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Podocyte-specific Transcription Factors: Could MafB
Become a Therapeutic Target for Kidney Disease?
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Abstract:
The increasing number of patients with chronic kidney disease (CKD) is being recognized as an emerging

global health problem. Recently, it has become clear that injury and loss of glomerular visceral epithelial

cells, known as podocytes, is a common early event in many forms of CKD. Podocytes are highly specialized

epithelial cells that cover the outer layer of the glomerular basement membrane. They serve as the final bar-

rier to urinary protein loss through the formation and maintenance of specialized foot-processes and an inter-

posed slit-diaphragm. We previously reported that the transcription factor MafB regulates the podocyte slit

diaphragm protein production and transcription factor Tcf21. We showed that the forced expression of MafB

was able to prevent CKD. In this review, we discuss recent advances and offer an updated overview of the

functions of podocyte-specific transcription factors in kidney biology, aiming to present new perspectives on

the progression of CKD and respective therapeutic strategies.
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Introduction

Chronic kidney disease (CKD) is highly prevalent in

many countries, increasing the risk of cardiovascular disease

as well as end-stage kidney disease (ESKD) (1). The num-

ber of ESKD patients requiring renal replacement therapy is

increasing worldwide and becoming a major social burden.

CKD has become a global public health problem, and effec-

tive therapeutic targets are urgently required to slow CKD

progression and improve the prognosis (2).

Podocytes are highly specialized epithelial cells that cover

the outer layer of the glomerular basement membrane

(GBM). They serve as the final barrier to urinary protein

loss through the formation and maintenance of specialized

foot-processes and an interposed slit diaphragm (3). Because

podocytes are highly differentiated cells, their injury and

loss can only partially be compensated for by hypertrophy

of the remaining podocytes (4).

Focal segmental glomerulosclerosis (FSGS) is a syndrome

resulting from podocyte injury characterized by segmental

sclerotic lesions in the glomeruli, cellular hypertrophy, loss

of foot processes, pseudocyst formation, and changes of the

microvilli. Podocyte loss or dysfunction is closely related to

the development of FSGS lesions, proteinuria, and loss of

nephrons (5, 6) (Fig. 1). Many inheritable genetic forms of

FSGS have been described, caused by mutations in genes

whose products are mainly expressed in podocytes and

which have important roles in the maintenance of the

glomerular function. These proteins are mainly those regu-

lating slit diaphragm structures, the actin cytoskeleton, foot

process structures, and transcription factors in podocytes (7).

Several transcription factors responsible for both podocyte

differentiation and morphogenesis contribute to the develop-

ment of proteinuria due to podocyte dysregulation.

We recently reported that transcription factor MafB is ex-

pressed in podocytes and that its mutation results in FSGS

in humans and mice. Consistent with this, forced MafB ex-

pression was able to prevent CKD (8, 9). In the present re-

port, we summarize relevant studies and highlight recent

data on MafB and its role in renal biology, aiming to pro-

vide insights into potential areas for further investigation.

We also review the presence and functions of other

podocyte-specific transcription factors that might be viable
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Figure　1.　Schematic model of the podocyte injury pathogenesis. Podocyte injury leads to the devel-
opment of FSGS lesion, proteinuria, and loss of nephron. GPF: glomerular permeability factor, 
ESKD: end-stage kidney disease, HIV: human immunodeficiency virus, ROS: reactive oxygen spe-
cies, FSGS: focal segmental glomerulosclerosis

as alternative therapeutic targets in CKD.

I. Podocyte-specific Transcription Factor
MafB

1. Large Maf proteins and MafB

Members of the Maf transcription factor family are ho-

mologs of the v-maf oncogene, which was identified from

the AS42 virus and causes Musculoaponeurotic fibrosarcoma

in chicks (10). Maf family proteins share a conserved basic

region and leucine zipper (bZip) motif that mediates dimer

formation and DNA binding to the Maf recognition element

(MARE) (11-13). The MAF family is divided into two sub-

families: large Maf transcription factors with a bZip domain

and a transcriptional activation domain, and small Maf tran-

scription factors with only a bZip domain (11, 13, 14). In

mammals, four large Maf proteins (MafA, MafB, c-Maf, and

Nrl) have been identified (15) (Fig. 2). MafB is known to be

essential for the development of pancreatic endocrine cells,

formation of the inner ear, and functional differentiation of

macrophages and osteoclasts (16). In addition, the t(14;20)(q

32;q11)/IGH-MAFB translocation is found in multiple

myeloma, accounting for 1-2% of cases (17). In kidneys,

MafB is expressed in podocytes (18).

2. Role of MafB in kidney development

To elucidate the MafB function, we created MafB-

knockout (KO) mice. These animals died soon after birth

due to hindbrain and renal abnormalities and respiratory

failure (18). In newborn MafB-KO kidneys, the population

of mature glomeruli was significantly reduced, and podocyte

foot-process effacement was observed. A significant reduc-

tion in nephrin, podocin, and CD2AP expression, which is

required for slit-diaphragm formation of glomeruli, was ob-

served in MafB-KO mice. We thus concluded that MafB is

essential for podocyte differentiation and foot process for-

mation (18).

3. The MafB function in podocytes

Because mice deficient in conventional MafB die soon af-

ter birth (18), it is impossible to analyze the MafB function

in adults. To overcome this hurdle, we generated conditional

podocyte-specific MafB-KO (cKO) mice to analyze the

MafB function in adults. MafB-cKO mice developed FSGS

characterized by the depletion of slit diaphragm-related pro-

teins (Nphs1 and Magi2) and deficiency in podocyte-specific

transcription factor Tcf21(8). Nephrin, mutations of which

are a major cause of congenital nephrotic syndrome, is spe-

cifically located at the slit-diaphragm of glomerular podo-

cytes (19). Membrane-associated guanylate kinase, WW, and

PDZ domain-containing 2 (Magi2) is also known to cause

congenital nephrotic syndrome (20).

Although the relationships between TCF21 and human

FSGS are not clear, Tcf21 podocyte-specific conditional

knockout mice do develop FSGS (21). Liang et al. reported
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Figure　2.　Structural features of Maf proteins. Schematic diagrams of four large Maf and three 
small Maf protein structures. Large Maf proteins contain a transactivation domain, but the small 
Maf proteins not. There are two forms of human c-Maf, as the result of differential splicing.

that spermidine is a key regulator in maintaining a high

level of basal autophagy in podocytes (22). They examined

the role of ornithine decarboxylase (ODC) and spermidine

synthase (SRM) in autophagy. MafB is an upstream regula-

tory transcription factor of spermidine synthesis in podo-

cytes, regulating the expression of ODC and SRM. Auto-

phagy in turn regulates MafB, forming a positive feedback

loop (22). In the diabetic state, MafB overexpression might

ameliorate nephropathy through Nephrin, Gpx3, and Notch2

induction in podocytes (9). Gpx3, a member of the glu-

tathione peroxidase family, can protect cells against oxida-

tive stress (23). The Notch2 pathway plays a critical role in

protecting damaged podocytes from apoptosis (24) (Fig. 3).

4. MAFB mutations in human disease

Because MafB-deficient mice die during the perinatal pe-

riod, it was suspected that MAFB deficiency-related human

diseases would not exist. However, in the past decade, hu-

man MAFB mutations have been reported in patients with

multicentric carpotarsal osteolysis (MCTO) and Duane re-

traction syndrome (DRS) (25-27).

MCTO is a rare skeletal dysplasia characterized by ag-

gressive osteolysis, particularly affecting the carpal and tar-

sal bones. Because all carpal bones are present in MCTO

patients during childhood, with osteolysis progressively oc-

curring as patients age, it was hypothesized that this syn-

drome is caused by excessive bone resorption (28, 29).

MCTO patients have mutations in the phosphorylation sites

of the MAF transcriptional activation domain and exhibit

abnormal phosphorylation (30) (Fig. 4A). The mechanisms

responsible for osteoclast disease as a result of the MAFB
mutation are unknown. MCTO cases are reportedly compli-

cated by hereditary FSGS, which is characterized by podo-

cyte injury (31-33). To analyze the pathogenesis of this syn-

drome, we used CRISPR/Cas9 genome editing to create ho-

mozygous mice harboring the MCTO mutation. These ani-

mals manifested FSGS similar to that seen in MCTO pa-

tients (34).

Park et al. reported that MAFB mutations cause DRS, a

congenital eye movement disorder characterized by abnor-

mal abduction (26). However, the authors did not report any

renal involvement in their case. Recently, we and collabora-

tors found that DRS patients carrying a MAFB mutation in

the DNA-binding domain p. Leu 239 Pro developed

FSGS (27). To validate the identified mutation as the direct

cause of disease, the same mutation was introduced into

mice by genome editing. Mice homozygous for the DRS

mutation exhibited impaired podocyte differentiation resem-

bling that seen in MafB-deficient mice (27, 35).

Five DRS mutations in MAFB have been re-

ported (26, 27, 36). Four are deletions, and the remaining

one is a missense variant in the DNA-binding domain that

renders binding to the MARE sequence impossible

(Fig. 4B). Although MCTO and DRS with FSGS animals

displayed the same renal phenotype, the extra-renal manifes-

tations differed markedly, manifesting as osteoclast dysfunc-
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Figure　3.　Schematic model of the MafB function in podocytes. MafB directly regulates slit-dia-
phragm proteins and transcription factor Tcf21. Schematic displaying the role of MafB in the inter-
play of autophagy and polyamine metabolism in podocytes. In diabetic states, Gpx3 and Notch2 are 
induced by MafB.

tion or abducens nerve paralysis. Therefore, it is important

to analyze these mutant mice in greater detail in order to

understand the pathological mechanisms involved.

5. Role of MafB in CKD

To analyze the relationship between MAFB and primary

glomerular diseases, and diabetic kidney disease (DKD), we

performed MAFB immunofluorescence studies in a variety

of biopsy specimens (minimal change disease, IgA nephro-

pathy, primary FSGS and DKD). We found a significantly

lower MAFB expression in primary FSGS and DKD pa-

tients than minimal change disease and IgA nephropathy

people. Primary FSGS is presumably caused by a circulating

factor, possibly a cytokine produced from extrarenal sources,

which causes generalized injury to podocytes (37). Similarly,

in DKD, podocytes seem to be highly susceptible to injury,

which leads to their loss by apoptosis or detachment from

the GBM (38). In experimental murine models of FSGS and

DKD, the MAFB expression in podocytes was decreased, as

in human disease (8, 9). These results imply that MAFB

plays a crucial role in FSGS and DKD pathogenesis. Con-

sistent with this, streptozotocin-induced DKD was amelio-

rated by MafB overexpression in the podocytes of MafB

podocyte-specific transgenic mice. Furthermore, MafB-

enforced overexpression, or treatment with a MafB inducer,

protected against adriamycin-induced FSGS in mice (8).

Thus, MafB may be a new therapeutic target for CKD.

II. Transcription Factors of Podocytes
Related to FSGS

The transcription factor mutations described below result

in FSGS (Table) and may also be related to FSGS progres-

sion.

1. Wilms’ tumor 1 (WT1)

The WT1 gene encodes a zinc finger DNA-binding pro-

tein that acts as a transcriptional activator or repressor. It is

vital for kidney development and is highly expressed in ma-

ture podocytes (39). WT1 regulates the expression of MafB,
Lmx1b, Foxc1/2, and Tcf21, which are podocyte-specific

transcription factors expressed by mature podocytes (40).

Various different mutations of the WT1 gene have been

identified as causes of syndromic hereditary FSGS (41).

Mutations within the c-terminal zinc finger domains encoded

by exons 8 and 9 have been shown to impair the transacti-

vating functions of WT1. This results in significant altera-

tions in the expression of genes, the products of which are

essential slit diaphragm components, such as nephrin, podo-

cin, and podocalyxin (39, 42-46). Renal phenotypes associ-

ated with WT1 mutations include Wilms’ tumor as a compo-

nent of WAGR syndrome (Wilms’ tumor, aniridia, genitouri-

nary anomalies and mental retardation), Denys-Drash syn-

drome (Wilms’ tumor, male pseudohermaphroditism and

early onset nephrotic syndrome with FSGS), and Frasier

syndrome (male pseudohermaphroditism, nephrotic syn-

drome with FSGS histology and development of gonado-

blastoma) (42, 47-51). WT1 mutations are found in approxi-
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Figure　4.　Domain structure and the location of mutations in the human MAFB. A: Each position 
indicates the amino acid substitution of the observed mutations in patients where mutations were 
previously reported for multicentric carpotarsal osteolysis (MCTO) and Duane retraction syndrome 
(DRS). B: MCTO is known to be caused by a dominant missense mutation in the transactivation do-
main. DRS mutations in the zinc finger DNA-binding domain of MAFB results in the domain deletion 
or missense mutation.

mately 8-13% of patients with congenital nephrotic syn-

drome (52).

2. Paired box gene 2 (PAX2)

PAX2 is a transcription factor playing a central role dur-

ing early embryonic kidney development. Heterozygous mu-

tations in PAX2 result in papillorenal syndrome, also known

as renal-coloboma syndrome. This is a rare autosomal-

dominant disease characterized by renal hypodysplasia, optic

nerve abnormalities, and deafness (53). PAX2 mutations can

also cause FSGS through haploinsufficiency and dominant

negative effects (54). PAX2 mutations were found in 8% of

congenital abnormalities of the kidney and urinary tract

(CAKUT) cases and in 4% of adult-onset familial FSGS

cases (54).

3. LIM homeodomain transcription factor 1 (LMX1B)

Mutations in the LMX1B gene cause nail-patella syn-

drome (NPS). This is an autosomal-dominant disease char-

acterized by dysplastic nails and elbows, hypoplastic or ab-

sent patellae, iliac horns, and nephropathy (55). LMX1B mu-

tants without extrarenal manifestations are recognized as

LMX1B-associated nephropathy (56, 57). LMX1B contains

two LIM-domains (LIM-A and LIM-B), which are involved

in protein-protein interactions, and a homeodomain, which

interacts with specific DNA elements in target genes (58).

The genes encoding podocin, CD2AP and the α3 and α4

chains of collagen IV appear to be natural target gene candi-

dates for LMX1B. Hence, LMX1B mutation results in

FSGS (59, 60). In patients with NPS, the prevalence of



Intern Med 62: 11-19, 2023 DOI: 10.2169/internalmedicine.9336-22

16

Table.　Transcription Factors in Genetic FSGS.

Gene Protein List of disease
Renal 

phenotype
Mode of 

inheritance

MAFB V-maf musculoaponeurotic 

fibrosarcoma oncogene homolog B

MCTO, Duane retraction syndrome FSGS AD

WT1 Wilms tumor 1 Denys-Drash syndrome, Fraiser 

syndrome

FSGS 

DMS

AD

PAX2 Paired box gene 2 Renal-coloboma syndrome FSGS 

CAKUT

AD

LMX1B LIM homeobox transcription factor 1 

beta

Nail-patella syndrome FSGS AD

SMARCAL1 SWI/SNF-related matrix-associated 

actin-dependent regulator of 

chromatin subfamily A-like protein 1

Schimke immuno-osseous 

dysplasia

FSGS AR

NXF5 Nuclear RNA export factor 5 X-linked familial FSGS with 

co-segregating heart block disorder

FSGS XR

MCTO: multicentric carpotarsal osteolysis, FSGS: focal segmental glomerulosclerosis, DMS: diffuse mesangial sclerosis, CAKUT: con-

genital anomalies of the kidney and urinary tract, AD: autosomal dominant, AR: autosomal recessive, XR: X-linked recessive

nephropathy is 25% (61). Electron microscopy typically

demonstrates focal or diffuse irregular thickening of the

GBM with electron-lucent areas. Some patients with NPS

progress to ESKD (58).

4. SWI/SNF-related, matrix-associated, actin-

dependent regulator of chromatin, subfamily a like 1

(SMARCAL1)

SMARCAL1, a member of the SWI2/SNF2 protein fam-

ily, stabilizes replication forks during DNA damage. Schi-

mke immuno-osseous dysplasia (SIOD) is a rare autosomal

recessive disorder characterized by spondyloepiphyseal dys-

plasia with disproportionate growth failure, typical facial ap-

pearance, nephrotic syndrome with FSGS and progressive

renal failure, recurrent lymphopenia, T-cell immunodefi-

ciency, and pigment naevi (62, 63). Whole-exome sequenc-

ing of 300 families with steroid-resistant nephrotic syn-

drome revealed SMARCAL1 mutations in 8 families (64).

Although SMARCAL1 is required for DNA double-strand-

break repair (65), the mechanisms linking SMARCAL1 mu-

tation to podocytopathy are not clear at present.

5. Nuclear RNA export factor 5 (NXF5)

NXF5 is a member of the nuclear RNA export factor

family. There is one report that an Australian pedigree carry-

ing an NXF5 mutation manifested X-linked familial FSGS

with co-segregating heart block disorder (66).

III. Podocyte-specific Transcription Factors:
Any Association with FSGS?

Although the transcription factors described below have

not been reported as mutated in human FSGS, they play im-

portant roles in podocytes and may therefore have some re-

lationship with FSGS.

1. Kruppel-like factor (KLF) 4

KLFs are zinc finger transcription factors involved in vari-

ous cellular processes, such as cell differentiation, apoptosis,

and proliferation (67). Hayashi et al. reported that Klf4 is

highly expressed in glomerular podocytes, and its expression

is decreased in individuals with proteinurea in both animal

models and humans. Podocyte-specific Klf4-KO mice were

shown to be particularly susceptible to adriamycin-induced

FSGS (68). Klf4 overexpression in cultured podocytes in-

creased the expression of nephrin and other epithelial mark-

ers and reduced mesenchymal gene expression. These inves-

tigators reported that Klf4 epigenetically modulates the po-

docyte phenotype and function and that the podocyte epi-

genome can be targeted for direct intervention and reduction

of proteinuria (68). It was also reported that Klf4 expression

in podocytes is required to maintain parietal epithelial cell

(PEC) quiescence through podocyte-PEC crosstalk. Target-

ing podocyte-PEC crosstalk might be a useful therapeutic

strategy in proliferative glomerulopathies (69).

2. Transcription factor 21 (TCF21)

TCF21 (POD1/capsulin/epicardin) is a basic helix-loop-

helix (bHLH) transcription factor whose expression is high-

est in podocyte precursors and is maintained in mature po-

docytes. Maezawa et al. reported that podocyte-specific Tcf
21-KO mice develop massive proteinuria and lesions similar

to FSGS (70). In addition, Usui et al. reported that TCF21 is

present in not only the nuclei but also the cytoplasm of in-

jured podocytes. Therefore, TCF21 overexpression may have

functional effects in injured podocytes (71).

3. FOXC1 and FOXC2 (FOXC1/2)

FOXC1 and FOXC2 (FOXC1/2) belong to subgroup C of

the Forkhead-box (FOX) transcription factor superfamily in-

volved in the development of many organs (72). In humans,

mutations of FOXC1 are responsible for Axenfeld-Rieger

syndrome, and mutations in FOXC2 underlie lymphedema-

distichiasis syndrome (73, 74). Foxc1/2 regulate and stabi-

lize podocyte-specific gene transcription, including the ex-

pression of Tcf7 l2 and Klf6, which have been linked to
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kidney disease progression and podocyte damage (75). The

kidneys of conditional-Foxc1/2-null mice showed proteina-

ceous casts, protein reabsorption droplets in tubules, and

huge vacuoles in podocytes, indicating severe podocyte in-

jury and massive proteinuria with FSGS lesions (76).

4. Dachshund homolog 1 (DACH1)

DACH1, a key cell-fate determinant, regulates transcrip-

tion by DNA sequence-specific binding. DACH1 expression

is reportedly reduced in human FSGS glomeruli (77).

Global Dach1-KO mice manifest renal hypoplasia and die

perinatally. Podocyte-specific Dach1-KO mice, however,

maintain a normal glomerular architecture at baseline but

rapidly develop podocyte injury after diabetes onset (78). In

DKD, diminished DACH1 expression intensifies vulnerabil-

ity to podocyte injury via epigenetic derepression of multi-

ple DACH1 target genes. Furthermore, podocyte-specific

augmentation of DACH1 expression in mice protects them

from DKD. Podocyte-specific Dach1-KO mice are also ex-

tremely sensitive to ADR-induced FSGS (78).

Summary

In this review, we summarized the diverse roles of MafB

and elaborated on its protective effects in kidney disease,

providing new insights into progression and therapy for

CKD. The identification of direct targets of MafB may re-

sult in the establishment of new therapeutic approaches for

proteinuric renal diseases, including FSGS and DKD. In ad-

dition, we reviewed recent knowledge on other podocyte-

specific transcription factors, which can also represent thera-

peutic targets. Further clarification of the mechanisms under-

lying the development of CKD in relation to these transcrip-

tion factors is warranted.
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