
Introduction

“Treasure your exceptions” was sage advice im-

parted by the geneticist William Bateson to his lis-

teners at his lecture delivered on October 23, 1908.

What Bateson implied by this comment was that

exceptions provide a unique opportunity to learn

about the generality. Exactly how Bateson came to

this insight is not clear. However, he was a vision-

ary and with today’s genetic advances, his advice

could not ring more true (Bateson 1908; Schuster

1998). Doubtlessly, monogenic forms of

glomerulopathy (glomerular disease) represent

such informative exceptions in the area of

nephrology.
Glomerulopathies account for a significant

fraction of the terminal stage of chronic kidney
disease. With respect to their pathological and
clinical manifestations, glomerular diseases may
be generally classified as falling into one of the
broad categories: with either nephritic syndrome

(an inflammatory phenotype) or nephrotic syn-
drome (a noninflammatory phenotype). Nephritic
syndrome is characterized by diffuse inflamma-
tory changes in the glomeruli and by abrupt-onset
hematuria, mild proteinuria, and often hyperten-
sion, edema and azotemia. In contrast, nephrotic
syndrome is characterized by a prolonged increase
in glomerular capillary wall permeability, with
heavy proteinuria and often hypoalbuminemia, se-
vere edema, lipiduria and lipemia. In many glo-
merular diseases, features of both syndromes go
hand in hand, making it difficult to identify the un-
derlying cause of the disease (Moeller et al. 2006).

The glomerular filtration barrier is composed

of a fenestrated endothelium, the glomerular base-

ment membrane (GBM), and highly specialized

epithelial cells, called podocytes. The podocytes

contain several primary processes that branch into

secondary foot processes to cover the outside of

the GBM in an interdigitating fashion. The adja-

cent foot processes are bridged along their
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basolateral surfaces by a slit diaphragm – an

ultrathin zipper-like structure of about 40 nm in

width (Figure 1). The GBM is a highly crosslinked

macromolecular meshwork composed of specific

extracellular matrix proteins, such as type IV col-

lagen, laminins, nidogen, and heparan sulfate

proteoglycans. Whereas the GBM functions as a

prefilter, the slit diaphragm located between the

foot processes serves as the ultrafilter of the filtra-

tion barrier (Tryggvason and Wartiovaara 2001;

Khoshnoodi and Tryggvason 2001).

With the recent discovery of a range of genes

involved in transcription and regulation of the

function of the glomerular filtration barrier, it has

become well known that genetic defects play

a major role in the development of glomerular dis-

eases (Moeller et al. 2006).

Genetics of GBM-associated glomerular disease

Genetically determined abnormalities in the struc-

ture of 2 membrane components – collagen type

IV and �2-laminin – result in glomerular damage.

Mutation of the genes coding for collagen type IV

lead to the thin-basement membrane nephropathy

(TBMN) and Alport syndromes. In the latter dis-

ease, a mutation in one of 4 genes coding for colla-

gen chains is tightly linked to the symptoms of

progressive nephropathy with severe hematuria

and proteinuria, leading to the terminal stage of

chronic kidney disease (Kashtan 2005; Moeller

et al. 2006).

Loss-of-function mutations in the LMX1B

gene, encoding for the transcription factor regulat-

ing the expression of COL4A3 (type IV collagen

�3 chain), COL4A4 (type IV collagen �4 chain),

NPHS1 (nephrin), NPHS2 (podocin), and CD2AP,

are related to the symptoms of nail-patella syn-

drome (NPS). The GBM in this syndrome contains

fibrillar deposits of collagen and “moth-eaten-

like” areas. Proteinuria is present in 30–40% of the

diagnosed NPS cases, while in 5–10% of patients

progression to chronic renal disease is observed.

It must be noted, however, that among some pa-

tients with NPS no symptoms of nephropathy are

present. Current data suggest that the pathogenesis

of NPS is related to abnormalities in the structure

and filtration function of the slit diaphragm.

This is inferred from the fact that LMX1B codes

for the transcription factor regulating the expres-

sion of the genes encoding the key slit diaphragm

proteins: nephrin, podocin and CD2AP (Bongers

et al. 2002; Moeller et al. 2006).

Mutations of the LAMB2 gene for �2 laminin
chain are the cause of Pierson syndrome, inherited

in the autosomal recessive pattern. The �2 chain of
this protein is present in the GBM as a component

of the laminin-11 isoform (�5:�2:�1), vital for an-
choring and differentiation of podocytes. A lack of

the functional �2 chain results in a disturbance of
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Figure 1. Molecular model of the glomerular filtratation barrier. The three layers are the fenestrated endothelial cells

lining the inside of the glomerular capillary. The glomerular basement membrane (GBM) and the podocyte foot

processes with their intervening slit diaphragm. The slit diaphragm constitutes a porous filter structure of nephrin

molecules from two adjacent foot processes. CD2AP interacts with nephrin, and possibly also with podocin. �-Actinin-4

stablilizes the actin cytoskeleton by cross-linking actin filaments (F-actin). Mutations in nephrin, CD2AP or podocin

lead to proteinuria and nephrotic syndrome, whereas mutations in �-actinin-4 lead to focal segmental glomerular

sclerosis. (Reprinted from Current Opinion in Genetics & Development, Vol. 11 (Khoshnoodi and Tryggvason 2001),

with permission from Elsevier).



11-laminin function, leading to the nephrotic syn-
drome resistant to treatment. It is manifested very
early, by renal failure in the first year of life. Treat-
ment of choice in these cases is kidney transplan-
tation (Hasselbacher et al. 2006).

Genetics of SD-associated glomerular disease

Podocytes with their filtration slit diaphragm are a

key element of the glomerular filtration barrier.

Microtubules and intermediate filaments are some

of the characteristic features of its cyto-

architecture, with actin cytoskeleton within foot

processes. A number of proteins attached to actin

filaments (such as talin, paxillin and vinculin) me-

diate the link between cytoskeleton and GBM

integrins. The actin cytoskeleton is additionally

linked to the filtration slit diaphragm by catenins,

CD2AP and ZO-1 protein (Figure 1) (Tryggvason

and Wartiovaara 2001; Khoshnoodi and

Tryggvason 2001).
Mutations of the ACTN4 gene, coding for

�-actinin-4, are related to the autosomal dominant
focal segmental glomerulosclerosis (FSGS)
type 1. Onset of the disease is typically recorded in
adolescence or early childhood, and results in the
treatment-resistant non-nephrotic proteinuria, and
slow progression to chronic kidney disease. Al-
pha-actinin-4, tightly linked to F-actin, is respon-
sible for the proper structure and attachment of the
actin podocyte cytoskeleton to cellular mem-
branes. A probable pathomechanism of the dis-
ease, among individuals bearing mutations of the
ACTN4 gene, is proteasomal degradation of mu-

tated forms of �-actinin-4 and/or increased affin-
ity of abnormal forms of this protein to F-actin.
Despite the fact that ACTN4 is expressed in many
human tissues and organs, notable effects of the
mutations were observed in kidneys only (Kaplan
et al. 2000; Yao et al. 2004).

Among various causes of monogenic

glomerulonephropathies, mutations of the mito-

chondrial genome are also to be considered. A typ-

ical example of mitochondrial cytopathy is the one

caused by the A3243G transition of the MTTL1

gene for leucine tRNA. This transition results in

a respiratory chain defect with podocyte malfunc-

tion, leading to FSGS (Loewik et al. 2005; Moeller

et al. 2006). It is worthy of note that a glomerular

disease may be caused not only by mitochondrial

mutations, but also by lesions of another

organelle, i.e. the lysosome, with Fabry disease

being a model example. The Fabry disease, an in-

born error of glycosphingolipid catabolism, is

caused by „loss of function” mutations of the

GALA gene encoding �-galactosidase A.

The �-galactosidase A deficiency results is

globotriaosyloceramide deposition in virtually all

types of the glomerular cells, especially in

podocytes and epithelial cells of distal tubular.

The disease is manifested clinically with

proteinuria and progression to the end-stage renal

disease. It must be emphasized that individuals af-

fected by Fabry disease may be specifically treated

with an enzyme-replacement therapy, which is not

the case for the remaining glomerular diseases

(Warnock and West 2006; Moeller et al. 2006).

The Wilms’ tumor gene (WT1) is located on

chromosome 11p13 and was originally discovered

as a tumor suppressor gene inactivated in a subset

of Wilms’ tumors. WT1 is composed of 10 exons

and encodes a protein with 4 zinc fingers. Regu-

lated expression of WT1 is one of the major re-

quirements for normal renal and genital

development but mechanisms that regulate WT1

expression are still unclear. WT1 is expressed in

podocytes, from the capillary loop stage of devel-

opment onwards, and WT1 is required for

podocyte function. WT1 mutations are typically

seen in sporadic Wilms’ tumors and occur fre-

quently in association with Frasier and

Denys-Drash syndromes. Both syndromes are

characterized by gonadal dysfunction and progres-

sive nephropathy with FSGS, or diffuse mesangial

sclerosis with onset in early childhood. In addi-

tion, isolated diffuse mesangial sclerosis patients

have been shown to have WT1 mutations espe-

cially in exons 8 and 9, involving the zinc finger

domain (Vats 2005).

Nephrin, being a transcellular protein of 180

kDa (1241 amino acids), is a member of the immu-

noglobulin superfamily. Its particles interpose be-

tween the neighboring podocyte foot processes,

creating the 3-dimensional protein structure of the

slit diaphragm, with zipper-like bridging connec-

tions (Figure 1). Nephrin consists of 8 immuno-

globulin-like extracellular C2 type domains,

fibronectin-like domain, transcellular bridging

part, and intercellular C-terminal fragment.

The carboxyl terminus of the protein is highly en-

riched with serine and tyrosine residues, probably

being phosphorylated. This process suggests par-

ticipation of nephrin in intracellular signal

transduction. On the other hand, the extracellular

part of the protein includes 10 potential

N-glycosylation sites. Alternative gene expression

results in existence, in both humans and rats, of

2 nephrin variants: the major beta variant and the
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minor (shorter, 166-kDa) alpha variant of un-

known function (Lenkkeri et al. 1999; Tryggvason

1999). The intracellular domain of nephrin is

linked to podocyte actin cytoskeleton by means of

the small 80-kDa protein, encoded by the CD2AP

gene. In double-knockout mice, onset of massive

proteinuria within the first 2 weeks of life was ob-

served, leading to death within 6–7 weeks.

To date, only 2 cases of CD2AP-related autosomal

dominant FSGS were diagnosed (Wolf and Stahl

2003). Recently, Loewik et al. (2007) reported

a FSGS patient homozygous for a novel CD2AP

mutation resulting in a premature stop codon

yielding a protein truncated by only 4%.

This shortened CD2AP protein displayed a signif-

icantly decreased F-actin binding efficiency in vi-

tro, with no expression of the mutated allele in the

patient’s lymphocytes. Heterozygous expression

of the CD2AP mutation in both parents did not

lead to any kidney pathology, as both had a normal

glomerular filtration rate and no proteinuria

(Loewik et al. 2007).

Nephrin is encoded by the NPHS1 gene located

on chromosome 1q13.1. NPHS1 mutations result

in the congenital nephrotic syndrome of the Finn-

ish type (CNF), which was first described in 1956.

CNF remains a rare autosomal recessive disease,

occurring predominantly in Finland, with an inci-

dence of 1 per 8200–10000 live births. The disease

is characterized by extensive proteinuria present

in the neonatal life (resistant both to treatment

with steroids and alkylating agents), dysfunction

of podocyte foot processes, irregular distention of

renal proximal tubes, and large placenta, with

weight usually exceeding 25% of the neonate total

body weight. Survival of children with CNF is de-

pendent on dialysis with a subsequent kidney

transplant. In 25% of transplant recipients, recur-

rence of proteinuria is observed (most likely due to

the high titer of anti-nephrin antibodies). Two mu-

tations (Fin major and Fin minor) are responsible for

94% of CNF cases in the Finnish population.

The Fin major mutation, present among approxi-

mately 78% of Finnish patients with CNF, is

a 2-bp deletion (121delCT) in the second exon of

NPHS1. This results in inappropriate translation

of the nephrin polypeptide, with its chain shortened

from 1241 to 90 amino acids (Kestilla et al. 1998;

Beltcheva et al. 2001). In contrast, results of our re-

cent genetic survey indicate that this mutation is ab-

sent in the Polish population (Brodkiewicz et al.

2006). The less frequent Fin minor mutation (non-

sense mutation of exon 26), found in approxi-

mately 16% of Finns suffering of CNF, causes

translation of a truncated nephrin protein of 1109

amino acids. Additionally, compound heterozy-

gosity was observed among some patients suffer-

ing from CNF with a Fin major or Fin minor mutation

on one allele, and another disease-related NPHS1

mutation on the other allele. It must also be

stressed that in certain individuals with the fully

symptomatic CNF, either no mutations in the

nephrin gene were found or only one mutated al-

lele was identified. This may suggest either the ex-

istence of mutations within the noncoding NPHS1

regions (promoter and introns), which have not

been thoroughly analyzed so far, or genetic

nonhomogeneity of CNF. Outside Finland, preva-

lence of CNF is significantly smaller (e.g. inci-

dence in the USA is 1 per 50 000 live births).

The only notable exception is found among Old

Order Mennonites in Lancaster County, Pennsyl-

vania, USA. CNF incidence in the community is

20 times higher than among native Finns (1:500

live births). Two Mennonite-specific NPHS1 mu-

tations (1481delC and 3250delG) have not been

found in any other population so far (Bolk et al.

1999).

Mutations in the NPHS2 gene encoding

podocin have been identified by Boute et al.

(2000) as a cause of autosomal recessive ste-

roid-resistant nephrotic syndrome. NPHS2 muta-

tions result in a dysfunction of the glomerular

filtration barrier (Hinkes et al. 2007). Podocin rep-

resents an essential component of the slit dia-

phragm and a close interactor of nephrin.

Nephrin-podocin interaction is vital for nephrin

transduction signal enhancement, and linking of

filtration barrier protein complexes with podocyte

actin cytoskeleton. Podocin seems to interact indi-

rectly with nephrin by means of other proteins, in-

cluding the ones encoded by CD2AP and TRCP6

(Boute et al. 2000; Moeller et al. 2006). Recently,

Hinkes et al. (2007) analyzed the NPHS1, NPHS2,

WT1 and LAMB2 genes jointly in a large European

cohort of 89 children from 80 families with

nephrotic syndrome manifesting in the first year of

life. Their results clearly demonstrated that 2/3

of cases of such a nephrotic syndrome can be ex-

plained by mutations in the 4 genes only, and

NPHS2 mutations identified in 37.5% of all of the

families are the most common cause of nephrotic

syndrome manifesting in the first year of life, ac-

counting for more than half of all causative muta-

tions.

Winn et al. (2005) discovered a large family with

hereditary FSGS caused by a missense mutation in
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the TRPC6 gene on chromosome 11q, encoding the

ion-channel protein transient receptor potential cat-

ion channel 6 (TRPC6). The proline-to-glutamine

substitution at position 112, which occurs in

a highly conserved region of the protein, enhances

TRPC6-mediated calcium signals in response to

agonists, such as angiotensin II, and appears to al-

ter the intracellular distribution of the TRPC6 pro-

tein (Winn et al. 2005). So far, only 6 such families

have been identified. The disease, caused by

TRPC6 mutations, may be characterized by late

onset (between 17 and 57 years of life) with exten-

sive proteinuria, progression to the terminal stage

of chronic kidney disease, and resistance to steroid

treatment (the resistance is typical for monogenic

glomerulopathies). No recurrence of the disease in

transplanted kidneys was observed (Vats 2005;

Moeller et al. 2006).

Conclusions

The afore-described associations (Table 1) are
certainly not comprehensive enough to describe
the complexity of molecular genetics related to
glomerular disease. The genetic origin of rare glo-
merular diseases, such as Galloway-Mowat syn-
drome, familial glomerulopathy with fibronectin

deposits, or collagenofibrolytic glomerulopathy,
still remains undiscovered (Moeller et al. 2006).
On the other hand, having reviewed reports on
new genetic discoveries, we observe a rapid de-
crease in the number of idiopathic glomerulo-
pathies. These discoveries are often surprising,
such as a first report on the association of
a glomerulopathy with an enzyme-coding gene.
Hinkes et al. (2006) found that the cause of
autosomal dominant nephrotic syndrome among
14 children from 7 families were mutations of the
PLCE1 gene, encoding C epsilon phospholipase
(PLCe1). In 12 of the children, PLCE1 nonsense
mutations resulted in production of a shorter trans-
lation product, causing diffuse mesangial sclero-
sis, while missense mutation of the gene observed
in the remaining siblings resulted in FSGS
(Hinkes et al. 2006).

However, this review of monogenic glomeru-
lar diseases would still remain incomplete without
a description of gene mutations related to the de-
creased number of glomeruli – a feature character-
istic for renal hypodysplasia. The analysis of data
collection from the European multicenter
ESCAPE (Effect of Strict Blood Pressure Control
and ACE Inhibition on CRF Progression in Pediat-
ric Patients) trial have revealed the renal develop-
mental gene mutations in 18 of 100 children with
a diagnosed renal hypodysplasia (Weber et al.
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Table 1. Major monogenic glomerular diseases associated with the glomerular basement membrane (GBM) or slit

diaphragm (SD)

Type of glomeru-
lar disease

Disease/syndrome Onset Mode of
heredity

Locus Gene Gene product

GBM-associated

Alport syndrome

late

AR
AD

2q35-37
COL4A3 or
COL4A4

�3 or �4 chain of collagen
type IVthin-basement-membrane

nephropathy
AD

Alport syndrome X-linked Xq22.3 COL4A5 �5 chain of collagen type
IV

Alport syndrome with dif-
fuse leiomyomatosis

COL4A5 and
COL4A6

�5 and �6 chain of colla-
gen type IV

Alport syndrome with
mental retardation

COL4A5 and
FACL4

chain of collagen type IV
and long-chain acyl-CoA
synthetase 4

nail-patella syndrome AD 9q34 LMXIB LMX1B transcription fac-
tor

Pierson syndrome neonatal AR 3p14-22 LAMB2 �2 chain of laminin

SD-associated

congenital nephrotic syn-
drome (Finnish type)

neonatal AR 19q13.1 NPHS1 nephrin

steroid-resistant nephrotic
syndrome

variable AR 1q25-31 NPHS2 podocin

Denys-Drash syndrome
neonatal AD 11p13 WT1 WT1 protein

Frasier syndrome

focal segmental
glomerulosclerosis

adult AD
AR

6p12 CD2AP CD2-associated protein

late AD 11q21-22 TRPC6 TRPC6

AR = autosomal recessive; AD = autosomal dominant



2006). TCF2 gene mutations were discovered in
8 cases, with PAX2 mutations in 7 patients.
In a pair of siblings with a PAX2 mutation, a SIX1

gene mutation was also found. In 2 patients, the
EYA1 mutation was present, while in a 17-year-old
girl the disease was caused by a SALL1 gene muta-
tion. In our opinion, results of the ESCAPE study,
with an immediate proof of an association be-
tween the genetic factors and the number of
glomeruli, validates a change in the perception
of the arterial hypertension pathogenesis, as postu-
lated by Keller et al. (2003). Those authors, report-
ing results of a stereological kidney analysis,
indicated that the number of nephrons in patients
of Caucasian origin with diagnosed primary hy-
pertension was almost 50% smaller than among
carefully chosen normotensive individuals. Addi-
tionally, the research indicated that primary hyper-
tension did not cause any decrease in the number
of glomeruli.

The results published by Keller et al. (2003)
confirm Brenner et al.’s (1988) theory stating that
the number of nephrons determined in fetal life re-
mains a key risk factor of arterial hypertension and
cardiovascular complications. These observations
unambiguously indicate that primary hypertension
is, in a majority of cases, related to a decreased
number of nephrons. Additionally, according to
our hypothesis, the appearance and phenotype ex-
pression of the sodium-sensitivity phenomenon is
directly related to the number of operating
nephrons (Czekalski et al. 2006). We also believe
that discoveries in the ESCAPE cohort indicate
a novel, intriguing research area in the
pathogenesis of arterial hypertension.
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