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Focal and Segmental
Glomerulosclerosis: Varying
Biologic Mechanisms Underlie

a Final Histopathologic End Point

Nikki Daskalakis and Michelle P. Winn

Focal and segmental glomerulosclerosis (FSGS) is a pathologic entity that is a common and
increasing cause of end-stage renal disease. Typical manifestations include proteinuria,
hypertension, worsening renal insufficiency, and, frequently, renal failure. The etiology,
however, remains unknown in a majority of patients. There is an estimated recurrence rate
of 30% to 40% in renal transplant patients, suggesting that the pathogenesis is not solely
a result of intrinsic kidney disease. Although some of its characteristics have been re-
ported, the precise identification of a circulating factor associated with FSGS has not been
made. Remarkable progress has been made in recent years regarding biologic mechanisms
surrounding FSGS and proteinuria. Insight into the pathogenesis of FSGS has been gained
through the study of hereditary forms of FSGS and nephrotic syndromes. Mutations in
cytoskeletal proteins that affect podocyte structure have been the target until recently.
Here we review the current understanding of this glomerular disease and areas for future

concentration.
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ocal and segmental glomerulosclerosis (FSGS) is a com-

mon cause of nephrotic syndrome in both adults and
children that has a substantial risk for progression to end-
stage renal disease (ESRD). Over the past 2 decades, the
incidence of FSGS has been increasing. A review of data
compiled during the 1970s and early 1980s showed that
membranous nephropathy was previously the most common
cause of nephrotic syndrome in adults.! Recently, a survey of
data from 1,000 kidney biopsy examinations performed be-
tween 1995 and 1997 cited FSGS as the most common cause
of nephrotic syndrome in adults, accounting for up to 35% of
cases.! In addition to being the leading cause of idiopathic
nephrotic syndrome in the United States, this disease ac-
counts for 50% of cases in black adults, with a newly docu-
mented emergence of disease in both blacks and Hispanics
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over the past 20 years.! Black individuals tend to have a more
aggressive form of the disease, with a 4-fold greater risk for
progressing to ESRD than white or Asian individuals.? This
trend of increasing incidence has been observed not only in
large metropolitan areas, but also in small urban and rural
communities.® With the growing number of affected individ-
uals, a growing proportion of ESRD attributed to FSGS has
been observed.?

The increased incidence of idiopathic FSGS suggests that
both genetic and environmental factors may play an impor-
tant role in the pathogenesis of this disease. There has been
substantial progress over the past decade in defining the bi-
ologic basis of FSGS through the identification and under-
standing of genetic mutations associated with various familial
forms. The etiology, however, remains unknown in a major-
ity of cases. There is an estimated recurrence rate of 30% to
40% in renal transplant patients, suggesting that the patho-
genesis is not solely a result of intrinsic kidney disease.* The
histologic lesions are focal (discrete areas within the kidney
of affected glomeruli) and segmental (portions of those glo-
meruli have tuft sclerosis) on light microscopy (Fig 1). Im-
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munofluorescence occasionally shows C3 and immunoglob-
ulin (Ig)M immune deposits. Diffuse epithelial cell foot
process effacement similar to minimal change disease is evi-
dent on electron microscopy. There are several histologic
variants that are distinct from the classic form including col-
lapsing, tip, perihilar, and cellular variants. Each of these
variants is associated with both primary and secondary
forms, however, the factors responsible for these light micro-
scopic changes are not understood. The histologic lesions of
FSGS can be associated with various conditions such as mor-
bid obesity, intravenous heroin use, chronic lithium therapy,
and viral infections such as human immunodeficiency virus
and hepatitis C.

The clinical hallmarks of FSGS include proteinuria, ne-
phrotic syndrome, and, frequently, the progressive loss of
renal function. The degree of proteinuria may vary from mild
to nephrotic range, as does the age at presentation, which
occurs anywhere from infancy to late adulthood. The pri-
mary treatment for FSGS is steroid therapy; however, the
response rates are inconsistent. It is estimated that approxi-
mately 50% of patients with persistent nephrotic range pro-
teinuria reach ESRD after 10 years of follow-up evaluation.>¢
These phenotypic differences show the heterogeneity of this
disease process, and support the existence of varying biologic
mechanisms causing the final histopathologic end point. Be-
cause patient response rates to treatment markedly vary, it
will become increasingly important to distinguish the under-
lying distinct disease processes. Only as we progress in our
understanding of the pathogenetic mechanisms of FSGS will
we be able to provide more effective patient care.

Circulating Factor

Is FSGS a systemic disease of abnormal lymphocyte function
resulting in the secretion of a circulating chemical mediator
that is toxic to an immunologically innocent glomerular

Figure 1 Light micrograph of a renal
biopsy specimen from an individual
with FSGS. The micrograph shows a
glomerulus with typical segmental
sclerotic lesions. Periodic acid-Schiff
stain (magnification, 325X).

membrane as initially proposed in the 1970s,” or is it an
intrinsic kidney disease caused by abnormalities in the podo-
cyte cytoskeleton as suggested by the discovery of several
novel mutated podocyte proteins? The heterogeneity of this
disease process suggests that the answer is both. The circu-
lating factor theory first was proposed in the 1970s after
Hoyer et al® observed the recurrence of nephrotic proteinuria
in renal transplant patients who were diagnosed initially with
FSGS. Support for the idea of a pathogenetic circulating fac-
tor came from studies by Zimmerman et al,” who showed
proteinuria in rats that received injections of serum from
patients with recurrent focal glomerular sclerosis after renal
transplantation. Proteinuria was not observed in rats that
received serum injections from patients without recurrence
of FSGS after transplant.” It was not until 2 decades later that
further progress was made delineating the role of a circulat-
ing factor in the pathogenesis of idiopathic nephrotic syn-
drome when Dantal et al'® showed that the removal of serum
proteins by adsorption to protein A Sepharose (Amersham
Biosciences Corp., Piscataway, New Jersey) led to remission
of proteinuria in patients with recurrence of nephrotic syn-
drome after transplantation. Similar findings have been re-
ported with the incubation of isolated normal rat glomeruli in
medium containing serum or plasma from patients with re-
current FSGS. These experiments caused an increase in albu-
min permeability.!! This capacity to increase albumin perme-
ability was reduced by plasmapheresis.!? Shortly thereafter, it
became standard practice to treat patients with recurrent
FSGS in renal allografts with plasmapheresis resulting in de-
creased proteinuria and prolonged allograft survival.!>-18 De-
spite acknowledgment within the nephrology community
that removal of circulating factor through plasmapheresis
results in improved patient outcomes, optimal treatment reg-
imens have not been defined through prospective controlled
studies. '

Considerable advances have been made in further charac-



Histopathologic end point of FSGS

9

terizing the identity of the permeability factor. Focusing on
the sera of patients with posttransplant recurrence and using
biochemical manipulations on plasmapheresis fluid have
helped to determine several characteristics of the permeabil-
ity factor. It consists of a highly glycated hydrophobic protein
with an anionic charge and an apparent molecular weight of
less than 30 kd,?%2! however, the precise identification of the
circulating factor associated with FSGS and with posttrans-
plant recurrence has not been made. Current evidence also
suggests that there may be more than 1 circulating factor. IgG
eluates from the serum of individuals with collapsing glo-
merulopathy have been shown to produce podocyte damage
and proteinuria in rats.?> These factors remain in the circu-
lation when the serum of patients is adsorbed onto protein A
Sepharose, raising the possibility that individuals with col-
lapsing glomerulopathy have more than 1 circulating fac-
tor.??

Buffalo/Mna rats have been shown to develop lesions
spontaneously that mimic the histologic pattern seen in hu-
man FSGS.2>?* More interestingly, the Buffalo/Mna rats have
shown a recurrence of proteinuria after transplantation with
subsequent remission of lesions in Buffalo/Mna kidneys
transplanted into normal hosts.?> This relevant animal model
may prove useful for further elucidating the mechanisms of
idiopathic FSGS and primary nephrotic syndrome. It also
may play a role in unmasking the identity of the elusive
circulating factor(s). Further research undoubtedly will con-
tinue in this area, and also proceed to address the questions of
its origin and relationship to the development of proteinuria
and glomerular sclerosis.

Genetics

The study of Mendelian forms of FSGS have provided some
very useful insights into the pathophysiologic mechanisms of
this disease. Congenital nephrotic syndrome of the Finnish
type (or Finnish nephropathy), an autosomal-recessive dis-
ease characterized by massive proteinuria in utero, initially
was described in 1956 by Hallman et al.?® The disease exists
predominantly in Finland, but has been described elsewhere
in Europe and North America (especially among Mennonites
in Lancaster County, PA?"), and is characterized by severe
nephrosis with up to 20 to 30 g/d of proteinuria. Infants
typically die of nephrotic complications unless treated with
nephrectomy and renal transplantation. Decades after the
initial description, a genome-wide linkage analysis localized
the causative gene to chromosome 19q13.1.28 NPHSI was
discovered to be the disease-causing mutation.?” The NPHSI
gene, containing 29 exons spanning 26 kb, encodes a gene
product termed nephrin. Numerous mutations, including de-
letions, insertions, nonsense, missense, and splicing errors
have been described.*® This 185-kd protein contains 8 Ig C2
motifs, a fibronectin I1I-like domain, and a single transmem-
brane segment. Nephrin localizes to signaling domains
known as lipid rafts within the slit diaphragm (SD) of the
podocyte.31=3 It has been shown to play a role in regulating
signaling pathways.>*

Individuals with heterozygous NPHSI mutations appear to

have no phenotype other than prenatal proteinuria and in-
creased a-fetoprotein levels that are detected in utero.? In
Finland, 2 mutations termed Fin major (deletion at nucleo-
tides 121 and 122 leading to a frameshift) and Fin minor
(premature stop codon at amino acid 1109) cause 95% of the
observed disease. The identification of these mutations has
made screening for these 2 alleles in carriers a cost-effective
and sensitive test for early diagnosis. Twenty percent to 25%
of affected children with congenital nephrotic syndrome of
the Finnish type (CNF) can go on to have a recurrence of less
severe proteinuria after renal transplant.’” Antiglomerular
and antinephrin antibodies were shown in a high percentage
of these patients.3®

Mouse models for CNF have been generated with targeted
disruption of the nephrin gene in embryonic stem cells.>
Mice homozygous for the mutant NPHS1 allele mimic human
disease with the immediate development of massive protein-
uria and neonatal death.?” Injection of mice with monoclonal
antibodies to nephrin such as monoclonal antibody 5-1-6,
produce massive amounts of proteinuria.*® These antimouse
nephrin antibodies are directed toward the extracellular do-
main of nephrin, highlighting the importance of nephrin and
the SD in the regulation of glomerular permselectivity.*® In
addition, mutant NPHSI mouse lines, generated by the ran-
dom integration of a promoterless reporter gene into an in-
tron, promoter, or in-frame into an exon (gene trapping), also
show features consistent with CNF.* Morphologically, these
mice lack SDs and show fibrotic glomeruli with cystic tubular
lesions. Interestingly, they do not show prominent changes
in the morphogenesis of the developing collecting ducts, sug-
gesting that nephrin plays a functional rather than develop-
mental role."!

Steroid-resistant nephrotic syndrome is another autosomal-
recessive form of familial nephrotic syndrome. The causative
mutations are in the gene NPHS2, which is located on 1q25-
q31.*? The disease is characterized by steroid-resistant idio-
pathic nephrotic syndrome, with onset between 3 months
and 5 years of age, rapid progression to ESRD, and few or
isolated cases of recurrence after renal transplantation. His-
tologically, minimal glomerular changes were observed on
early biopsy examination, with FSGS changes present at later
stages. The gene product, podocin, is an integral 383-amino
acid membrane protein of approximately 42 kd and was
found to be expressed exclusively in podocytes.* Podocin is
part of the stomatin protein family, and similar to other sto-
matin family proteins it has a single-membrane domain form-
ing a hairpin-like structure, with both N- and C-terminal
domains in the cytosol.** By using electron microscopy,
podocin has been localized to the base of the foot processes
on either side of the SD.** It accumulates in an oligomeric
form of lipid rafts in the SD and has been shown to interact in
vivo with both nephrin and CD2-associated protein
(CD2AP), a cytoplasmic binding partner of nephrin.*
CD2AP haploinsufficiency appears to cause a susceptibility to
FSGS in human beings as in mice.*® Although the precise
glomerular function of these podocyte proteins remain un-
known, podocin has been shown to bind to the cytoplasmic
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Table 1 Known Genes for Hereditary Nephrotic Syndromes and FSGS

Disease Locus Inheritance Gene/Protein References

Finnish nephropathy 19q13.1 AR NPHS 1/nephrin 28,29

Steroid-resistant nephrotic syndrome 1925-32 AR NPHS2/podocin 42,43

FSGS1 19913 AD ACTN4/ a-actinin—4 48,49

FSGS2 119q21-22 AD TRPC6/transient receptor 51,52
potential cation channel 6

FSGS3 6p12 ? CD2-AP/CD2-associated 45,46
protein

AR, autosomal recessive; AD, autosomal dominant.

tail of nephrin and enhance its signaling ability through mi-
togen-activated protein kinases.3!

Podocin mutations now have been reported widely in both
familial autosomal-recessive disease and in individuals with
sporadic adult-onset FSGS. The numerous NPHS2-mutated
alleles, which have been described in different ethnicities
spanning Europe, North Africa, and Asia, have considerable
heterogeneity in their biologic effect. Individuals with podo-
cin mutations have FSGS that has variable pathologic
changes, severity, and age of onset. In light of the phenotypic
heterogeneity produced by mutations within the NPHS2
gene, one must ask the question of whether screening indi-
viduals for podocin mutations has any important implica-
tions for the clinical and therapeutic approach to patients
with nephrotic syndrome? Analysis from the largest cohort of
patients with NPHS2 mutations originating mainly from
France and North African countries has shown that patients
with 2 pathogenic NPHS2 mutations present with early onset
steroid-resistant nephrotic syndrome and a very low inci-
dence of posttransplantation recurrence.*” However, individ-
uals with double-heterozygous NPHS2 mutations sometimes
account for atypical cases with mild, late-onset disease and
recurrence after renal transplantation.*” Although evidence
to date suggests that NPHS2-associated disease will be steroid
resistant, no prospective controlled trials have been under-
taken to evaluate this question specifically. There is anecdotal
evidence that suggests treatment with chemotherapy or im-
munotherapy may delay the progression of ESRD in individ-
uals with hereditary FSGS.*® In addition, steroid-sensitive
populations with sporadic disease have not been tested
widely for podocin abnormalities. Further knowledge re-
garding the frequency of podocin mutations will need to be
verified before initiating tailored therapy regimens.

Autosomal-dominant FSGS is typically a disease of adults,
with variable age of onset, severity, and progression to ESRD.
At present there are 2 known disease-causing genes. Through
linkage analysis, the first reported locus for inherited autoso-
mal-dominant FSGS mapped to chromosome 19¢13,* with
the subsequent identification of a-actinin 4 (ACTN4).°
ACTN4 is 1 of 4 actinin genes that encodes a 100-kd actin
cross-linking protein. It is expressed in a wide range of tis-
sues; however, it appears to be expressed very highly in
podocytes. Mutated a-actinin—4 binds filamentous actin
more strongly in vitro than wild-type, thus postulating a role
for a-actinin—4 in the regulation of the podocyte cytoskele-
ton.”® Mouse models deficient for this gene show progressive

proteinuria, and glomerular disease, with podocyte foot pro-
cess effacement on electron microscopy.’ The exact function
of a-actinin—4 in the kidney requires further investigation.
Mice with homozygous deletions for ACTN4 show an in-
creased amount of cell motility, showing that this protein
likely plays a functional role in the regulation of cell move-
ment.’! For unclear reasons, despite the widespread expres-
sion of a-actinin—4, the disease phenotype appears to be
limited to the kidneys in both mice and human beings.

The most recently reported disease-causing mutation for
hereditary FSGS has provided striking new insight into the
genetic heterogeneity and pathogenesis of nephrotic syn-
drome. The character of disease in this particular subset of
families is particularly aggressive with affected individuals
presenting in their third or fourth decade with high-grade
proteinuria. Sixty percent of these individuals progress to
ESRD within 10 years. A genomic screen performed on a New
Zealand kindred mapped the locus of the disease to chromo-
some 11q21 to 22.°% After examination of 42 candidate
genes, transient receptor potential cation channel 6 (TRPC6)
emerged as the causative gene with a missense mutation in
exon 2.7 Previously reported mutations in familial disease
such as NPHSI1, NPHS2, and ACTN4 have emphasized the
importance of cytoskeletal and structural proteins in protein-
uric kidney diseases. Table 1 lists the current podocyte pro-
teins thought to cause human glomerular disease. Figure 2
shows our current understanding of the molecular composi-
tion of the podocyte foot process. The SD, a porous filter
structure, consists of nephrin molecules from adjacent foot
processes. The nephrin molecules form a zipper-like ultrafil-
ter structure creating the main size-selective filter barrier in
the kidney.”* The intracellular protein, CD2AP, connects the
cytoplasmic domain of nephrin to the cytoskeleton.”> Podo-
cin also localizes to the SD and associates via its C-terminus
with CD2AP and nephrin.*** Podocin likely acts as a scaf-
folding protein, serving in the structural organization of
the SD and the regulation of its filtration function.**%
a-actinin—4 stabilizes the actin-cytoskeleton by cross-linking
actin filaments. Mutations in nephrin, podocin, CD2AP (in
mice),” and a-actinin—4 lead to proteinuria and nephrotic
syndrome. The implication of a calcium channel in the
pathogenesis of FSGS suggests an altogether different mech-
anism for glomerular disease pathogenesis. TRPC6 encodes
the transient receptor potential cation channel 6, and is part
of the TRP channel family of proteins. The TRP channels have
been implicated in diverse biologic functions such as cell
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Podocyte Foot Process

Figure 2 Proposed diagram of a podo-
cyte foot process and the interaction
between various podocyte proteins
with an important role in hereditary
nephrotic syndromes. TRPCO, tran-
sient receptor potential cation chan-
nel 6; ACTN4, a-actinin—4; cD2-AP,
CD2-associated protein; F-actN, fila-
mentous actin.

growth, ion homeostasis, mechanosensation, and phospho-
lipase C (PLC)-dependent calcium entry into cells. The
P112Q TRPC6 mutation causes a gain of function, as evi-
denced by exaggerated calcium influx into cells, with the
supposition that this results in disrupted glomerular cell
function or causes apoptosis.>* Additional work has corrob-
orated findings implicating TRPC6 in the pathogenesis of
autosomal-dominant FSGS.”® Of the additional TRPC6 mu-
tations that have been reported in 5 other families, 2 were
associated with an increase in calcium influx. This suggests
that multiple mechanisms involving TRPC6 abnormalities
exist, which may result in dysregulation of the ion channel or
altered interaction with other SD proteins.>> The search to
discover potential interactions of TRPC6 with other known
causes of hereditary FSGS and nephrotic syndromes will be
an area of active interest in the future.

Glomerular dysfunction is the final common pathway for a
variety of proteinuric kidney diseases such as diabetes melli-
tus and systemic lupus erythematosus. The glomerular podo-
cyte serves as the final barrier to protein loss. Abnormalities
in these specialized cells, such as foot process effacement and
molecular reorganization of the SD, are common to all forms
of nephrotic syndrome. A significant amount of progress has
been made in recent years in helping to define podocyte
structure and the multiple interactions of proteins associated
with this glomerular epithelial cell. These studies highlight
the heterogeneous disease process of FSGS. Numerous podo-
cyte proteins have been identified such as nephrin, podocin,
a-actinin, and, most recently, TRPC6 through the study of
inherited podocytopathies. Understanding the multiple in-
teractions of these proteins will provide insight into the
mechanisms of podocyte injury leading to glomerular dis-

Synaptopodin
TRPC6

F-Actin
ACTN4

Nephrin
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ease. Further progress also will be made in identifying the
elusive circulating factor, and the role of the immune system
in causing podocyte injury. As more is learned regarding the
pathogenesis of glomerular disease, targeted treatment strat-
egies can be developed to impact the enormous and growing
morbidity and mortality from ESRD.

References

1. Haas M, Meehan SM, Karrison TG, et al: Changing etiologies of unex-
plained adult nephrotic syndrome: A comparison of renal biopsy find-
ings from 1976-1979 and 1995-1997. Am ] Kidney Dis 30:621-631,
1997

2. Kitiyakara C, Eggers P, Kopp JB: Twenty-one-year trend in ESRD due to
focal segmental glomerulosclerosis in the United States. Am ] Kidney
Dis 44:815-825, 2004

3. Braden GL, Mulhern JG, O’'Shea MH, et al: Changing incidence of
glomerular diseases in adults. Am J Kidney Dis 35:878-883, 2000

4. Bertelli R, Fabrizio G, Caridi G, et al: Recurrence of focal segmental
glomerulosclerosis after renal transplantation in patients with muta-
tions of podocin. Am J Kidney Dis 41:1314-1321, 2003

5. Rydel]JJ, Korbet SM, Borok RZ, et al: Presentation, course and response
to treatment. Am ] Kidney Dis 25:534-542, 1995

6. Korbet SM, Schwartz MM, Lewis EJ: Primary focal segmental glomer-
ulosclerosis: Clinical course and response to therapy. Am J Kidney Dis
23:773-783, 1994

7. Shaloub RJ: Pathogenesis of lipoid nephrosis: A disorder of T-cell func-
tion. Lancet 2:556-560, 1974

8. Hoyer JR, Vernier RL, Najarian JS, et al: Recurrence of idiopathic ne-
phrotic syndrome after renal transplantation. 1972. ] Am Soc Nephrol
12:1994-2002, 2001

9. Zimmerman SW: Increased urinary protein excretion in the rat pro-
duced by serum from a patient with recurrent focal glomerular sclerosis
after renal transplantation. Clin Nephrol 22:32-38, 1984

10. DantalJ, Bigot E, Bogers W, et al: Effect of plasma protein adsorption on
protein excretion on protein excretion in kidney transplant recipients
with recurrent nephrotic syndrome. N Engl ] Med 330:7-14, 1994



94

N. Daskalakis and M.P. Winn

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Savin VJ, Sharma R, Smarma M, et al: Circulating factor increasing
glomerular permeability in recurrent focal segmental glomerulosclero-
sis. N Engl ] Med 334:878-888, 1996

Artero ML, Sharma R, Savin V], et al: Plasmapheresis reduces protein-
uria and serum capacity to injure glomeruli in patients with recurrent
focal glomerulosclerosis. Am J Kidney Dis 23:574-581, 1994

Haas M, Godlrin Y, Oberbauer R, et al: Plasma immunoadsorption
treatment in patients with primary focal and segmental glomeruloscle-
rosis. Nephrol Dial Transplant 13:2013-2016, 1998

Dantal J, Godfrin Y, Koll R, et al: Antihuman immunoglobulin affinity
immunoadsorption strongly decreases proteinuria in patients with re-
lapsing nephrotic syndrome. ] Am Soc Nephrol 9:1709-1715, 1998
Greenstein SM, Delrio M, Ong E, et al: Plasmapheresis treatment for
recurrent focal sclerosis in pediatric renal allografts. Pediatr Nephrol
16:1061-1065, 2000

Belson A, Yorgin PD, Al-Uzri AY: Long term plasmapheresis and pro-
tein A column treatment of recurrent FSGS. Pediatr Nephrol 16:898-
900, 2001

Vecsei AK, Muller T, Schratzberger EC, et al: Plasmapheresis-induced
remission in otherwise therapy-resistant FSGS. Pediatr Nephrol 16:
898-900, 2001

Ohta T, Kawaguchi H, Hattori M, et al: Effect of pre- and postoperative
plasmapheresis on post-transplant recurrence of focal segmental glo-
merulosclerosis in children. Transplantation 71:628-633, 2001

Savin V], McCarthy ET, Sharma M: Permeability factors in focal seg-
mental glomerulosclerosis. Semin Nephrol 23:147-160, 2003

Sharma M, Sharma R, McCarthy ET, et al: “The FSGS factor” enrich-
ment and in vivo effect of activity from focal segmental glomeruloscle-
rosis plasma. ] Am Soc Nephrol 10:552-561, 1999

Sharma M, Sharma R, Reddy SR, et al: Proteinuria after injection of
human focal segmental glomerulosclerosis factor. Transplantation 73:
366-372, 2002

Del Carmen Avila-Casado M, Perez-Torres I, Auron A, et al: Proteinuria
in rats induced by serum from patients with collapsing glomerulopa-
thy. Kidney Int 66:133-143, 2004

Kato F, Watanabe M, Matsuyama M: Nephrotic syndrome in sponta-
neous thymoma rats, Buffalo/Mna. Biomed Res 4:105-110, 1983
Nakamura T, Oite T, Shimizu F, et al: Sclerotic lesions in the glomeruli
of Buffalo/Mna rats. Nephron 43:50-55, 1986

Le Berre L, Godfrin Y, Gunther E, et al: Extrarenal effects on the patho-
genesis and relapse of idiopathic nephrotic syndrome in Buffalo/Mna
rats. J Clin Invest 109:491-498, 2002

Hallman N, Hjelt L, Ahvenainen EK: Nephrotic syndrome in new born
and young infants. Ann Paediatr Fenn 2:227-241, 1956

Bolk S, Puffenberger EG, Hudson J, et al: Elevated frequency and allelic
heterogeneity of congenital nephrotic syndrome. Finnish type, in the
old order Mennonites [letter]. Am ] Hum Genet 65:1785-1790, 1999
Kestila M, Lenkkeri U, Mannikko M, et al: Congenital nephrotic syn-
drome of the Finnish type maps to the long arm of chromosome 19.
Am ] Hum Genet 54:757-764, 1994

Kestila M, Lenkkeri U, Ménnikko M, et al: Positionally cloned gene for
a novel glomerular protein—nephrin—is mutated in congenital ne-
phrotic syndrome. Mol Cell 1:575-582, 1998

Lenkkeri U, Mannikko M, McCready P, et al: Structure of the gene for
congenital nephrotic syndrome of the Finnish type (NPHS1) and char-
acterization of mutations. Am J Hum Genet 64:51-61, 1999

Holzman LB, St. John PL, Kovari IA, et al: Nephrin localizes to the slit
pore of the glomerular epithelial cell. Kidney Int 56:1481-1491, 1999
Holthofer H, Ahola H, Solin ML, et al: Nephrin localizes at the podocyte
filtration slit area and is characteristically spliced in the human kidney.
Am J Pathol 155:1681-1687, 1999

Ruotsalainen V, Ljungberg P, Wartiovaara J, et al: Nephrin is specifi-
cally located at the slit diaphragm of glomerular podocytes. Proc Natl
Acad Sci U S A 96:7962-7967, 1999

Huber TB, Kottgen M, Schilling B, et al: Interaction with podocin facil-
itates nephrin signaling. J Biol Chem 276:41543-41546, 2001

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Simons M, Schwarz K, Kriz W, et al: Involvement of lipid rafts in
nephrin phosphorylation and organization of the glomerular slit dia-
phragm. Am J Pathol 159:1069-1077, 2001

Patrakka J, Martin P, Salonen R, et al: Proteinuria and prenatal diagno-
sis of congenital nephrosis in fetal carriers of nephrin gene mutations.
Lancet 359:1575-1577, 2002

Patrakka J, Ruotsalainen V, Reponen P, et al: Recurrence of nephrotic
syndrome in kidney grafts of patients with congenital nephrotic syn-
drome of the Finnish type: Role of nephrin. Transplantation 73:394-
403, 2002

Wang SX, Ahola H, Palmen T, et al: Recurrence of nephrotic syndrome
after transplantation in CNF is due to autoantibodies to nephrin. Exp
Nephrol 9:327-331, 2001

Putaala H, Soininen R, Kilpelainen P, et al: The murine nephrin gene is
specifically expressed in kidney, brain and pancreas: Inactivation of the
gene leads to massive proteinuria and neonatal death. Hum Mol Genet
10:1-8, 2001

Topham PS, Hiroshi K, Haydar SA, et al: Nephritogenic mAb 5-1-6 is
directed at the extracellular domain of rat nephrin. J Clin Invest 104:
1559-1566, 1999

Rantanen M, Palmén T, Patari A, et al: Nephrin TRAP mice lack slit
diaphragms and show fibrotic glomeruli and cystic tubular lesions.
J Am Soc Nephrol 13:1586-1594, 2002

Fuchshuber A, Jean G, Gribouval O, et al: Mapping a gene (SRN1) to
chromosome 1¢25-q31 in idiopathic nephrotic syndrome confirms a
distinct entity of autosomal recessive nephrosis. Hum Mol Genet
4:2155-2158, 1995

Boute N, Gribouval O, Roselli S, et al: NPHS2, encoding the glomerular
protein podocin, is mutated in autosomal recessive steroid-resistant
nephrotic syndrome. Nat Genet 24:349-354, 2000

Roselli S, Gribouval O, Boute N, et al: Podocin localizes in the kidney to
the slit diaphragm area. Am J Pathol 160:131-139, 2002

Schwarz K, Simons M, Reiser J, et al: Podocin, a raft associated compo-
nent of the glomerular slit diaphragm, interacts with CD2AP and neph-
rin. J Clin Invest 108:1621-1629, 2001

KimJ, Wu H, Green G, et al: CD2-associated protein haploinsufficiency
is linked to glomerular disease susceptibility. Science 300:1298-1300,
2003

Weber S, Gribouval O, Esquivel EL, et al: NPHS2 mutation analysis
show genetic heterogeneity of steroid-resistant nephrotic syndrome
and low post-transplant recurrence. Kidney Int 66:571-579, 2004
Winn MP, Alkhunaizi AM, Bennett WM, et al: Focal segmental glomer-
ulosclerosis: a need for caution in live-related renal transplantation.
Am J Kidney Dis 33:970-974, 1999

Mathis BJ, Kim SH, Calabrese K, et al: A locus for inherited focal
segmental glomerulosclerosis maps to chromosome 19q13. Kidney Int
53:282-286, 1998

Kaplan JM, Kim SH, North K, et al: Mutations in ACTN4, encoding
a-actinin-4, cause familial focal segmental glomerulosclerosis. Nat
Genet 24:251-256, 2001

Kops CH, Le TC, Sunhat S, et al: Mice deficient in e-actinin-4 have
severe glomerular disease. J Clin Invest 111:1683-1690, 2003

Winn MP, Conlon PJ, Lynn KL, et al: Linkage of a gene causing familial
focal segmental glomerulosclerosis to chromosome 11 and further ev-
idence of genetic heterogeneity. Genomics 58:113-120, 1999

Winn MP, Conlon PJ, Lynn KL, et al: A mutation in the trpc6 cation
channel causes familial focal segmental glomerulosclerosis. Science
published online May 5 2005 (doi:10.1125/science. 1106215) Avail-
able at: http://www.sciencemag.org/, date accessed May 5, 2005
Khoshnoodi J, Tryggvason K: Congenital nephrotic syndromes. Curr
Opin Genet Dev 11:322-327, 2001

Shih NY, Li J, Karpitskii V, et al: Congenital nephrotic syndrome in
mice lacking CD2-associated protein. Science 286:312-315, 1999
Reiser J, Polu K, Moller C, et al: TRPCO is a glomerular slit diaphragm-
associated channel required for normal renal function. Nat Genet pub-
lished online May 27 2005 (doi:10.1038/ng1592) Available at: http://
www.nature.com/ng/index.html, date accessed May 27, 2005


http://www.sciencemag.org/
http://www.nature.com/ng/index.html
http://www.nature.com/ng/index.html

	Focal and Segmental Glomerulosclerosis: Varying Biologic Mechanisms Underlie a Final Histopathologic End Point
	Circulating Factor
	Genetics
	References


