 

mutations are present in less than 1% of patients (7). Renal involvement in DRS has not 

been previously reported except in our own cases (8). In contrast, an important 

complication of MCTO is nephropathy, which can progress to ESRD. The pathognomonic 

feature of this syndrome is the excessive reabsorption of carpotarsal bones due to osteoclast 

activation. Because a recent study reported that MAFB mutations were found in all MCTO 

cases analyzed, it is possible that these mutations in the transcriptional activation domain 

cause MCTO (6). However, almost all previously reported series with renal biopsies in 

MCTO patients showed only ESRD on histological examination because of the late 

presentation to nephrologists, and only one case report presented proven FSGS (34). DRS 

with FSGS is caused by the DNA-binding domain mutation of MAFB (8), whereas MCTO 

patients generally lack abnormalities in eye movement (6). However, DRS with FSGS 

patients lack carpotarsal bone involvement. The reason for phenotypic differences between 

the DNA-binding domain and the transcriptional activation domain of MAFB is not clear.  

We also found decreased MAFB in glomeruli in primary FSGS and diabetic 



nephropathy patients. These CKD are the major cause of ESRD leading to dialysis. FSGS is 

a diverse set of syndromes arising after podocyte injury from different causes, some of 

which are known but others not (35). Similarly, in diabetic nephropathy, podocytes seem to 

be quite susceptible to injury leading to their loss (35, 36). Such podocyte depletion seems 

to be a relatively early event in the evolution of diabetic nephropathy and predicts clinical 

progression of the disease. It has been established that podocyte loss underlies progression 

of CKD in both humans and experimental animal models (35, 37). We previously showed 

that MafB overexpression in podocytes prevents diabetic nephropathy through regulation 

of slit diaphragm proteins, antioxidant enzymes, and Notch pathways (11). In the present 

study, we also showed that enforced overexpression of MafB in podocytes, or 

administration of a MafB inducer, protects against FSGS in the murine model. These results 

indicate that MafB has a protective role against podocyte injury in CKD.  

 

CONCLUSION 

In summary, we have demonstrated that MafB mutation results in FSGS in humans 

and mice due to the depletion of slit diaphragm-related proteins and podocyte-specific 

transcription factors. Consistent with this, podocyte-specific MafB overexpression prevents 



FSGS. We also found that the RAR agonist atRA enhanced MafB expression in podocytes, 

and played a protective role in murine FSGS. Therefore, MafB could be a therapeutic target 

for FSGS. 
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FIGURE 

 

Fig. 1. Patients carrying MAFB mutations developed FSGS associated with the decreased 

MAFB expression in podocytes. (A) FSGS lesions in glomeruli of patients carrying the 

MAFB mutation p.Leu 239 Pro. Periodic acid-Schiff (PAS) stain (upper panel). Masson’s 

trichrome staining (lower panel). The blue area, showing fibrosis. Scale bars, 50 µm. (B) 

Electron microscopy of podocyte foot process effacement (arrows) in a patient with MAFB 

mutation (Case 1). Scale bar, 2 µm. (C) MAFB expression in podocytes (WT1 positive cells) 



of control and MAFB mutant glomeruli. Blue, 4’6-diamidino-2-phenylindole (DAPI); green, 

MAFB; red, WT1. Scale bar, 50 µm. Control glomeruli were from a MCNS (minimal change 

nephrotic syndrome) patient. MAFB mutant glomeruli were from Case 1. (D) 

Immunohistochemical staining for MAFB and WT1 in renal biopsy specimens from 

patients with MAFB mutation (n=3). Control glomeruli were from MCNS patients (n=3). 

Scale bars, 50 µm. (E) MAFB-positive cells in podocytes are decreased in MAFB mutant 

patients: podocytes enumerated as WT1-positive cells. Quantification of MAFB and WT1 

staining in all glomerular sections per kidney sample. n=3 per group. Values represent the 

means ± s.e.m. *P<0.05, the unpaired Welch’s t-test (E). 



 

Fig.  2. Glomerular MAFB expression is decreased in primary FSGS patients. (A) 

Immunohistochemical staining for MAFB and WT1 in renal biopsy specimens from 

patients with a variety of kidney diseases. Representative samples are shown. MCNS; 



minimal change nephrotic syndrome (n=3), IgA nephropathy; IgAN (n=6), primary FSGS 

(n=6); FSGS and DN; diabetic nephropathy (n=5). Scale bars, 50 µm. (B) Quantification of 

MAFB staining. (C) Correction of MAFB-positive cell counts by podocyte numbers. Values 

represent the means ± s.e.m. *P<0.05, ** P<0.01, the unpaired Welch’s t-test (B, C). 



 

 

Fig. 3. Podocyte-specific MafB knockout mice develop FSGS. (A) Time course of 

tamoxifen-induced conditional MafB deletion. (B) Quantitative RT-PCR analysis. Relative 

Mafb expression in glomeruli after tamoxifen injection. Cont (control; Mafb flox/ flox) n=3; 

cKO n=3. (C) Calculated urinary protein/creatinine ratios in Cont and cKO mice.  Cont 

n=5; cKO n=6. (D) Calculated urinary albumin/creatinine ratios. Cont n=5; cKO n=6. (E) 

BUN and serum creatinine levels. Cont n=17; cKO n=16. (F) Survival of cKO (n=15) and 

Cont (n=15) mice by the Kaplan-Meier method. Fifty percent of cKO mice were alive at 27.0 

± 3.0 weeks. (G) cKO kidneys appearance at 40 weeks. (H) PAS staining (upper panel) and 



Masson’s trichrome staining (lower panel) in Cont and cKO kidneys. Scale bars, 50 µm. (I) 

Ultrastructural analysis. Podocyte foot process effacement (arrows) in cKO glomeruli 16 

weeks after tamoxifen administration. Scale bars, 2 µm. (J) Graphs depicting quantitative 

analysis of glomerulosclerosis. Glomerulosclerosis score was calculated as (the number of 

sclerotic glomeruli)/ (the total number of glomeruli) Cont n=5; cKO n=5. (K) 

tubulointerstitial injury area in Cont and cKO kidneys. Cont n=5; cKO n=5. (L) The average 

foot process width. Cont n=8; cKO n=8. Each bar represents the mean ± s.e.m. *P<0.05, ** 

P<0.01, the unpaired Welch’s t-test (B-E, J-L), Mantel-Cox log-rank test (F). 



 

 

Fig. 4. MafB directly regulates slit diaphragm-related proteins and a podocyte-specific 

transcription factor. (A) Scatter plot analysis of 32 differentially expressed genes in control 

(Mafb flox/flox) and MafB cKO glomeruli. RNA expression levels were calculated as RPKM 

(reads which map per kilo-base of exon model per million mapped reads). The horizontal 

axis indicates the RPKM value in Cont (control) glomeruli and the vertical axis the cKO 

glomeruli. The expression levels of 32 genes were significantly different in cKO mice and 

controls (FDR adjusted P value < 0.05). Up-regulated genes are plotted as red dots, 

down-regulated as blue. n=3 mice per group. (B) Functional analysis using Enrichr 



(http://amp.pharm.mssm.edu/Enrichr/). The Wiki Pathway of these 32 genes revealed that 

podocyte-related genes were mainly affected. (C) RNA-seq read mapping on the loci of 4 

podocyte-specific genes (Mafb, Nphs1, Magi2 and Tcf21). RNA-seq data were visualized on 

the Integrative Genomics Viewer (IGV) (Cont n=3; cKO n=3). (D) MafB directly regulates 

Magi2 expression. Analysis of the 5’-flanking region of Magi2 using the Ensembl Genome 

Database website identified a MafB binding site (half-MARE) that is highly conserved 

between mouse and human. (E) Reporter assay. Wild-type Magi2-MARE (WT-Luc) and 

mutated Magi2-MARE (Mut-Luc) luciferase reporter constructs are indicated. The 293T 

cells were co-transfected with the indicated Magi2 promoter–reporter plasmid constructs 

together with the MafB expression plasmid, and relative luciferase activity was measured 

as described in MATERIAL AND METHODS. (F) MafB directly regulates Tcf21 expression. 

Analysis of the 5’-flanking region of Tcf21. (G) Reporter assay of Tcf21. Each bar represents 

the mean ± s.e.m. of duplicates. *P<0.05. The data are from one experiment that is 

representative of at least three independent experiments. Each bar represents the mean ± 

s.e.m. *P<0.05, the unpaired Welch’s t-test (E, G). 



 

Fig. 5. MafB target proteins are decreased in MafB cKO mice and MAFB mutant patients. 

(A) Immunofluorescence analysis. The expression of MafB, Nephrin, Magi2 and Tcf21 in 



MafB cKO mice 16 weeks after tamoxifen injection. Graphs depict semi-quantitative 

analysis by immunofluorescence. Cont n=3; cKO n=3. (B) MAFB target expression in 

patients with a MAFB mutation. Immunohistochemical staining for NPHS1, MAGI2 and 

TCF21 in renal biopsy specimens from patients with MAFB mutation (n=3). NPHS1 and 

MAGI2 are stained in glomerular tufts, TCF21 in nuclei. Controls were MCNS patients 

(n=3). Scale bars, 50 µm. Each bar represents the mean ± s.e.m. *P<0.05, ** P<0.01, the 

unpaired Welch’s t-test (A). 



 

 

Fig. 6. MafB enforced overexpression, or treatment with a MafB inducer, protects against 

FSGS in mice. (A) Calculated urinary protein/creatinine ratios. Adriamycin (ADR) 

nephropathy was induced in MafB podocyte-specific transgenic (TG) and WT mice. WT 

Cont (ADR(-)), n=4; TG Cont (ADR(-)), n=6; WT ADR (ADR(+)), n=6; TG ADR (ADR(+)), n=7. 

(B) Histological analysis. Glomerulosclerotic lesions caused by adriamycin nephropathy. 

Scale bar, 50 µm. Graphs depict a quantitative analysis of glomerulosclerosis. WT Cont, 

n=4; TG Cont, n=4; WT ADR, n=4; TG ADR, n=4.  (C) Glomerular Mafb expression in 

adriamycin nephropathy. WT Cont, n=4; TG Cont, n=5; WT ADR, n=5; TG ADR, n=5. (D) 

atRA induced Mafb expression in cultured podocytes. Cells were treated with different 



concentrations of atRA for 6 h and RT-PCR analysis of Mafb mRNA conducted. The data 

are from one experiment that is representative of at least two independent experiments. (E) 

Calculated urinary protein/creatinine ratios. atRA effects in adriamycin nephropathy 

induced in WT mice (atRA-treated or corn oil-treated). atRA(-) Cont, n=5 ; atRA(+) Cont, 

n=6; atRA(-) ADR, n=13; atRA(+) ADR, n=17. (F) Quantitative analysis of glomerulosclerosis. 

Scale bar, 50 µm. atRA(-) Cont, n=4 ; atRA(+) Cont, n=5; atRA(-) ADR, n=5; atRA(+) ADR, 

n=5. (G) Glomerular Mafb expression. atRA administration effect in adriamycin 

nephropathy. atRA(-) Cont, n=4 ; atRA(+) Cont, n=5; atRA(-) ADR, n=5; atRA(+) ADR, n=5. 

Each bar represents the mean ± s.e.m. *P<0.05, ** P<0.01, the unpaired Welch’s t-test (A-G). 

 

 


