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ABSTRACT
Steroid-resistant focal segmental glomerulosclerosis (FSGS) often recurs after renal transplantation. In
this international survey, we sought to identify genotype–phenotype correlations of recurrent FSGS. We
surveyed 83 patients with childhood-onset primary FSGS who received at least one renal allograft and
analyzed 53 of these patients for NPHS2 mutations. The mean age at diagnosis was 6.7 years, and the
mean age at first renal transplantation was 13 years. FSGS recurred in 30 patients (36%) after a median
of 13 days (range, 1.5 to 152 days). Twenty-three patients received a second kidney transplant, and FSGS
recurred in 11 (48%) after a median of 16 days (range, 2.7 to 66 days). None of the 11 patients with
homozygous or compound heterozygous NPHS2 mutations developed recurrent FSGS compared with
45% of patients without mutations. These data suggest that genetic testing for pathogenic mutations
may be important for prognosis and treatment of FSGS both before and after transplantation.
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Primary focal segmental glomerulosclerosis (FSGS) is
a “malignant” renal disease, accounting for nearly 10
to 15% of all pediatric and adult patients requiring
chronic dialysis or transplantation, and its incidence
seems to be rising.1 Additionally, the etiology of FSGS
remains obscure, and there is no proven effective ther-
apy. The risk of recurrence is approximately 30%;
therefore, kidney transplantation in patients with
FSGS is a major challenge.2–4 Recurrence is associated
with a significantly higher risk of early graft loss.5 Sev-
eral risk factors for recurrence have been described:
age �6 years at disease onset, rapid progression to
ESRD, and recurrence in a previous transplant are re-
ported to be associated with a higher risk of disease
recurrence after renal transplantation.6

Mutations in the NPHS2 gene were first de-
scribed in patients with familial autosomal recessive
FSGS7 and thereafter also in sporadic steroid-resis-
tant nephrotic syndrome.8 Positional cloning in the
1q25-q31 region was used to identify the causative
gene in steroid-resistant nephrotic syndrome.7 The
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NPHS2 gene (OMIM 604766) encodes for an integral podo-
cyte membrane protein named podocin. Recurrence after re-
nal transplantation seems to also be influenced by genetic
background.9,10

To further define the clinical course and prognosis of pa-
tients with FSGS after renal transplantation, we retrospectively
analyzed 83 patients of the European FSGS Transplantation
Study group with complete clinical data and 53 patients in
whom genetic testing was available.

RESULTS

Epidemiology
Of the 83 included patients 75 were white, 6 were Arabs, and 2
were Asians. Forty-eight patients were men and 35 were
women. Seventy-eight patients had biopsy-proven FSGS in the
native kidney, and the remaining 5 patients were either familial
cases (3) or had a documented homozygous or compound
heterozygous NPHS2 mutation (2). Twenty-two of the 78
showed minimal change disease in their first biopsy result but
were reclassified as FSGS in the second biopsy of the native
kidney.

Diagnosis of nephrotic syndrome was made at a mean age of
6.7 � 0.7 (SEM) years (range, 1 to 34 years). Patients pro-
gressed to ESRD in 4.9 � 0.8 years on average. Patients �6
years of age proceeded faster to ESRD, with a mean time of
3.5 � 0.8 years, compared with the patients under 6 years of
age, with a mean of 5.9 � 0.8 years (P � 0.05, t test). Waiting
time to first transplantation was 17.6 � 1.5 months for de-
ceased donors (DD) only. Mean age at first transplantation was
12.9 � 0.8 years (range, 7.4 to 15.6 years).

All patients were transplanted once, 23 were transplanted
twice, 6 patients received a third graft, and 1 patient received a
fourth graft. Regarding the first transplantation, 20 grafts
(24%) were living-related donations (LRD), and 63 grafts
(76%) were from a DD. The second transplantation was per-
formed with LRD in 5 patients (22%) and a DD in 18 patients

(78%); all third or fourth Renal transplan-
tation (RTx) were performed with a DD.
Mean age at time of entry into the study was
23.5 � 1.0 (SEM) years. Mean observation
period was 12.7 � 0.9 years.

Patient characteristics are listed in Table 1.

Genetic Analysis
Fifty-three of 83 patients were screened for
mutations by direct sequencing of the eight
exons comprising the sequence of the NPHS2
gene on chromosome 1q25–q31 encoding
the podocyte protein podocin. Demographic
data are listed separately in Table 1.

Eleven of the 53 investigated individ-
uals (20.8%) showed either homozygous
(n � 8) or compound heterozygous (n �

3) NPHS2 mutations in an autosomal recessive disease. Two
of the compound heterozygous mutations caused a frame
shift, leading to a premature stop codon. The most frequent
mutation was homozygous at location R138Q (n � 6, Table 2).
Four of the 11 patients with homozygous or compound
heterozygous NPHS2 mutations had a history of familial
predisposition: they had a brother or sister with an identical
mutation. Age at time of diagnosis in patients with homozy-
gous or compound heterozygous mutations was 4.2 � 1.2
years compared with 8.2 � 1.2 years in patients without a
mutation or with heterozygous mutations (P � 0.04, Mann-
Whitney U test). Progression to ESRD took 6.2 � 1.4 years
compared with 5.6 � 0.9 years, respectively (not signifi-
cant). Four patients (7.5%) showed a heterozygous NPHS2
mutation, they were diagnosed with nephrotic syndrome at
an average age of 2.6 � 1.2 years, and proceeded to ESRD in
3.7 � 1.7 years.

A small subset of patients were screened for other muta-
tions. NPHS1 was found as a heterozygous mutation in one

Table 1. Demographic data on all 83 patients compared with the subset of 53
patients subjected to NPHS2 genetic screening

n � 83 n � 53 P

Male /female 48/35 27/26 NSa

White/Arab/Asian 75/6/2 49/2/2 NSa

LRD/DD at first RTx 20/63 16/37 NSa

LRD/DD at second RTx 5/18 5/14 NSa

Number of RTx (1x/2x/3x/4x) 83/23/6/1 53/19/5/1 NSa

Age at diagnosis (years, mean � SEM) 6.8 � 0.7 7.4 � 1.0 NSb

Time to ESRD (years, mean � SEM) 5.0 � 0.8 5.7 � 0.8 NSb

Time of dialysis for LRD (months, mean � SEM) 10.2 � 1.9 9.1 � 1.8 NSb

Time of dialysis for DD (months, mean � SEM) 17.6 � 1.5 17.1 � 1.9 NSb

Age at first RTx (years, mean � SEM) 12.9 � 0.8 14.1 � 1.1 NSb

Observation period (years � SEM) 12.7 � 0.9 13.8 � 1.3 NSb

NS, not significant.
aChi-Quadrate test (Pearson).
bt test.

Table 2. Eleven of 53 patients genetically analyzed with
two pathogenic NPHS2 mutations and 4 patients with one
NPHS2 sequence variant

Position Mutation Status

DelAA, 855 � 856 Homozygous
DelG, 417 � R138Q Compound heterozygous
DelG, 417 � R138Q Compound heterozygous
C851T/A284V Compound heterozygous
R138Q Homozygous
R138Q Homozygous
R138Q Homozygous
R138Q Homozygous
DelAA, 855 � 856 Homozygous
R138Q Homozygous
R138Q Homozygous

R229Q Heterozygous
R229Q Heterozygous

Not available Heterozygous
L207I Heterozygous
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patient, who also had a heterozygous NPHS2 mutation.
Thirteen other patients screened for NPHS1 were negative.
In the seven patients screened for TRPC6, no mutations
were identified. Mean age at diagnosis in these seven pa-
tients was 15.5 � 4.9 years, and one patient had a familial
predisposition.

Recurrence

Thirty of 83 (36.1%) patients had a recurrence after the first
RTx, 25 of those within 6 months after transplantation.
Eleven of 23 patients (47.8%) had a recurrence after the
second RTx and 100% after the third and fourth RTx. One
hundred percent of patients who had lost their first graft
because of recurrence and were retransplanted had another
recurrence in the second graft. The time period after first
RTx to recurrence of proteinuria was 13 days (median;
range, 1.5 to 152 days) or 152 � 55 (mean � SEM) days,
after the second RTx, median duration to recurrence was 16
days (range, 2.7 to 66.0 days) or 97 � 72 days, and after the
third RTx 45 days (range, 3 to 125 days) or 58 � 33 days,
respectively.

The 53 patients subjected to NPHS2 screening did not
differ significantly with respect to demographic features
(Table 1) and recurrence rate compared with the entire
study group. In this genetically analyzed subgroup, the
overall recurrence rate was 17/53 (32.1%). Regarding
NPHS2 mutations, none of the 11 patients with both NPHS2
alleles having mutations had a recurrence after the first RTx,
nor did the 4 patients with a solitary heterozygous muta-
tion. Of the remaining 38 tested individuals, 17 showed re-
currence of proteinuria after the first RTx (44.7%; Figure 1A).
The difference in recurrence rate between patients with ho-
mozygous or compound heterozygous NPHS2 mutations
and patients without or with a heterozygous mutation was
significant (Kaplan-Meier, P � 0.05). Given that patients
with heterozygous mutations might have another yet un-
identified mutation leading to a nonimmunologic FSGS,
they were also evaluated as part of the patient group with
both NPHS2 alleles having mutations. The difference was
even more significant (P � 0.005). Thus, homozygous and
compound heterozygous NPHS2 mutations, and in this
population also solitary heterozygous mutations, were not
associated with recurrent disease after transplant (Fisher
exact test, P � 0.01). Patients with unknown mutation sta-
tus (n � 30) showed a recurrence rate of 43.3% (n � 13),
similar to the recurrence rate of patients without any muta-
tion (44.7%).

When analyzing the entire group (n � 83), recurrence rate
proved to be independent of gender, donor source (Figure 1B),
ethnic origin, and time of progression to ESRD. Younger age at
time of first diagnosis correlated with a reduced recurrence
rate. Mean age at first diagnosis of patients with recurrence was
9 � 1.3 years; mean age of those that did not have a recurrence
was 5.5 � 0.8 years (P � 0.008).

Patient and Graft Survival
Patient survival was 94% (n � 78/83) after a mean observation
period of 12.5 � 0.9 years. Reasons for death were sepsis, breast
carcinoma, Epstein-Barr virus disease, thrombotic complica-
tions with cardiogenic shock, and an unknown reason in one
patient. Mean age at time of death was 29.7 � 6.2 years.

Overall graft loss after the first RTx was 36.1% (n � 30) and
occurred after a mean time of 5.1 � 1.2 years. The percentage
of graft loss caused by recurrence was 40% (12 of 30 patients),
caused by chronic allograft nephropathy was 50% (15 of 30),
and caused by other reasons was 10%. Graft loss caused by

Figure 1. No disease recurrence in patients with NPHS2 muta-
tion compared to 45% recurrence in patients without NPHS2
mutation. (B) No significant difference between recurrence rates
of LRD versus DD by Kaplan-Meier analysis. The four individuals
with a heterozygous status had an overall grafts survival rate of
50%, one graft was lost to acute rejection after a time of 25 days,
one to chronic allograft nephropathy after 23 years.
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recurrence occurred at a mean of 1.7 � 0.4 years compared
with 8.1 � 2 years when caused by chronic allograft nephrop-
athy (P � 0.01) and 4 years when caused by other reasons.
Graft loss after the second RTx was 52.2% (12 of 23) after 3.4 �
1.3 years and was caused by recurrence in 67% (8 of 12), by
chronic allograft nephropathy in 17%, and by other reasons in
16%. Time to graft loss was 1.2 � 0.4 years in recurring patients
compared with 7.4 � 6.2 years in nonrecurring patients (P �
0.05). Six of eight patients (75%) who lost their second graft
because of recurrence had lost their first graft for the same
reason. The two remaining patients who lost their first graft
because of recurrence and were retransplanted also recurred
after 48 and 3 days, respectively, and kept their graft for 5 and
10 months at the time the evaluation was performed. Graft loss
after the third RTx occurred in three of six patients (50%) after
a mean time of 2.0 � 1.5 years. All three cases had a history of
graft loss caused by recurrence of disease and again lost their
transplant by recurrence. One patient with a third graft died
with a functioning graft, the two remaining patients also had
recurrences after 2 and 137 days, respectively, yet still had a
functioning third graft after 9 months and 3 years, respectively.

Referring to the entire study population and different ob-
servation periods of patients, graft loss according to NPHS2
mutations was as low as 27% (n � 3) of the 11 patients with
homozygous or compound heterozygous NPHS2 mutations
after a mean observation period of 11.4 � 5.9 years versus 45%
(n � 17) of the 38 patients without NPHS2 mutations (log
rank, P � 0.05; Figure 2A). The four individuals with a
heterozygous status had an overall graft survival rate of 50%,
one graft was lost to acute rejection, one to chronic allograft
nephropathy after a time of 25 days after 23 years, respectively.

Influence of LRD/DD and Preemptive Transplantation
Overall recurrence rate was 25% in LRD versus 39.7% in DD
(not significant; Figure 1B), and graft survival was 95% in LRD
versus 54% in DD (P � 0.001; Figure 2B). In association with
genetic groups, the distribution of LRD versus DD was 3 versus
8 in patients with homozygous or compound heterozygous
NPHS2 mutations and 12 versus 26 in patients without a mu-
tation. Recurrence rate in subjects with both NPHS2 alleles
having mutations was overall 0%; therefore, no difference be-
tween LRD and DD was found. In patients without mutations,
recurrence occurred in 3 of 12 LRD patients (25%) and 14 of 26
DD patients (54%; log rank, P � 0.07). Despite the three cases
of recurring disease, no graft loss occurred in the LRD group of
patients without NPHS2 mutations, whereas 17 of 26 DD pa-
tients (65%) lost their graft within the observation period (P �
0.005). Among patients with homozygous or compound
heterozygous NPHS2 mutations, graft survival was 100%
(zero graft losses in three patients) for LRD patients versus
62.5% (three graft losses in eight patients) in DD patients
(not significant).

Preemptive transplantation was performed in four patients
with three DD. These four patients showed no recurrence
compared with 30 recurrences in the 79 not preemptively

transplanted patients. However, the number of preemptive
transplants was insufficient for separate analysis.

DISCUSSION

This is the largest clinical/genetic series of patients diagnosed
with FSGS who have been examined after renal transplantation
for FSGS-associated podocin mutations. No patients with ho-
mozygous or compound heterozygous mutations in podocin
had recurrent FSGS after transplant. In our series, patients
with one mutation did not have recurrence either. These re-
sults highlight how genetic testing in patients with FSGS, other
than familial forms, may be helpful to assess the risk of recur-
rence after RTx. In contrast to the slow progress of knowledge
about immunologic forms of FSGS, significant advances have
been made with regard to the genetic forms.

Figure 2. (A) Better graft survival in patients with NPHS2 muta-
tion (homozygous or compound heterozygous) compared with
patients without NPHS2 mutations after 10 years. (B) Better graft
survival in LRD- versus DD-associated transplantation.
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Genetic Analysis
Mutations in several genes have been identified as a cause of
hereditary forms of FSGS, including WT1, ACTN4, CD2AP,
NPHS1, NPHS2, and TRPC6. Mutations in podocin (NPHS2)
were also found responsible for sporadic forms of steroid-re-
sistant nephrotic syndrome (SRNS).8,11 We identified 28.3% of
screened individuals with either a homozygous, compound
heterozygous, or heterozygous mutation in the NPHS2 gene;
20.8% had either a homozygous or compound heterozygous
mutation. Excluding patients with a positive family history, we
found an NPHS2 mutation rate in spontaneous forms of SRNS
of 13%, which agrees with previously published data of Euro-
pean and North American groups.9,11,12 All nonfamilial muta-
tions were missense mutations; the most frequent one in our
study group was R138Q, which was homozygous in six patients
and compound heterozygous in another two patients and is
most often detected in Northern Europe patients with sponta-
neous forms of FSGS.9 Only two of the patients with a familial
history showed a frame shift mutation at 855/856delAA. How-
ever, all homozygous and compound heterozygous mutations
were located in the highly conserved region of the stomatin
family.9

Patients with a solitary heterozygous sequence variant re-
main unclear. The aspect that they behave clinically (no recur-
rence) like patients with homozygous or compound heterozy-
gous mutations underscores our hypothesis that another
unidentified mutation may be present. Two publications deal-
ing with the polymorphism R229Q, traceable in at least 3.6% of
a control population, showed that those patients are more sus-
ceptible to renal injury in the compound heterozygous state of
the R229Q polymorphism and to microalbuminuria.13,14

Caridi et al.11 showed a higher incidence of R229Q in nephrotic
siblings compared with healthy subjects. In FSGS patients, a
slightly higher number of patients heterozygous for R229Q
were found than in control groups.13 Furthermore, in vitro
experiments found decreased nephrin binding to R229Q
podocin.13 Two of the patients analyzed in this study and iden-
tified with a heterozygous mutation showed the R229Q poly-
morphism (3.7%), one with a variant that is not yet known
(L207I).

Recurrence and Graft Survival
In our cohort, recurrence rate was 36% in the entire study
group (and 32% in the subgroup subjected to genetic screen-
ing) after the first transplant, which is in the upper range of
findings described in the literature.10,15,16 Graft loss caused by
recurrence occurred in 12 of 30 patients with recurrence and in
30 patients with graft loss. Three additional patients with re-
currence lost their graft because of an episode of rejection. The
latter may confirm the observation of Pinto et al.17 regarding
the possibility of acute rejections triggered by an episode of
recurrence. Thus, 50% of documented graft losses occurred in
patients with at least one episode of recurrence. This under-
scores the tremendous influence of recurrence on the out-
come, especially because time to graft loss is significantly

shorter (1.7 years) compared with graft losses caused by rea-
sons other than recurrence (8 years). Those who did not lose
their transplant after recurrence, i.e., by successful treatment
(n � 15), showed similar renal function compared with indi-
viduals who did not recur. However, 10-year graft survival of
patients with an episode of recurrence remains significantly
worse compared with patients who did not have recurrence.

Controversial risk factors for recurrence identified in the
literature are also questionable in this cohort of individuals. An
absolute risk factor for recurrence of disease in a second graft is
recurrence in the first one, even when Stephanian et al.18 dis-
tinguished between patients who kept their primary graft for a
substantial time and those who lost the organ quickly after
transplantation. In this cohort, 100% of retransplanted pa-
tients who lost their first graft because of recurrence also expe-
rienced recurrence in the second graft and lost it earlier com-
pared with patients without recurrence. Additionally, other
risk factors are less evident without the knowledge of their
genetic background. Namely, a younger age at diagnosis was
not a risk factor in our cohort; this might be because of a high
percentage of patients with NPHS2 mutations, who did not
have recurrence, in this younger age group. Furthermore, pro-
gression to ESRD was equally long in patients with homozy-
gous or compound heterozygous NPHS2 mutations compared
with those without NPHS2 mutations or patients with a
heterozygous mutation in this cohort, with a significantly
higher recurrence rate in patients without NPHS2 mutations
after RTx.

With regard to graft loss based on NPHS2 mutations, pa-
tients with homozygous or compound heterozygous muta-
tions did not recur and therefore showed no graft losses caused
by recurrence. In this analysis, the four patients with a solitary
heterozygous mutation did not recur either and showed no
recurrence-associated graft loss. Thus, according to most pub-
lished data, all recurrences occurred in patients without
NPHS2 mutations.9,19 In contrast to this finding, Bertelli et al.10

found an equal recurrence rate in genetic versus nongenetic
etiologies for FSGS after first transplantation.10 However, they
included heterozygous mutations in the group of genetic
FSGS.

Influence of LRD/DD
Interestingly, LRD was distributed equally among patients
with (27% LRD) versus those without (31% LRD) NPHS2 mu-
tations, despite the significantly different risk of recurrence.
However, on examining patients without NPHS2 mutations,
we found a trend toward a reduced recurrence rate in LRD
versus DD (P � 0.07) and a significant advantage regarding
graft survival in LRD transplantations (P � 0.005). Because of
the small number of patients with NPHS2 mutations, only a
trend toward better graft survival in LRD transplants could be
detected. Thus, according to our study, LRD is still the better
option, regardless of the etiology of FSGS, even if overall graft
outcome of children with FSGS is worse compared with pa-
tients with other primary diseases.20
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Genetic Testing of LRDs
In most LRDs, genetic testing for NPHS2 was not performed.
Furthermore, information on the long-term course of these
donors was not available. Therefore, a recommendation can-
not be given in general.

However, our personal experience can be given as follows:
we would screen the donor for mutations if the recipient had a
mutation. Because the disease is recessive in homozygous pa-
tients and to our knowledge does not occur in heterozygous
patients, we would accept a heterozygous donor. With the se-
quence variant R229Q, the discussion is not final. At present,
the two thoughts are that R229Q is only a polymorphism (one
could accept the person as donor) or it is a dominant-negative
effect (there would be a risk for the donor). As long as this issue
is not completely solved, we would not accept such a donor.

CONCISE METHODS

In this international multicenter study, 83 patients with childhood

onset of biopsy-proven primary FSGS and at least one RTx from seven

countries (Austria, United States, Czech Republic, France, Germany,

Norway, and Switzerland) were included and evaluated by reviewing

their clinical records and completing a standardized questionnaire.

ESRD was defined as persistent need for dialysis or transplantation.

The Duke University Medical Center (Durham, NC) Institutional

Review Board and the Medical University, Innsbruck, Austria Ethics

Committee approved this project, and all participants provided

signed informed consent before data and DNA collection.

Genetics
Evaluation of genetic background included the familial history of ne-

phrotic syndrome and mutational analyses of NPHS1 (n � 14),

NPHS2 (n � 53), ACTN4 (n � 7), TRPC6 (n � 7), and WT1 (n � 1).

Because of the multicenter and retrospective design and limited avail-

ability, not all patients could be analyzed for NPHS2. Screening for

NPHS1, ACTN4, TRPC6, and WT1 were additional investigations of

certain centers.

NPHS2 mutational screening was performed in two laboratories

(see Acknowledgments) through direct sequence analysis of exons 1

to 8 on chromosome 1q25-q31. The analysis for TRPC6 was done in

the laboratory of Dr. Michelle P. Winn, Department of Medicine,

Duke University Medical Center, Durham, NC.21 Data for the seven

TRPC6-analyzed patients are not shown here because all of them were

negative for a mutation. This study is ongoing.

The laboratories of F. Hildebrandt (Ann Arbor, MI) and C. Anti-

gnac (INSERM U574, Néphropathies Héréditaires et rein en Dével-

oppement, Hôpital Necker, Paris, France) performed the genetic test-

ing of NPHS1, ACTN4, and WT1.

Definitions
Recurrence was defined according to previous publications as pro-

teinuria (not necessarily with the development of full nephrotic syn-

drome) �960 mg/m2 per day in childhood or 3.5g/1.73 m2 per day in

adults in the absence of signs of rejection.10 Biopsy confirmation was

recommended and performed in 60% of recurrences; 40% were diag-

nosed on clinical grounds. Information on how many recurrence bi-

opsies were studied ultrastructurally was not available. Rejection was

defined using the most recent Banff criteria.22

Complete remission was achieved if proteinuria was reduced to

�150 mg/m2 per day; partial remission was defined as proteinuria

�960 mg/m2 per day.

Statistical Analysis
Values are reported using descriptive statistical methods. Statistical

comparisons were performed using the nonparametric Mann-Whitney

U test. Survival analysis was performed using Kaplan-Meier estimates.

Survival distributions were tested for statistical significance by log

rank testing. P � 0.05 was considered significant. SPSS version 14.0

was used.
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