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Nephrotic syndrome, a malfunction of the kidney glomerular filter, leads to proteinuria, edema and, in steroid-resistant nephrotic
syndrome, end-stage kidney disease. Using positional cloning, we identified mutations in the phospholipase C epsilon gene
(PLCE1) as causing early-onset nephrotic syndrome with end-stage kidney disease. Kidney histology of affected individuals showed
diffuse mesangial sclerosis (DMS). Using immunofluorescence, we found PLCe1 expression in developing and mature glomerular
podocytes and showed that DMS represents an arrest of normal glomerular development. We identified IQ motif–containing
GTPase-activating protein 1 as a new interaction partner of PLCe1. Two siblings with a missense mutation in an exon encoding
the PLCe1 catalytic domain showed histology characteristic of focal segmental glomerulosclerosis. Notably, two other affected
individuals responded to therapy, making this the first report of a molecular cause of nephrotic syndrome that may resolve after
therapy. These findings, together with the zebrafish model of human nephrotic syndrome generated by plce1 knockdown, open
new inroads into pathophysiology and treatment mechanisms of nephrotic syndrome.

A major component of vertebrate fluid homeostasis is the glomerular
filter of the kidney, which in humans comprises 1 million filtering
units (glomeruli) per kidney that allow passage of water and small
molecules but retain most proteins, including albumin. Nephrotic
syndrome is a common kidney disease characterized by leakage of
the glomerular filter, leading to albumin loss (proteinuria). The
resulting low–serum albumin state (hypoalbuminemia) lowers the

protein-driven capillary pressure gradient, leading to failure of fluid
reabsorption with consequent accumulation of fluid in tissues result-
ing in body swelling (edema). Nephrotic syndrome (the triad of
proteinuria, hypoalbuminemia and edema) is classified as steroid-
sensitive or steroid-resistant. Steroid-resistant nephrotic syndrome
(SRNS) is frequently associated with a patchy scarring process in
the glomerulus (focal segmental glomerulosclerosis, or FSGS) and
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commonly progresses to end-stage kidney disease (ESKD), requiring
renal replacement therapy in the form of dialysis or kidney transplan-
tation for survival.

Mutations in several genes have been identified by positional clo-
ning as causing SRNS in humans. These include the recessive genes
NPHS1 (nephrin)1, NPHS2 (podocin)2 and LAMB2 (laminin-b2)3 as

well as the dominant genes WT1 (Wilms tumor suppressor gene 1)4,
ACTN4 (actinin alpha-4)5 and TRPC6 (canonical transient receptor
potential 6 ion channel)6,7. The results from gene identification
together with data from animal models have placed glomerular
epithelial cells (podocytes) at the center of the disease mechanisms
of SRNS8–10. Podocytes are neuron-like terminally differentiated

Figure 1 Positional cloning of PLCE1 as mutated

in NPHS type 3. (a) Parametric multipoint LOD
score profile across the human genome,

calculated in four consanguineous kindred with

nephrotic syndrome (NS). Parametric LOD scores

are on the y-axis in relation to genetic position

on the x-axis. Human chromosomes are

concatenated from p-terminal (left) to q-terminal

(right) on the x-axis. Note the significant

maximum LOD score of 5.1 on human

chromosome 10 (arrowhead), defining a new

gene locus (NPHS3) for NS on chromosome

10q23.32–q24.1. (b) Haplotype analysis refining

the NPHS3 locus by homozygosity mapping in

five consanguineous kindred with NS. Left:

microsatellite and SNP markers on human

chromosome 10q, with physical map positions

(http://genome.ucsc.edu; May 2004 freeze),

showing positions of PLCE1 and two additional

candidate genes. Numbers of kindred and
affected individuals (Table 1) are given above

haplotypes. Alternative haplotypes are shown on

yellow and turquoise background, and observed

recombinants on gray background. Segments of

homozygosity are boxed. Under the hypothesis

of homozygosity by descent, marker

SNP_A1717632 (underlined) delimits the

NPHS3 locus on the centromeric side by showing

heterozygosity in individual F389 II-2, whereas

marker SNP_A1715598 (underlined) delimits

the NPHS3 locus on the telomeric side by

heterozygosity in individual A601 II-1, refining

the NPHS3 locus to an interval of 4.0 Mb.

(c) The NPHS3 critical genetic region extends

over a 4.0-Mb interval between flanking markers

SNP_A1717632 and SNP_A1715598. Arrows

indicate location and transcriptional direction of

three positional candidate genes that showed
increased expression in rat renal glomerulus.

Forty additional candidate genes that localized

within the interval are not shown. Mutations were

detected in the PLCE1 gene. (d) PLCE1 extends

over 334.4 kb and contains 34 exons (vertical

bars). (e) Exon structure of human PLCE1 cDNA

showing positions of start codon (ATG) at nt +1

and stop codon (TAA). Exon size (62–676 bp) is

averaged graphically except for exon 2 (1,570

bp). Arrows indicate relative positions of

mutations (see g). (f) Positions of putative protein

domains, in relation to the encoding exon

position in e. For protein domains, see

Supplementary Figure 1. (g) Seven different

homozygous PLCE1 mutations (six truncating and

one missense) were detected in seven NPHS3

families. Family number and mutations (Table 1)

are given above sequence traces. Nucleotide
sequence and resulting amino acid sequence are

shown for mutated (top) and wild-type (bottom)

sequences. Mutated nucleotides and amino acid codons are underlined and highlighted in gray. Vertical hatches denote single-nucleotide deletions. Lines

and arrows indicate positions of mutations in relation to exons (see e) and putative protein motifs (see f and Supplementary Fig. 1).
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epithelial cells that function to support and maintain the glomerular
basement membrane (GBM). They have a cell body with projecting
octopus-like major processes branching to form intermediate pro-
cesses and tertiary (‘foot’) processes. Each foot process links to the foot
process of a neighboring podocyte through specialized intercellular
junctions (the ‘slit diaphragm’) and abuts the GBM through an
integrin-linked adhesion mechanism. This structure serves to create
maximal filtration space between cells while at the same time
supporting and maintaining the GBM10.

As the molecular cause of over 70% of all SRNS is unknown, and
because treatment options have yet to be identified, we performed a
whole-genome search for linkage to identify further causative genes.
We identified recessive mutations in PLCE1 as the cause of a nephrotic
syndrome variant, making this the first report of a molecular cause of
nephrotic syndrome that resolved after therapy in some individuals.

RESULTS
Positional cloning of PLCE1 mutations in nephrotic syndrome
We generated whole-genome haplotype data for 22 consanguineous
SRNS families with one affected child and for four consanguineous
SRNS families with two affected children using an Affymetrix 50K
SNP array. All subjects were negative for mutations in NPHS1,
NPHS2, WT1 and LAMB2. As single affected individuals pose a
high risk of representing phenocopies, we calculated whole-genome
parametric multipoint LOD score analysis for only the four multiplex
families (A601, F389, A38 and F310). This yielded a significant LOD
score of LODmax ¼ 5.1 on chromosome 10q23.32–q24.1, thereby
defining a new gene locus (NPHS3) for nephrotic syndrome type 3
(NPHS3) (Fig. 1a). When we evaluated whole-genome haplotype
analysis for all 26 families at the NPHS3 locus, we found that only
three of the four multiplex families (A601, F389 and A38) and two of
the 22 simplex families (F331 and F1063) showed a continuous
segment of homozygosity suggesting homozygosity by descent11

(Fig. 1b). We confirmed the locus by typing 18 microsatellite markers
in the three multiplex families and two simplex families that had

shown homozygosity (Fig. 1b). Detection of heterozygosity delimited
the putative critical genetic region to an interval of 4.0 Mb between
markers SNP_A1717632 and SNP_A1715598 (Fig. 1b,c). This region
contained 43 predicted genes. We based candidate gene selection for
mutational analysis on the hypothesis that human nephrotic syn-
drome is caused by mutations in genes expressed by podocytes1–7,12,13.
We used DNA microarrays from rat glomeruli to prioritize and
directly sequence the exons of three candidate genes within the 43
proposed genes in the region of interest (Fig. 1b–d). Expression of the
major candidate gene, Plce1, was 10.7-fold higher in glomeruli
compared with renal cortex and 11.8-fold higher in glomeruli com-
pared with medulla. In addition, expression of Plce1 was 5.9-fold
higher in podocyte-containing glomeruli compared with podocyte-
depleted glomeruli (data not shown).

Mutational analysis of the PLCE1 gene in the five kindred examined
by haplotype analysis (Fig. 1b) and in two additional individuals
(A942 and A1274) homozygous for microsatellites at the NPHS3 locus
yielded seven different homozygous mutations (Fig. 1e–g and
Table 1). Six of these were truncating mutations (nonsense and
frameshift) in exons 2, 3, 10, 14, 21 and 25. One was a missense
mutation in exon 18 (leading to S1484L) (Fig. 1e–g and Table 1). This
serine residue is positioned in the catalytic domain (PLC_X) of PLCe1
(Fig. 1f) and is fully conserved in evolution, including in Caenorhab-
ditis elegans (Supplementary Fig. 4 online). All mutations were absent
in 478 healthy control subjects from Central Europe and 60 healthy
control subjects from Turkey. Segregation of mutations was consistent
with recessive inheritance when parental DNA was available (Table 1).
We thereby identified mutations in PLCE1 (also known as NPHS3) as
a new cause of recessive nephrotic syndrome type 3 (NPHS3).

The PLCE1 gene extends over 334.4 kb and contains 34 exons
(Fig. 1d,e). PLCe1 belongs to the phospholipase family of proteins
that catalyzes the hydrolysis of polyphosphoinositides such as phos-
phatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2) to generate the sec-
ond messengers Ins(1,4,5)P3 and diacylglycerol14. These products
initiate a cascade of intracellular responses that result in cell growth

Table 1 Six different homozygous truncating mutations and one missense mutation of PLCE1 detected in seven families with early-onset

nephrotic syndrome type 3

Family Individual

Country

of origin

Parental

consanguinity

Nucleotide

alteration(s)

Alteration(s)

in coding

sequencea

Exon

(segregation)

Age at

onset

Age at

ESKD Treatment

Histology

(at age)

A942 II-3 Turkey and

Russia

Unknown 1146delG P382fsX387 2 (hom, M, P) 4 mo 5 mo No treatment ND

A38 II-1 Israel Y 1477C-T R493X 3 (hom, M, P) 4 mo 10 mo SRNSb DMS (7 mo)

II-4 2 mo No NS at 13 yr SRNS, CSA-Sc DMS (5 mo)

F389 II-1 Turkey Y 3346C-T R1116X 10 (hom, M, P) 4 yr 5 yr SRNS ESKD/DMS (4.5 yr)

II-2 2 yr 2 yr No treatment DMS (2 yr and 3.5 yr)

F331 II-3 Turkey Y 3843delG L1281fsX1308 14 (hom, M, P) 3 yr 3 yr No treatment DMS (2.9 yr)

II-1 6 mo 6 mo No treatment ND

A601 II-1 Turkey Y 4451C-T S1484Ld 18 (hom, M, P) 8.8 yr 12 yr SRNS and CP-R FSGS (8.9 yr)

II-2 2 yr 4 yr SRNS and CP-R FSGS (4.6 yr)

A1274 II-1 Turkey Y 4846C-T Q1616X 21 (hom, ND, ND) 8 mo 1 yr SRNS DMS (8 mo)

II-3 o 3 yr 8 mo SRNS DMS/FSGS (7 mo)

F1063 II-1 Turkey Y 5560C-T Q1854X 25 (hom, M, P) 12 mo None at 6 yr SSNSc ND

II-2 7 mo None at 14 mo No treatment ND

I-3 8 mo Died of ESKD at 11 mo ND DMS (11 mo)

hom, homozygous in affected individual; M, heterozygous mutation identified in mother; P, heterozygous mutation identified in father; ND, no data or DNA available; CSA-S,
cyclosporin A–sensitive; SRNS, steroid-resistant nephrotic syndrome; SSNS, steroid-sensitive nephrotic syndrome; DMS, diffuse mesangial sclerosis; FSGS, focal segmental
glomerulosclerosis; ESKD, end-stage kidney disease; CP-R, cyclophosphamide-resistant; mo, months; NS, nephrotic syndrome; yr, years.
aAll mutations were absent from 478 healthy control subjects from Central Europe and from 60 healthy control subjects from Turkey. bCyclosporin A treatment was attempted for only 10 d.
cTreatment-sensitive cases. dAltered amino acid residue positioned in the PLC_X domain and conserved in many species, including a C. elegans ortholog.
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and differentiation and gene expression. PLCe1 isoform A (2,302
amino acid residues) has a relative mobility of 258 kDa. Isoform B
(1994 amino acid residues) has a relative mobility of 224 kDa. PLCe1
contains the following putative protein domains (Fig. 1f)14:
RasGEF_CDC25 (guanine nucleotide exchange factor for Ras-like
small GTPases domain), PH domain (pleckstrin homology domain),
EF hand, phospholipase catalytic domains (PLC_X and PLC_Y), C2
motif (protein kinase C conserved region 2, subgroup 2) and RA1 and
RA2 domains (RasGTP binding domain from guanine nucleotide
exchange factors) (Supplementary Fig. 1 online). Most of the pre-
dicted domains and motifs of human PLCe1 are highly conserved in
plce1 orthologs of evolutionarily distant organisms such as Danio rerio
(zebrafish) (65% amino acid sequence identity) and C. elegans (30%
amino acid identity) (Supplementary Fig. 4), suggesting a conserved
function of the domain assembly within PLCe1.

PLCE1 mutations cause severe nephrotic syndrome
We did not observe any extrarenal manifestations in any of the
individuals with PLCE1 mutations. In the six kindred with homo-
zygous truncating mutations of PLCE1, all 12 affected individuals
manifested with proteinuria by 4 years of age (median 0.8 years, range:
0.2–4.0 years) (Table 1). All 12 developed gross proteinuria and
edema. Nine of the twelve individuals with truncating mutations
progressed to end-stage kidney disease (ESKD) by 5 years of age
(median 0.9 years, range 0.5–5.0 years) (Table 1). Notably, of the
individuals with truncating mutations, two children responded to
treatment with corticosteroids or cyclosporin A (underlined in
Table 1), although infantile nephrotic syndrome is traditionally
regarded as treatment resistant15. One child (A38 II-4) responded to
an initial 4-month course of cyclosporin A treatment, which was
extended to 2.5 years. He remains free of proteinuria at his current age
of 13 years under treatment with an angiotensin-converting enzyme
(ACE) inhibitor for hypertension. Another child (A1063 II-1) pre-
sented with nephrotic-range proteinuria at 12 months with gross
proteinuria (protein/creatinine ratio (P/Cr) of 13.5; normal is o0.2).
He responded to an 8-month course of steroid therapy and has
been virtually free of symptoms since then. Presently, at the age of
6 years, he shows normal serum albumin, normal serum creatinine
(0.2 mg/dl) and a near-normal P/Cr of 0.37 (Table 1). All other forms
of nonsyndromic childhood nephrotic syndrome, for which the
mutated gene is known, are characterized by a complete lack of

response to therapy. This has been shown for mutations in NPHS1
(ref. 12), NPHS2 (ref. 16), WT1 (ref. 4) and LAMB2 (ref. 3). Therefore,
identification of mutations in PLCE1 causing NPHS3 represents the
first report of a molecular cause of nephrotic syndrome that is
responsive to therapy in some individuals.

Renal histopathology shows DMS or FSGS
In all eight individuals with homozygous truncating mutations in
whom histopathology of the kidney was available, we found DMS
(Table 1). DMS is a distinct clinicopathologic entity of severe
nephrotic syndrome17. It is characterized clinically by early-onset
nephrotic syndrome within the first 4 years of life and by rapid
progression to ESKD before 5 years of age18,19. In contrast, renal
histology in both siblings of the only kindred (A601) with a homo-
zygous nontruncating missense mutation (leading to S1484L) showed
focal segmental glomerulosclerosis (FSGS) (data not shown, Table 1).
The missense mutation was positioned in an exon encoding the PLCe1
catalytic domain PLC_X. In this sibling pair, age of onset of protei-
nuria was comparatively late (8.8 years and 2.0 years), as was the age of
onset for ESKD (12.0 years and 4.0 years) (Table 1). This finding may
indicate that nontruncating PLCE1 mutations might be associated
with the histological finding of FSGS rather than DMS and with
slower progression into ESKD.

PLCe1 is expressed in podocytes of mature renal glomeruli
To study PLCe1 protein expression, we characterized two different
polyclonal antibodies to domain RA1 (ref. 20) and antibody CS117
(ref. 21) of PLCe1, both of which have been described in the literature
(Supplementary Fig. 2 online). We examined the distribution of the
PLCe1 protein in the kidney, as earlier analysis suggested enrichment
of Plce1 mRNA expression in glomeruli and possibly in podocytes,
and because most genes thus far identified as mutated in nephrotic
syndrome are highly expressed in podocytes22. Immunoblotting using
the immunopurified RA1-domain polyclonal antibody (hereafter
‘anti-PLCe1-RA1’)20 showed the presence of PLCe1 in protein extracts
from isolated rat glomeruli and cultured mouse podocytes (Fig. 2).
PLCe1 was not detectable in extracts from whole renal cortical or
medullary extracts (Fig. 2). This result confirms enrichment in
glomeruli, as seen in the mRNA data on Plce1 that we used for
candidate gene selection. To further refine renal glomerular PLCe1
expression, we performed immunofluorescence studies of rat kidney

Figure 2 Glomerular expression of PLCe1 and identification of interaction

partner IQGAP1. (a) Protein blot of rat kidney and cultured mouse podocyte

lysates. We used anti-PLCe1-RA1 (ref. 20) preabsorbed with either GST

alone (lanes 1–4) or the PLCe1-RA1-GST fusion protein (lanes 5–8). In

lanes 1–4, bands at the expected sizes of approximately 258 kDa and

224 kDa for the two PLCe1 isoforms were detected in extracts from cultured

mouse podocytes and isolated glomeruli but not in extracts from whole renal

cortex or medulla. Lower–molecular weight bands are present in cortex and

medulla. In lanes 5–8, all bands were absorbed out by preincubation with

the PLCe1-RA1-GST fusion protein. In lanes 9 and 10, the two glomerular

lanes 2 and 6 have been stripped and reprobed with monoclonal anti-

podocalyxin39 as a podocyte marker to confirm similar loading and transfer

of the glomerular extract. (b) PLCe1 coimmunoprecipitates with IQGAP1 but

not with nephrin. HEK293T cells were cotransfected with the indicated

expression plasmids (+/–) and protein blot analysis was performed with the
indicated antibodies (PB). CoIP in HEK293T cell lysates was performed with

polyclonal anti-nephrin (for nephrin) and anti-GFP (for IQGAP1). After coIP,

PLCe1 was detected by protein blot (PB) using anti-PLCe1-RA1. Additional protein blots controlling for presence of proteins in the lysates are shown in the

lower three panels. (c) Immunoprecipitation of endogenous IQGAP1 from cultured mouse podocytes. Cells were grown to confluence and then lysed in RIPA

buffer. Immunoprecipitation was performed with affinity-purified polyclonal antibody raised against the RA1-GST fusion protein (Plce1) and blotted with

mouse monoclonal IQGAP1 antibody (BD Bioscience). Rabbit immunoglobulin G (IgG) (Sigma) was used as a control.
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sections. By immunolocalization using anti-PLCe1-RA1 (ref. 20), we
detected PLCe1 localization to podocytes as demonstrated by coloca-
lization with the podocyte apical marker GLEPP1 (protein tyrosine
phosphatase receptor type O) (Fig. 3a–c). This labeling was specific, as
established by preabsorption of anti-PLCe1-RA1 with the antigen
(Fig. 3d,e). Counterstaining with an antibody to WT1, which marks
podocyte nuclei, demonstrated that PLCe1 localization was cytoplas-
mic (Fig. 3f). PLCe1 was present predominantly in podocyte cell
bodies and major and intermediate processes (Fig. 3g–i).

PLCE1 mutations halt glomerular development
Mutations in two other genes, WT1 and LAMB2, have been described
as causing DMS4,23. Dominant mutations in the WT1 gene are
associated with Wilms tumor, Denys-Drash syndrome (male pseudo-
hermaphroditism and/or Wilms tumor)17 and Frasier syndrome
(female gonadal dysgenesis with nephrotic syndrome)24 but also
with isolated nephrotic syndrome4. Truncating mutations in the
LAMB2 (laminin-beta 2) gene cause Pierson syndrome (microcoria
and congenital nephrotic syndrome)23, whereas missense mutations
may cause isolated early-onset nephrotic syndrome3. The histopatho-
logic changes of DMS on the basis of WT1 (ref. 25) mutations are
known to follow a corticomedullary gradient, with most severe
involvement in the subcapsular zone19, which shows small, simplified,
immature glomeruli with no more than four capillary loops18. We
observed similar features in individuals with PLCE1 mutations (Sup-
plementary Fig. 3 online).

As coronal kidney sections allow evaluation of glomerular devel-
opment along a corticomedullary gradient, we examined neonatal
(2-day-old) rat kidney for developmental expression of PLCe1 using
podocalyxin as a marker of glomerular development26 (Fig. 4a–i).
Normal nephron development progresses from comma-shaped bodies
through S-shaped bodies to the capillary loop stage and then to mature
glomeruli. In the capillary loop stage, major, intermediate and minor
(‘foot’) processes of podocytes develop in association with a massive
increase in the surface area for filtration due to increased glomerular
basement membrane synthesis. PLCe1 appeared in the deve-
loping glomerulus at the S-shaped stage of glomerular development
(Fig. 4a–f) and was highly expressed during the early capillary loop
stage (Fig. 4g–i). In relation to podocalyxin staining, which marks the
apical podocyte domain as it migrates down toward the glomerular

basement membrane (GBM), PLCe1 was particularly prominent on
the basal aspect of the cell between the cell nucleus and the expanding
GBM (Fig. 4g–i). This finding would be compatible with the notion
that PLCe1 is required for the normal capillary loop stage of glomer-
ular development and that its malfunction leads to an arrest at this
stage and thereby to the morphologic phenotype of DMS25.

Renal glomeruli from individuals with DMS morphologically
resemble the capillary loop stage of developing glomeruli by light
microscopy and are quite different from normal mature glomeruli that
contain multiple capillary loops (Supplementary Fig. 3). To assess this
concept further, we performed immunofluorescence using podoca-
lyxin as a marker of podocyte development (Supplementary Fig. 3).
The pattern of podocalyxin staining showed that podocyte develop-
ment in the kidney of an 11-month-old with DMS was similar to that
in human kidney in the early capillary loop stage of glomerular
development at week 28 of gestation (Supplementary Fig. 3). Nephrin
is the product of the NPHS1 gene, mutations of which cause
congenital nephrotic syndrome. It is an essential component of the
slit diaphragm, the modified intercellular junction of mature podo-
cytes. The expression of nephrin was extremely reduced in the DMS
glomeruli at a time point at which it was present in normally
developing glomeruli at the early capillary loop stage (Supplementary
Fig. 3). A similarly strong reduction was seen for the expression of
podocin (Supplementary Fig. 3). These results are compatible with
the concept that the absence of PLCe1 owing to truncating mutations
results in failure of the developing glomerulus to progress past the
capillary loop stage.

PLCe1 interacts with IQGAP1
The observation that nephrin expression was very low in glomeruli of
individuals with DMS owing to PLCe1 mutations led us to perform
coimmunoprecipitation (coIP) studies to determine whether PLCe1
could be shown to interact directly or indirectly with nephrin
(Fig. 2b). We were not able to demonstrate a direct inter-
action between PLCe1 and nephrin by coIP (Fig. 2b). However, IQ
motif–containing GTPase-activating protein 1 (IQGAP1) is known to
directly interact and colocalize with nephrin27,28. It is expressed in the
S-shaped and capillary loop stages of glomerular development27,28.
IQGAP1 is a regulator of cell morphology and adhesion29.
To determine whether PLCe1 might interact with IQGAP1, we

Figure 3 PLCe1 localizes to glomerular podocytes in adult rat. (a) Anti-

PLCe1-RA1 (green) labels specific cells (exemplified by arrowheads)

in the glomerulus. (b) The podocyte apical membrane marker GLEPP1

(red) identifies podocyte cell bodies (arrowheads) and foot processes

along the glomerular capillary outlining glomerular structure. DAPI labels

nuclei (blue). (c) In the merged image, arrowheads demonstrate that

PLCe1 is predominantly in podocyte cell bodies. (d,e) Absorption of

PLCe1-RA1 antibody with GST-RA1 blocks fluorescence. Podocyte

marker GLEPP1 outlining glomerular structure is shown (green) together

with PLCe1 (red) and DAPI nuclear staining (blue). (d) Preabsorption of

anti-PLCe1-RA1 (ref. 20) (red) with GST alone did not prevent binding to

podocytes (arrowheads). (e) Preabsorption of the antibody with the cognate

RA1-GST fusion protein eliminated binding to podocytes, demonstrating

antibody specificity. Tubular staining was not blocked by preincubation

with the antigen, indicating nonspecific staining of tubules. (f) Podocyte
cell nuclei are identified by antibody to WT1 (green). Arrowheads point to

podocytes with WT1-positive nuclei whose cell bodies contain PLCe1 (red).

(g–i) Higher-power views of a portion of a glomerulus. (g) PLCe1 is localized

using anti-PLCe1-RA1 (red). (h) GLEPP1 identifies podocyte foot processes

along the outer aspect of the glomerular capillary wall. (i) Merged image

demonstrates that PLCe1 localizes primarily to the podocyte cell bodies (arrowheads) and the neurite-like major processes projecting from the cell

body towards the foot processes abutting the GBM. Cell nuclei are stained with DAPI (blue). The white bar represents 10 mm.
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performed coIP of PLCe1 with green fluorescent protein (GFP)-tagged
IQGAP1 or nephrin after cotransfection into HEK293T cells. IQGAP1
coimmunoprecipitated with PLCe1 and vice versa, showing that
IQGAP1 can form a protein complex with PLCe1. We mapped
this interaction to the C-terminal half of IQGAP1 (amino acid
residues 523–943) (Fig. 2b). We confirmed the interaction of
PLCe1 with IQGAP1 endogenously by coimmunoprecipitation in
cultured podocytes, the most relevant in vivo system (Fig. 2c).
IQGAP1 and podocalyxin colocalized in developing glomeruli at
the capillary loop stage of development along the basal aspect of
developing podocytes, where process formation is known to
occur27 (Fig. 4j–l). As mutations in WT1 also give rise to DMS,
we examined the subcellular localization of WT1 in relation to
PLCe1 in rat glomerular development. During the S-shaped stage
of nephron development, WT1 appeared in the nuclei of devel-
oping podocytes (Fig. 4m), by which time PLCe1 was already
expressed (Fig. 4n–o).

Zebrafish plce1 knockdown causes to nephrotic syndrome
To confirm functional conservation of plce1 in the maintenance of the
podocyte filtration barrier, we targeted the zebrafish plce1 ortholog
using antisense morpholino oligonucleotides and assayed barrier
function by vascular retention of a large tracer molecule injected in
the blood. We designed an oligonucleotide targeting the plce1 exon 14
donor sequence to disrupt expression of the highly conserved PLC-X
domain of plce1. We injected embryos with 4 ng morpholino, and then
at day 4 of development, we perfused the vasculature with 500-kDa
fluorescein isothiocyanate–conjugated dextran (FITC-dextran). At day
4, we fixed and stained embryos to assess glomerular passage of tracer
by uptake of FITC-dextran in endocytic vesicles of pronephric tubule

cells, distal to the glomerulus. Embryos injected with 4 ng control
antisense morpholino showed a normal morphology (Fig. 5) and an
absence of tracer in pronephric tubule cells (Fig. 5c), indicating
selective retention of the large dextran in the vasculature. In contrast,
embryos injected with plce1 exon 14 donor morpholino showed
edema at day 4 of development (Fig. 5b), similar to zebrafish nephrin
and podocin loss-of-function morphants30. Sections of the pronephric
kidney in plce1 morphants invariantly showed abundant FITC-positive
vesicles in the pronephric tubule (Fig. 5d), indicating a breakdown of
barrier function in the pronephric glomerulus owing to plce1 loss of
function. Overall, 100% (7/7) of plce1 morphants demonstrated a
failure in barrier function, whereas 0% (0/3) of control-injected
embryos showed glomerular passage of tracer. RT-PCR on mRNA
from embryos injected with plce1 exon 14 donor morpholino showed
a failure to splice intron 14, resulting in a predicted protein truncated
in the PLC-X domain of plce1 but increased in size by 59 nonsense
amino acids at its C terminus (Fig. 5e). Electron microscopy of wild-
type samples (Fig. 5f) compared with samples from morphant
zebrafish (Fig. 5g) showed characteristic pathological features of
nephrotic syndrome in the morphants, with foot process effacement
and severe disorganization of slit diaphragms.

We also examined the recently published mouse model of Plce1
targeted deletion31 but did not detect any nephrosis-like phenotype.
Specifically, at 3 months of age, Plce1–/– mice showed a urine protein/
creatinine ratio (30.7 ± 3 mg/g) that was not different from that of
wild-type mice (25.3 ± 3.1 mg/g; P ¼ 0.25; n ¼ 5 per group). The
histological appearance of the Plce1–/– mouse glomeruli, the immu-
nologic distribution of nephrin and glomerular epithelial protein 1
(GLEPP1) and the appearance of podocyte foot processes upon
transmission electron microscopy did not differ between Plce1–/–

mice and wild-type mice. Evaluation of this mouse model under
nephrosis-promoting conditions will be an important next step to
evaluate this model for a renal phenotype.
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Figure 4 Colocalization studies of PLCe1 with podocalyxin, IQGAP1 and

WT1 in the developing glomerulus of a 2-d-old rat kidney. (a–i) Expression

of PLCe1 (red) in relation to podocalyxin (green) in glomerular development.

High-power views are shown for S-shaped body (d–f) and capillary loop stage

(g–i). Nuclei appear blue where stained with DAPI. (a–c) Glomerular

development is known to advance from the cortical surface of the kidney

(asterisk, bottom) toward the medulla (top) through the stages of comma-

shaped body, S-shaped body (arrowhead) and capillary loop stage (arrow).

Podocalyxin (green), a marker of podocyte developmental stage39, is initially

expressed on the apical surface of developing podocytes of late S-shaped

bodies (arrowheads in b,c). (d–f) Podocalyxin migrates down the lateral

surface of the developing podocyte as the intercellular junction migrates

toward the basal aspect (arrowhead in e). (g–i) As podocyte foot processes

and slit diaphragms form between the podocyte cell body and the GBM,

podocalyxin extends down to this site (arrowhead and deeper inverted
U-shaped signal in h). PLCe1 (red) appears in the developing glomerulus at

the S-shaped stage (arrowheads in a,c,d,f) and is highly expressed during

the capillary loop stage (g,i), particularly on the basal aspect between the

cell nucleus and the GBM at the site of developing foot processes. Arrow

denotes podocalyxin (green) in endothelial cells invading the glomerular cleft

(e,f) and into the developing capillary loops (h,i). (j–l) Expression of IQGAP1

(red) in relation to podocalyxin (green) at the late capillary loop stage of

glomerular development. (j) IQGAP1 is expressed at the basal aspect of

podocytes (arrow), where it partially colocalizes with podocalyxin (green)

(k,l). (m–o) Expression of PLCe1 in relation to WT1. (m) WT1 (green) is

present in podocyte nuclei at the capillary loop stage (arrow). WT1 is not

detectable in podocyte nuclei at the S-shaped stage (arrowhead). The

merged image (n) of WT1 (m) and PLCe1 (o) confirms that PLCe1 is present

as WT1 appears in developing podocyte nuclei. (o) Cytoplasmic staining by

PLCe1 and nuclear staining by DAPI for comparison to n.
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DISCUSSION
Here, we have used positional cloning to identify mutations in PLCE1
as causing early-onset nephrotic syndrome. In all individuals with
homozygous truncating mutations, their kidney histology showed
DMS. As two siblings with a missense mutation in the gene encoding
the PLCe1 catalytic domain showed histology of FSGS, PLCE1 muta-
tions may comprise a spectrum of histologic phenotypes ranging from
severe, early-onset DMS to FSGS. The occurrence of DMS in sibling
pairs with healthy consanguineous parents has prompted others to
postulate the existence of an autosomal recessive variant of DMS
without extrarenal involvement18, which we may have identified here.
In individuals with PLCE1 mutations, the presence of a DMS
phenotype with the appearance of immature glomeruli, together
with our finding of reduced nephrin and podocin expression,
indicates that PLCe1 is necessary for proper progression of glomerular
development at the capillary loop stage. This is consistent with the
fact that DMS is also seen in mutations of WT1, which may have a role
in glomerular development. We identified IQGAP1 as an interaction
partner of PLCe1. The distribution of IQGAP1 in the vicinity of
foot processes indicates that PLCe1 might serve as an assembly
scaffold for the organization of a multimolecular complex involved
in morphogenetic processes of glomerular development at the
capillary loop stage.

The full and sustained treatment responses in two individuals with
PLCE1 truncating mutations is notable. We speculate that there may
be a critical time window in glomerular development during which
treatment with glucocorticoids or cyclosporin A may overcome a
putative developmental defect imposed by PLCE1 loss of function.
This may occur, for instance, through induction of a redundant
mechanism such as the activity of another phospholipase C. In
this context, it is of interest that the only two individuals (from
family F601) who had homozygous missense mutations rather than
truncating mutations in PLCE1 showed late-onset nephrotic syn-
drome and histology of FSGS rather than DMS. This may signify
that a hypomorphic allele allows for proper glomerular development

but later in childhood may interfere with glomerular repair processes,
thereby leading to protracted scarring in the form of FSGS. This
prolonged course might exclude the window of opportunity for
treatment that a developmental defect might offer. Evaluation of
further individuals with PLCE1 mutations and their treatment
response will be required to test these hypotheses. The identification
of PLCE1 mutations represents the first molecular cause of a nephrotic
syndrome variant that resolved after therapy in some individuals. We
speculate that the arrest of glomerular development through PLCE1
mutations may be reversible by treatment with glucocorticoids or
cyclosporin A via an unknown mechanism. The zebrafish model of
human nephrotic syndrome that we generated by plce1 knockdown
will provide a useful tool for investing this hypothesis.

METHODS
Subjects. We obtained blood, tissue samples and pedigrees after obtaining

informed consent from individuals with nephrotic syndrome and/or their

parents. Human subject research was approved by the University of Michigan

Institutional Review Board. The diagnosis of nephrotic syndrome was made by

a pediatric nephrologist based on either chronic or recurrent high-grade

proteinuria (440 mg m–2 h–1) or persistent low-grade proteinuria (44 mg

m–2 h–1) (ref. 32). Steroid-sensitive nephrotic syndrome and SRNS were

defined according to standard criteria32,33. Renal biopsies were evaluated by a

renal pathologist (R.W.). Age of onset of ESKD was defined as age at first renal

replacement therapy; that is, dialysis or renal transplantation. Clinical data were

obtained using a standardized questionnaire (http://www.renalgenes.org).

Linkage analysis. We performed a whole-genome search for linkage in

consanguineous families with nephrotic syndrome using a 50K SNP array

(GeneChip Human Mapping 50K Hind Array from Affymetrix). Data were

evaluated by calculating nonparametric LOD scores and scoring for homo-

zygosity (Zhom) across the whole genome in order to identify regions of

homozygosity. Areas of homozygosity were confirmed by high-resolution

haplotype analysis genotyping using published and newly designed

microsatellite markers within the NPHS3 locus. Additional SNPs were typed

by direct sequencing. The GENEHUNTER-MODSCORE program34 was used

to calculate multipoint LOD scores assuming recessive inheritance with
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Figure 5 Functional analysis of plce1 in the zebrafish pronephros. (a) Four-

day-old larva injected at the one-cell stage with control, antisense plce1

morpholino. (b) Four-day-old larva injected with plce1 exon 14 donor

antisense morpholino (ex14MO) showing edema of the pericardium and

yolk sac. (c) Confocal/differential interference contrast (DIC) section

through the pronephric kidney of a control morpholino–injected embryo

at 4 d perfused with 500-kDa FITC-dextran shows fluorescence in the

vasculature but exclusion from pronephric tubule epithelial cells (white

dotted circumference) distal to the glomerulus (gl). Intestine is marked

(‘gut’). Asterisk (*) highlights the lumen of a pronephric tubule.

(d) Confocal/DIC section through a similar region of a plce1 exon 14 donor

morpholino–injected embryo shows abundant FITC fluorescence in endocytic

vesicles of pronephric tubule cells (white dotted circumference) indicating

passage of 500-kDa FITC dextran past the morphant glomerulus (gl).

Asterisk (*) highlights the lumen of a morphant pronephric tubule.
(e) Altered splicing of plce1 mRNA caused by plce1 exon 14 donor

morpholino results in failure to remove intron 14, creating an mRNA

(MO) predicted to encode a PLCE1 protein truncated in the middle

of the PLC-X domain with 59 nonsense amino acids at its C terminus,

thereby yielding a longer band upon RT-PCR and agarose gel electrophoresis

compared to wild-type (WT), as confirmed by sequencing. (f,g) Electron

microscopic ultrastructure of GBM and podocyte foot processes in

wild-type and 4-d-old morphant zebrafish. (f) In the wild-type, the

foot processes are regularly arranged along the GBM with consistent

spacing between foot processes spanned by slit diaphragms (arrows).

(g) In contrast, the morphant foot processes are effaced and

disorganized, with only occasional intercellular junctions (arrows).

The GBM is disorganized.
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complete penetrance, a disease allele frequency of 0.001 and the marker allele

frequencies for individuals of European ancestry specified by Affymetrix.

Parametric and nonparametric LOD scores were plotted over genetic distance

across the entire human genome using gnuplot software (http://www.gnuplot.

info/). For exon sequencing primers, see Supplementary Table 1 online.

Glomerular and podocyte gene expression data for candidate gene selection.

The strategy is based on the assumption that mutations that cause a congenital

nephrotic syndrome or FSGS phenotype will be found in genes coding for

proteins preferentially expressed in the glomerulus versus the renal cortex or

medulla and/or preferentially expressed in the podocyte versus the whole

glomerulus2–7,10,12,35. For the glomerular gene expression profile, RNA was

isolated from whole renal cortex, from medulla and from isolated glomeruli

purified 490% by sieving from 2-month-old Fischer 344 rat renal cortex

(n ¼ 4 per group). DNA microarrays were developed from these RNA

preparations using rat Affymetrix microarrays36. For each primer set, we

calculated the change in DNA microarray signal from the glomerulus as a

multiple of the signal from either whole renal cortex or whole renal medulla.

For the podocyte gene expression profile, we intraperitoneally injected

diphtheria toxin receptor–transgenic Fischer 344 rats, which specifically express

the human diphtheria toxin receptor on their podocytes, with diphtheria toxin

(50 mg/kg) in order to deplete podocytes; 3 and 6 d later, we harvested

glomeruli by sieving8. RNA prepared from these glomeruli and from non-

injected transgenic rat glomeruli (n ¼ 4 per group) was used to develop an

Affymetrix DNA microarray database36. The change in signal for each primer

set as a multiple of control was calculated at 3 and 6 d after diphtheria toxin

injection to induce podocyte cell death and is expressed as a reciprocal to

describe the degree of preferential podocyte gene expression versus whole-

glomerulus gene expression at the two time points (R.C.W. et al., unpublished

data). Of the 43 positional candidate genes in the critical genetic region,

only Plce1 was preferentially expressed (42 s.d. above range) for both

glomerulus versus cortex and medulla and glomerulus versus podocyte-

depleted glomerulus.

Production of bacterial recombinant glutathione S-transferase (GST) fusion

proteins, immunoprecipitation, immunoblotting and pull-down assay.

Immunoprecipitation, immunoblotting and pull-down experiments were per-

formed using the procedures described previously37.

CoIP of PLCe1 with IQGAP1 and nephrin. HEK293T cells were transfected

with full-length human PLCe1 and nephrin and three different constructs of

GFP-tagged IQGAP1 (constructs comprising residues 2–210, residues 2–522

and the full-length protein). Cells were lysed after 48 h in RIPA buffer,

immunoprecipitation was performed with a monoclonal antibody to GFP

(Sigma) and lysate was resolved by SDS-PAGE. Immunoblotting was per-

formed with affinity-purified polyclonal anti-PLCe1-RA1 (made against RA1-

GST fusion protein) and polyclonal anti-nephrin37.

Immunofluorescence. Rat kidneys were perfusion fixed with periodate-lysine-

paraformaldehyde (PLP) as previously described8. Cryostat-cut kidney sections

were treated with Retrieve-All target unmasking reagent (Signet Laboratories)

for 2 h at 90 1C. Two-day-old rat kidney sections were used for developmental

studies. For human studies, we used archived autopsy formalin-fixed paraffin-

embedded tissue that had been in paraffin for 10 years to ensure comparable

aging effects on antigen retrieval. Sections were blocked with 10% goat serum

in PBS. Double immunofluorescence staining was performed with anti-PLCe1-

RA1 (immunopurified polyclonal antibody to the RA1 domain of rabbit

PLCe1) and GLEPP1 mouse monoclonal 1B4 antibody38. Cy3-conjugated goat

anti-rabbit and FITC-conjugated goat anti-mouse were used as secondary

antibodies. For absorption experiments, the immunopurified anti-PLCe1-

RA1 was absorbed as described above. We used the following antibodies:

2A4 monoclonal anti-podocalyxin39,40; WT-1 mouse monoclonal antibody

(SC-7385) (Santa Cruz) and immunoaffinity-purified nephrin polyclonal

antibody (from ref. 37). Nephrin sections were costained with DAPI for

nuclear identification.

Zebrafish studies. Wild-type TL or TÜAB zebrafish were maintained and

raised as described previously41. Embryos were staged and kept as previously

described30 and observed with a Nikon SMZ 645 or Leica MZ12 dissecting

stereomicroscope equipped with a Spot digital camera (Spot Insight QE). For

morpholino antisense oligonucleotides (GeneTools) targeting the plce1 exon

14 donor site, see Supplementary Table 1. We injected 4.6 nl of a 0.1-mM

morpholino stock solution as previously described30 into one-cell stage

embryos (approximately 4 ng/embryo) using a Nanoliter2000 injector (World

Precision Instruments). RT-PCR from single-embryo total RNA with nested

primers in flanking plce1 exons 12–17 yielded a final 630-bp amplicon from

wild-type and a 782-bp product from morphants (for primers, see Supple-

mentary Table 1). The inside product was sequenced. Fluorescent dye injection

was performed using lysine-fixable FITC-dextran (500 kDa, Molecular Probes)

and injected as previously described30. Uptake of filtered fluorescent dextran by

pronephric tubule cells was evaluated in histological sections using a Zeiss

Pascal LSM5 confocal microscope.

URLs. C. elegans gene interaction predictor database: http://tenaya.caltech.

edu:8000/predict.

Accession numbers. Accession numbers of PLCE1 orthologs and detailed

sequence alignments are given in the legend to Supplementary Figure 4.

Note: Supplementary information is available on the Nature Genetics website.
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epigenetics field came when Susan Clark 
described the bisulfite conversion and sequenc-
ing protocol11. Eckhardt and colleagues 
adopted and modified this protocol, enabling 
them to quantify DNA methylation at single 
cytosines via direct sequencing. In agreement 
with previous studies, the authors observed 
that most CGIs were unmethylated in healthy 
tissues. However, of the CGIs that were hyper-
methylated, none had a CpG density greater 
than 10%. This observation suggests that cis 
elements in the DNA sequence may confer sus-
ceptibility to DNA methylation. Furthermore, 
the authors observed that in normal tissues, the 
regions of DNA methylation extend distances 
shorter than 1,000 bp.

Tissue-specific gene regulation
It has previously been hypothesized that DNA 
methylation may be involved in regulating tis-
sue-specific gene expression. Tissue-specific 
differentially methylated regions (T-DMRs) are 
proposed to regulate the expression of certain 
transcripts or their isoforms in a tissue-spe-
cific manner (Fig. 1). However, thus far, only 
a few T-DMRs have been identified12. When 
Eckhardt and colleagues used their data to per-
form hierarchical clustering, they observed that 
biological replicates of the same tissue types 
grouped together, strongly suggesting the pres-
ence of tissue-specific DNA methylation pat-
terns. Further analysis showed that almost 25% 
of the amplicons investigated were T-DMRs. 
Importantly, those T-DMRs present within 
CGIs were preferentially located several kilo-
bases away from the nearest annotated gene. 
This result explains why methods that assay 

the DNA methylation close to transcription 
start sites (TSSs) have reported few tissue-
specific DNA methylation events. This finding 
also suggests that tissue-specific DNA meth-
ylation might affect the accessibility of tran-
scription factors to enhancer elements, rather 
than representing direct DNA methylation of 
CpG dinucleotides surrounding a TSS. The 
authors further observed that T-DMRs were 
preferentially located in orthologous sequences 
between mouse and human, suggesting that 
DNA methylation as a mechanism to regulate 
tissue-specific transcription is evolutionarily 
conserved.

Non-CGI promoter methylation
Perhaps one of the most significant findings of 
this study is the fact that DNA methylation was 
observed to affect transcription of genes whose 
5′ UTRs had low CpG density ('non-CGI pro-
moters'). It is well established that ∼80% of the 
CpG dinucleotides in the human genome are 
methylated, with the exception of those located 
within CGIs. Thus, non-CGI promoters might 
contain methylated CpG dinucleotides that 
were not previously thought to affect transcrip-
tion owing to their low density. This under-
standing of non-CGI promoter regulation is 
now called into question by the observation 
that the expression of some genes lacking CGIs 
in their promoter regions is abolished by DNA 
methylation of their 5′ UTRs.

Future of the Human Epigenome Project
The HEP will provide a 'reference epigenome' 
by resequencing different tissues and adding 5-
methylcytosine to the DNA sequencing (http://

dcb.nci.nih.gov/Workshoprpt.cfm). This infor-
mation will support the creation of epigenome 
projects of disease genomes, such as a 'Cancer 
Epigenome' project. Human malignancies are 
thought to be characterized by tissue-specific 
DNA methylation13. There are also indications 
of interindividual differences in DNA methyla-
tion patterns, most drastically highlighted by 
studies performed on monozygotic twins14. 
Thus, the resequencing of numerous genomes 
from both healthy and diseased individuals will 
be required in the future. However, the ques-
tion is, are we ready for this task with our cur-
rent technologies? Hope comes from the rapid 
progress made in the development of new 
sequencing approaches, which have increased 
the throughput while at the same time reduc-
ing costs15, making the proposed enterprise at 
least theoretically feasible.
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A new piece in the nephrotic puzzle
Susan E Quaggin

A new study reports mutations in PLCE1 responsible for an autosomal recessive nephrotic syndrome in children that 
presents with diffuse mesangial sclerosis or focal segmental glomerulosclerosis. Remarkably, two affected individuals 
treated at an early phase of life responded to either steroids or cyclosporin A, opening a window of opportunity for therapy.

On page 1397 of this issue1, Bernward Hinkes 
and Roger Wiggins, working in the labora-
tory of Friedhelm Hildebrandt, and their 
colleagues describe truncating mutations 
in PLCE1, the gene encoding phospholipase 
C epsilon (PLCε1), in 12 siblings from six 

families diagnosed with diffuse mesangial 
sclerosis, a devastating glomerular lesion 
that progresses to end-stage renal failure in 
the majority of affected individuals by 5 years 
of age. Two individuals with missense muta-
tions also developed kidney disease, although 
the glomerular lesion in these individuals 
was focal segmental glomerulosclerosis, with 
a later onset of disease and slower progres-
sion.

Each kidney contains approximately 
1 million glomeruli that remove excess solutes 

and fluid from the body and separate the uri-
nary compartment from the blood compart-
ment2–4. After filtration, the content of the 
tubular fluid is fine-tuned by the more distal 
nephron segments. The filtration barrier itself 
is composed of podocytes and fenestrated 
glomerular endothelial cells separated by an 
intervening glomerular basement membrane. 
Disruption of the filtration barrier results in 
loss of permselectivity and the appearance 
of macromolecules, such as albumin, in the 
urine. Loss of permselectivity can lead to 
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Figure 1  Model for glomerular disease resulting from mutations in PLCE1. PLCε1 is expressed 
in developing and mature podocytes starting in the S-shape stage of glomerular development. In 
individuals with truncating mutations in PLCE1, glomerular development appears arrested, leading 
to disruption of the glomerular filtration barrier. Diffuse mesangial sclerosis results, and individuals 
progress to end-stage kidney failure, typically by 5 years of age. Treatment with steroids or cyclosporin A 
led to dramatic remission in two individuals with this disease.
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nephrotic syndrome, characterized by the 
triad of proteinuria, hypoalbuminemia (low 
albumin levels in the blood) and edema, the 
typical symptoms in individuals with a wide 
spectrum of glomerular diseases.

Two causes of nephrotic syndrome are dif-
fuse mesangial sclerosis (DMS) and focal seg-
mental glomerulosclerosis (FSGS). DMS is a 
distinct pathologic term that describes global 
scarring and loss of filtration surface, result-
ing in end-stage kidney failure. Mutations 
in the genes encoding a transcription factor, 
Wilms tumor suppressor (WT1), and a glo-
merular basement membrane matrix protein, 
laminin B2 (LAMB2), have been described 
in individuals with DMS5,6. FSGS, a patchy 
scarring process of the glomerulus, has been 
associated with mutations in genes such as 
α-actinin 4 (ACTN4) and components of the 
slit diaphragm (NPHS1 and NPHS2), which 
encode structural proteins of the podocyte, 
a specialized intercellular junction between 
foot processes7–9. Notably, all of these inher-
ited forms of glomerulopathy that commonly 
result in early- or late-onset FSGS or DMS are 
typically resistant to treatment. More recently, 
mutations in the gene encoding the calcium 
channel TRPC6 (TRPC6) were identified in 
some families with inherited FSGS, raising the 
hope for a new pharmacologic target10,11.

New model of glomerular disease
The study by Hinkes et al.1 is the first report 
of an association between glomerular disease 
and mutations in a gene encoding an enzyme.  
PLCε1 belongs to the phospholipase family 

of proteins that catalyze hydrolysis of poly-
phosphoinositides, generating a number of 
second messengers such as inositol-1,4,5-tri-
phosphate (Ins(1,4,5)P3) and diacylglycerol 
(DAG) that are involved in a wide spectrum of 
intracellular responses, including cell growth 
and differentiation12. Most of the mutations 
identified so far in nephrotic syndrome affect 
genes expressed in podocytes. PLCE1 is no 
exception, as it is dynamically expressed in 
developing and mature podocytes starting in 
the S-shape stage of glomerulogenesis (Fig. 1). 
Glomeruli from individuals with DMS have 
developmental defects, including fewer capil-
lary loops and reduced expression of NPHS1 
(nephrin) and NPHS2 (podocin), two mark-
ers of differentiated podocytes. Hinkes et al.1 
also report that knockdown of plce1 expres-
sion with morpholinos in zebrafish embryos 
leads to disruption of the glomerular filtra-
tion barrier and edema, suggesting a key, 
evolutionarily conserved role for PLCE1 in 
glomerular development.

How is PLCE1 involved in podocyte devel-
opment? The answer is not clear, but the cyto-
plasmic tail of PLCε1 can physically associate 
with IQ motif–containing GTPase-activat-
ing protein 1 (IQGAP1), a protein that has 
been shown to interact with the critical slit 
diaphragm protein NPHS1 (also known as 
nephrin)13,14. How this interaction relates 
to slit diaphragm or podocyte development 
and function in vivo remains unclear, because 
loss of IQGAP1 or other slit diaphragm pro-
teins does not seem to lead to DMS in mice or 
humans4,15. Given the multiple downstream 

pathways that may be initiated by PLCε1, 
other possibilities exist, requiring further 
investigation.

Clinical prospects
Intriguingly, two individuals with truncating 
mutations in PLCE1 who were treated with 
steroids or cyclosporin A experienced remis-
sion of nephrotic syndrome—an exciting 
result. It is the first report of a clinical cure 
in individuals with identified mutations caus-
ing nephrotic syndrome. How this response 
occurs is not yet known. It will be important 
to determine if most or only some individu-
als with genetic mutations in PLCE1 respond 
to therapy and if there exists an optimal time 
window for intervention. It also emphasizes 
the importance of genetic screening and 
careful correlations between specific PLCE1 
mutations and clinical response in individu-
als with nephrotic syndrome. Development 
of preclinical animal models may help define 
how this dramatic rescue occurs; it is possible 
that upregulation of another phospholipase C 
compensates for loss of PLCε1, setting glo-
merular development back on track by 
initiating a rescue pathway. However, this 
model requires that we change our ideas 
about plasticity of glomerular development 
in the postnatal period. Such models may also 
help us to understand why individuals with 
PLCE1 missense mutations have a less aggres-
sive form of nephrotic syndrome than those 
with truncating mutations.

The report by Hinkes et al. identifies 
another key molecule in glomerular develop-
ment and disease and offers hope for a sub-
set of individuals with nephrotic syndrome. 
Further dissection of the PLCε1 pathway 
should provide additional candidate media-
tors of glomerular disease and may provide 
clues for diagnosis and intervention in more 
common forms of nephrotic syndrome.
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