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Podocin (NPHS2) is a component of the glomerular slit-diaphragm, with major regulatory functions in renal
permeability of proteins. Loss of podocin and decrease in resynthesis may influence the outcome of proteinuric
renal disease such as segmental glomerulosclerosis (FSGS), and promoter functionality plays a key role in this
process. NPHS2 promoter variants with functional activity may be a part of the problem of podocin resynthesis.
We sequenced NPHS2 promoter region from −628 to ATG in a large cohort of 260 nephrotic patients (161 with
FSGS) who were presenting proteinuria from moderate to severe and were receiving or had received modular
therapies according to their sensitivity to steroids and other immune modulators. Three sequence variants
(−236C>T, −52C>G, −26C>G) were identified in our study population that gave an allele frequency below 1%
(5 patients out of 520 alleles). Functional implications were shown for each variants that were most evident for
−52C>G and −26C>G (−50% of luciferase expression compared to the wild-type sequence, p < 0.01). Consensus
analysis for homology of the −52 region with regulatory factors revealed homology for USF1 and the sum of
experiments with gel retardation and with cells silenced for USF1 confirmed that this factor regulates NPHS2
expression at this site. In conclusion, three functional variants in NPHS2 promoter have been identified in a
large cohort of patients with nephrotic syndrome and FSGS that have a frequency <1%. One of these (i.e.,
−52C>G) is associated with a poor clinical outcome and evolution to end-stage renal failure. USF1 was identified
as the transcriptional factor regulating NPHS2 at this site. Even if not sufficient to cause FSGS per se, these
variants could represent modifiers for severity and/or progression of the disease.
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NEPHROTIC syndrome (NS) associated with focal adults (2) and is emerging as a leading cause of end-
stage renal failure (ESRF). The annual incidence insegmental glomerulosclerosis (FSGS) is one of the

most frequent glomerular diseases in children and children has been estimated to be 2.0 to 2.7 per 100,000
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in the US with a cumulative prevalence of 16 per Promoter functionality plays a key role in this pro-
cess. NPHS2 promoter has been studied in mice (22,100,000 (31). The basic clinical hallmark of the dis-

ease is proteinuria, whose pathogenesis is still debated 24), while studies on proteinuric diseases in humans
have not been published yet, representing a relevant(10,11). The most recent progress on mechanisms of

proteinuria is the characterization of the slit-diaphragm, gap in our current knowledge on the topics. Podocin
promoter has been located in the 2.5 kb of the 5′which is emerging as the prevailing glomerular site

for repulsion of proteins. The slit-diaphragm is remi- terminus of NPHS2 gene (GenBank accession num-
ber AF487463). This human 2.5-kb fragment hasniscent of a tight junction with a differentiate struc-

ture that is characterized by an electron dense zipper- been demonstrated to direct podocite-specific expres-
sion in transgenic mice (21).like structure where the extracellular proteins nephrin,

NEPH-1, P-Cadherin, and FAT (15,23,28) are con- We carried out a sequencing study of the NPHS2
promoter region from −628 to ATG, looking for vari-nected by other specialized proteins (i.e., podocin,

CD2AP) to the main cell body. Podocin appears to ants that could affect podocin gene expression, in a
large cohort of FSGS patients. In this study we reporthave a central role in maintaining a functioning glo-

merular filtration barrier (1,13,14,25,30). It is a raft in- for the first time the presence of rare variants that
reduce podocin gene expression and are associated totegral protein of 383 amino acids that forms a mem-

brane invagination and recruits nephrin and CD2AP in a poor outcome.
these microdomains. Its genetic ablation determines
massive proteinuria in mice that die within a few days

MATERIALS AND METHODSof life (26). The discovery of mutations of the po-
docin encoding gene (i.e., NPHS2) in familial ne- Patients
phrotic syndrome represented a breakthrough in the

We screened the NPHS2 coding and promoter re-research of mechanisms of nephrotic syndrome (1).
gion in a cohort of 274 patients (154 males and 120Screening studies on NPHS2 mutations involving fa-
females; mean age at onset of proteinuria 17.1 years;milial cases and sporadic nephrotic syndrome have
range 0.1–77.4) with sporadic nephrotic syndromenow been published (4,5,8,27,32) reporting more than
who were presenting or had presented proteinuria50 different NPHS2 mutations.
from moderate to severe at variable ages and wereData also indicate that the expression of slit-diaphragm
receiving or had received modular therapies accord-proteins is regulated, in the presence of proteinuria
ing to their sensitivity to different drugs followingor pathologic injury. For example, pathologic studies
consolidated schemes (16,17). Renal histology wasdemonstrated that the molecular scaffold of the slit-
available in 210 cases. Overall, 161 had a diagnosisdiaphragm dissembles in animals and humans with
of FSGS based on histological routine criteria, 25proteinuria (8,9,16,20) and in these cases, the protein
presented mesangial IgM deposition, and 24 minimalexpression of podocin is diminished in glomeruli (19,
change nephropathy. Genomic DNA was extracted29). In addition to the presence of structurally func-
according to standard procedures. DNA from 200tioning proteins in the slit-diaphragm, a proper quan-
normal adults (mean age 38, range 23–46 years) wastitative equilibrium among different components is
obtained and sequenced as below. In all cases we ob-required for the maintenance of the barrier functional
tained the informed consent from patients and in caseintegrity. This appears to be a dynamic process in
of children from their parents. Patients with homozy-which regulatory mechanisms of every different pro-
gous or compound heterozygous mutations in NPHS2tein play a role. Data on podocin glomerular mRNA
coding region did not undergo further analysis onin FSGS and minimal change diseases are controver-
promoter.sial. Koop et al. (19) reported on a significant in-

crease in podocin mRNA in both conditions and pro-
NPHS2 Coding Region Sequenceposed that this might result from a compensatory

reaction of the damaged podocytes. On the contrary, Molecular analysis of podocin coding region was
performed by direct sequencing as already described.results by Schmid et al. (29) pointed to a net differen-

tiation between FSGS and minimal change disease, Briefly, exons were amplified by PCR using flanking
intronic primers and subjected to automatic sequenc-the former being characterized by downregulation of

podocin mRNA glomerular expression. While it is ing by dye-terminator reaction (Automated sequencer
ABI 3100, Applera, Milan, Italy). The primer sequencesstill unknown what determines podocin loss in such

conditions [for a review see (10)] it seems plausible were selected on the basis of literature reports by dif-
ferent groups (1,3). In particular, for exons 2 and 6that reparative capacities of the renal barrier strictly

depend on their resynthesis potential and the repara- primer design we followed Karle et al. (18), to avoid
the presence of a recognized SNP.tive process may eventually influence proteinuria.
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NPHS2 Promoter Sequence Transfection Experiments

Sequencing of NPHS2 promoter from −628 to ATG Transfection was performed with 4 µg plasmids
was done as above; for PCR we utilized the following following the polyethilenimine (PEI, Sigma-Aldrich,
two primers: forward 5′-GAAAGTTGGGGATGAG Steinheim, Germany) procedure. Thirty microliters of
GCGA-3′; reverse 5′-CAATCAAAGCTTCCTCAGA a 10 µM PEI solution was added to 10 µg DNA and
GCTGCCGGGCGGCT-3′. PCR conditions were: de- incubated at 37°C for 3 h in 5% CO2. After discard-
naturation at 94°C for 1 min, annealing at 62°C for 1 ing, cells were incubated with normal medium for 48
min, and extension at 72°C for 1 min for 30 cycles. h before being processed with the Luciferase assay.

NPHS2 Promoter Constructs-Luciferase Assay Nuclear Extracts and Cellular Fractionation

NPHS2 promoter PCR products were subcloned into Podocytes were scraped with a rubber policeman,
the luciferase pGL3 reporter vector (Promega Inc., after previous wash with PBS, pelleted at 600 × g for
Madison, WI). All clones obtained bearing a specific 10 min, and resuspended in 200 µl/100 mm plate of
mutation (pPL1, pPL2, pPL3, pPL4) and the wild- 20 mM HEPES, pH 7.9, 1 mM EDTA, 1 mM dithio-
type clone (pPL5) were sequenced prior to transfec- treitol, 0.5 mM PMSF, 1 µg/ml of leupeptin, pep-
tion. Luciferase activity was determined in a TD-20/ statin, and aprotinin, 1 mM sodium vanadate, 10 mM
20 luminometer (Turner Designs, Sunnyvale, CA) ac- sodium fluoride, and kept at 4°C for 15 min. Cell
cording to the Promega Luciferase Assay (Promega suspension was then added with 0.25 vol of 1% NP40
Inc.) and results were normalized to the cotransfected to obtain a final concentration of 0.2% NP40 and in-
Renilla luminescence. Results are given as arbitrary cubated at 4°C for 15 min. The cell lysate was then
units (A.U.) (12). The paired t-test was utilized to centrifuged at 600 × g for 15 min. The supernatant
compare luciferase expression by different constructs. (S1) was saved for further processing, while the pel-
For each experiment were conducted at least five rep- let (P1), mostly containing the unbroken nuclei, was
licates. Values of p < 0.05 were regarded as signifi- resuspended in 1 vol of BLS (20 mM HEPES, pH
cant. 7.9, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM dithio-

treitol, 0.5 mM PMSF, 80 mM NaCl, 25% glycerol).
Cell Culture After extensive mixing, 1 vol of BHS (as in BLS, but

containing instead 0.9 M NaCl) was slowly addedCOS7 (monkey renal fibroblasts) were obtained
and incubated at 4°C for 30 min under moderatefrom LGC Promochem (Milan, Italy). Primary cul-
shaking. P1 was centrifuged at 16,000 × g for 30 min.tures of glomerular epithelial cells (GECs) were es-
The supernatant fraction (S2) was collected and usedtablished and characterized as previously described
as nuclear extract for gel retardation assay. S1 was(6). Established lines of differentiated GECs were ob-
then centrifuged at 16,000 × g for 30 min, to obtain atained by infection of primary cultures with a hybrid
partially purified cytosolic (S3) fraction. The proteinAdeno5/SV40 virus as previously described and char-
concentration was determined using a Blue-Coomas-acterized as above (6,7). An immortalized GEC line
sie-based assay.was cultured in DMEM containing 25 mM glucose,

10% inactivated FCS, 100 U/ml penicillin, and 100
Electrophoresis Mobility Shift Assay (EMSA)mg/ml streptomycin at 37°C and used for these ex-

periments.
This assay utilizes using 2–5 µg of nuclear extract

proteins in a total volume of 20 µl containing 20 mM
Transient siRNA-Mediated Silencing of USF1

Tris-HCl, pH 7.5, 0.1 M NaCl, 0.35 mM dithiotreitol,
0.5 mM EDTA, 0.5 mM PMSF, 10% glycerol, andTransient transfection of siRNA for targeting en-

dogenous gene silencing was performed using PEI 25 0.5 µl of 2 mg/ml of double-stranded poly(dI-dC) (1
g/reaction). The following oligonucleotide sequencesKDa (Aldrich) and 200 nM siRNA duplex per well.

The following Qiagen siRNA oligonucleotides (Hs_ of the probes were used: 1) WT, 5′-TGC GCT CCC
GTG CCC CTA GC-3′; 2) 52m, 5′-TGC GCT CCGUSF_1_HP siRNA, catalog number SI00094815)

were utilized in the assay: sense r(GAU UAG AGG GTG CCC CTA GC-3′; 3) USF E-box, 5′-TGC GCT
CAC GTG CCC CTA GC-3′, where the underlinedUCG UCA UCA A) dTdT; antisense r(UUG AUG

ACG ACC UCU AAU C) dCdG, which corresponds base indicates the change between wild and 52m in
1) and 2) while the effective E-box for USF in 3).to base pair between 1092 and 1112 downstream the

start codon sequence GAU UAG AGG UCG UCA The oligonucleotides were labeled at their 5′ ends
with [γ32P]ATP (NEN Life Science) using T4 poly-UCA A. Cells were assayed for 48 h after transfec-

tion. nucleotide kinase. The binding to the double-stranded
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oligonucleotides was performed by incubating at 4°C Functional implications of each sequence variants
were studied following consolidated recipes based onfor 30 min 10 fmol of 32P-labeled probes with the

previous nuclear extract mix. The DNA–protein com- subcloning in pGL3 reporter vector and transient
transfection experiments in glomerular podocytes andplexes were separated by electrophoresis on a 5%

polyacrylamide gel and detected by autoradiography COS7 cells. A significant reduction (−50%; p < 0.01)
of luciferase expression compared to the wild-typeof the dried gel. Competitions were performed by ad-

dition of 100-fold molar excess of unlabeled double- sequence was determined by the two −52C>G (pPL3)
and −26C>G (pPL4) variants, while −236C>T (pPL1)stranded oligonucleotide competitor to the incubation

mixture. Where indicated, the nuclear extracts were produced few evident changes. The same results were
reproduced both in podocytes (Fig. 1a) and in COS 7preincubated with the specified antibodies (anti-USF1)

for 30 min at room temperature and then used for the cells (not shown). Consensus analysis for homology
of −52 variant region with regulatory sequences re-gel retardation assay. Antibodies against USF1 were

purchased from Santa Cruz Biotechnologies (Santa vealed homology for USF 1 and HIFA. Gel retarda-
tion experiments utilizing podocyte extracts and oli-Cruz, CA, USA).
gonucleotides for degenerate and typical consensus
for USF and HIFA were done to characterize the

RESULTS AND DISCUSSION
trans-acting elements active at this site. HIFA did not
form oligo–protein complexes (not shown) that wereOverall we sequenced NPHS2 promoter region in

260 patients because carriers of homozygous or dou- instead observed in the case of USF1. The sum of
experiment done with various USF1 specific or de-ble heterozygous mutations in coding region were ex-

cluded. Three sequence variants of NPHS2 promoter generate sequences, with specific antibodies and with
podocytes in which USF had been silenced, is shownwere identified in our study population that gave an

allele frequency below 1% (5 patients out of 260); in Figures 1b, 2a, and 2b. Figure 2 shows a typical
experiment in which degenerate consensus oligos fortwo of them were not found in 400 control chromo-

somes (Table 1). Variants 1 (−236C>T) and 3 (−52C>G) wild (lane 2) and mutated 52 (lane 1) were incubated
with cell extracts and formed a protein–oligo com-were found in 1 and 2 unrelated nephrotic patients,

respectively, and in none of the cohort of 200 normal plex only in the former condition, suggesting that the
presence of a G in place of a C at this site abolishedsubjects; variant 3 (−26C>G) was observed in 2 unre-

lated patients and in 1 control. the interaction. On the other hand, competition with
cold wild oligo abolished the binding (lane 3), sug-As reported in Table 1, three out of five patients

presented a pathologic picture of FSGS with lack of gesting a good degree of specificity. In Figure 2a it
is shown that also anti-USF antibodies abolished thepodocin expression in their glomeruli. As indicated

in the introduction, this appears to be an unspecific complex formation (lane 4). Experiments reported in
Figure 2b confirmed the finding above and furtherpattern because most FSGS patients present a reduced

expression of podocin in glomeruli, probably for supported the identity of USF1. In fact, gel retarda-
tion with oligo designed to cover the typical consen-shedding of the protein. It is for this reason that reex-

pression of podocin in the recovery of the disease sus sequence of USF was run in parallel to compare
the electrophoretic behavior of a typical complexprobably brings about a key role in evolution.

TABLE 1
VARIANTS CHARACTERIZED BY CHANGES IN NPHS2 PROMOTER NUCLEOTIDE SEQUENCE

Age at
No. Onset Clinical Follow-up

Variant Patients Sex (Years) Category Pathology (Years) ESRF

−236C>T 1 M 6.7 SRNS FSGS 14.8 no
−52C>G 2 F 37.4 SRNS MCN 11.6 yes

M 9.4 SRNS FSGS 14.7 yes
−26C>G 2 F 42.3 SRNS FSGS 10.5 no

F 47.2 SRNS MCN 8.0 no

Three variants characterized by changes in NPHS2 promoter nucleotide sequence were found in five
patients with nephrotic syndrome whose clinical features are given in the table. Two variants
(−236C>T and −52C>G) were not found in 400 normal chromosomes and the second one was associ-
ated with steroid resistance and progression to uremia. The remaining (−26C>G) was also found in
one normal chromosome. SRNS, steroid resistant nephrotic syndrome; SSNS, steroid sensitive ne-
phrotic syndrome; FSGS, focal segmental glomerulosclerosis; MCN, minimal change nephropathy.
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Figure 1. (a) Luciferase activity in podocytes transfected with pPL 1–5 constructs in which the following three variants of NPHS2 promoter
were subcloned: pPL1-236C > T; pPL2-185T > L; pPL3-52C > G; pPL4-26C > G; pPL5 wild-type. Results were given in arbitrary units
(AU) of Luciferase normalized by Renilla activity. (b) Transfection with pPL5 wild-type was done in normal podocytes and in podocytes
silenced for USF1 RNA, showing reduction of luciferase expression by 50% in this case.
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Figure 2. (a) Podocyte extracts were incubated with the wild-type (5′-TGC GCT CCC GTG CCC CTA GC-3′) and 52m (5′-TGC GCT CCG
GTG CCC CTA GC-3′) 32P labeled oligonucleotide as indicated in Materials and Methods in the absence and in the presence of cold
oligonucleotide 100 molar excess or of anti-USF1 antibodies. Electrophoresis in nondenaturing condition was run as described in Materials
and Methods. (b) Experiments with oligonucleotide giving the E-box for USF1 (5′-TGC GCT CAC GTG CCC CTA GC-3′) and specific
antibodies showed, as expected, the formation of a marked gel retardation adduct that was abolished by anti-USF antibodies. A clear
supershift product was produced in this case even it was less evident in respect to the original adduct (less than 10%).

USF1–DNA. It was evident the formation of a of the complex forms polymers and justifies the ob-
served lack of supershift formation with wild 52marked protein–DNA adduct (lane 3) overwhelms by

several factors the DNA–protein complex formed by oligo. Overall, our data support the concept that
USF1 forms an adduct with a degenerate consensus52 wild (compare lanes 1 and 3 in Fig. 2b). The pres-

ence of anti-USF1 antibodies abolished the formation sequence in NPHS2 promoter and regulates the ex-
pression of podocin. To confirm this point, podocytesof the complex and produced a supershift that is rep-

resented by a minor band with higher molecular were silenced for USF1 RNA expression and trans-
fected with wild constructs containing the 52 se-weight and an intensity that is less than 10% of the

original adduct. This suggests that only a minor part quence. As shown in Figure 1b, luciferase expression
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was downregulated by 50% in this case, strongly sup- strated that the functional implication of at least two
variants, one of which (−52) abolishes the bindingporting USF1 functional implication.

Whether and how downregulation of podocin in- with USF1 that forms a DNA–protein adduct in the
case of the wild type. This functional variant is asso-fluences the extent and outcome of nephrotic syndrome

is matter of debate. Indeed, podocin expression is ciated with a poor clinical outcome with evolution to
end-stage renal failure. Thus, even if not sufficient tovery low in patients with FSGS, suggesting that the

process of regeneration is crucial for the clinical out- cause the disease per se, these variants could repre-
sent modifier factors for severity and/or progressioncome. While the common finding of low podocin ex-

pression in glomeruli prevents us to define a potential of the disease in FSGS and/or in other proteinuric
diseases as other primary glomerulonephritis and dia-correlation between rare mutation in NPHS2 pro-

moter and podocin expression in renal biopsies it also betic nephropathy.
allows to speculate on the pathogenesis and perpetua-
tion of proteinuria because it is fully possible that
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