
We found a significantly higher FRET efficiency in the R229Q (n=7) (34% [6-32.8%], median [quartiles]) than in the

wt heterooligomers (n=7) (5.8% [2.4%-32.8%], p=1x10-06), indicating a higher binding capacity of R229Q podocin.

We also found a significantly higher FRET efficiency in the pathogenic R229Q (n=5) (35% [24-54%], median

[quartiles]) than in the non-pathogenic R229Q associations (n=4) (28.6% [5.9%-37.9%], p=0.01), indicating a higher

binding capacity of the pathogenic R229Q associations.

2. Assessment of the penetrance

The penetrance of the pathogenic variants was assessed based on their relative allele frequency in the
Caucasian patient population (RAFpt) and in the general European population of gnomAD (RAFco) as
compared to that of the LOF mutations (Fig. 4, 5). All calculations were performed by a computerized
algorithm written in R language.

3. Detection of interallelic interactions

To determine whether the incomplete penetrance results from interallelic interactions, we investigated
whether an incompletely penetrant variant is associated to specific mutation(s) in the patient population, i.e.
specific associations appear more frequently than expected in the patient population.

4. Characterization of the binding capacity of R229Q and wt podocin
HA-tagged podocin variants (n=11) were expressed in HEK293 cells, immunoprecipitated by anti HA-antibody and
eluted by competitive peptide elution with HA peptides. Podocin variants were stained either by Alexa Fluor 488
C5 Maleimide (donor dye) or Alexa Fluor 555 C2 Maleimide (acceptor dye) molecules (Invitrogen, Thermo Fisher
Scientific) and were incubated overnight at 4°C. Förster type Resonance Energy Transfer (FRET) was measured
between two differently stained podocin variants in a final volume of 100 l, containing each podocin with a
concentration of 4 M. The fluorescence lifetime of the donor dye (Alexa 488 C5) was measured with a Chronos
BH Time Correlated Single Photon Counting lifetime spectrometer (ISS Inc., Champaign, IL) using an excitation
wavelength of 488 nm with a 3 nm band pass and an emission wavelength of 524 nm with a 5 nm band pass.
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RESULTS

• We found 29 frequent variants to be incompletely penetrant in 17 AR disorders:
incomplete penetrance is more common than generally expected in AR disorders.

• We found only the NPHS2 R229Q variant to be incompletely penetrant secondary to
interallelic interactions.

• The increased binding capacity of R229Q podocin is expected to contribute to the
formation of pathogenic heterooligomers.

▪ Autosomal recessive (AR) disorders are typically completely penetrant.

▪ We identified by population-genetic approach the first variant (NPHS2, p.R229Q), 

that is pathogenic only when trans-associated to specific mutations [1].

AIM

INTRODUCTION

To identify other incompletely penetrant variants in AR disorders.

METHODS

R229Q

R138Q

A284V

unaffected

R229Q

affected

Figure 2. The 17 selected frequent AR disorders

I. Genes of interest were selected on the basis of four frequency criteria:

1) the cumulative allele frequency (AF) of the LOF mutations in the European population is >0.02% in gnomAD

2) >100 different mutations are reported in HGMD

3) the prevalence of the associated disorder is reported to be >1:200.000

4) >100 patients have been published

1. Exclusion of the non-pathogenic variants

HGMD variants with a lower AF in the patient population as compared to the general population (like CFTR,

R75Q, Fig. 4) were considered non-pathogenic and excluded from further analyses. Thus, 28 of 1989

variants were excluded.

Figure 3. Proportion of the European general and patient
population in gnomAD and the medical literature

General pop. Patient pop. penetrance

R117H 311 88 19%
p=8x10-37

LOF 352 518

Figure 6. Incompletely penetrant variants

Incomplete penetrance secondary to
interallelic interactions
Among the incompletely penetrant variants, only the R229Q was

associated significantly more frequently to specific mutations in the

patient population.

These were all 3’ mutations with a known or suggested dominant

negative effect (Fig. 8) [2].

CONCLUSIONS
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Figure 1. Incomplete penetrance secondary to interallelic interactions.

The NPHS2 R229Q variant is pathogenic only when trans-associated

with specific 3’ mutations, as A284V, but not with R138Q. Both R138Q and

A284V are null mutations.

II. Data collection

Clinical and genotype data of 12 056 patients with
biallelic HGMD mutations in one of the 17 selected
genes have been collected from the medical
literature.

The majority of the patients were of European origin
(Fig. 3). Therefore, we subsequently analyzed the
penetrance of the variants found in the European
patient population.

III. Analysis of the described 1989 variants

We found 29 variants (Fig. 5, 6) to have a significantly (p<0.0004) reduced penetrance (<30%) as

compared to the LOF mutations. The incompletely penetrant variants were found hypomorphic

on the basis of the associated clinical phenotype (Fig. 7).

Figure 5.  Penetrance of the CFTR, R117H variant

The R117H variant in the patient population was significantly
underrepresented (p=8x10-37)
as compared to the LOF alleles.

Figure 4. Proportional representation of a completely

penetrant variant (CFTR, F508del), LOF variants, a non-

pathogenic (R75Q), and an incompletely penetrant

variant (R117H) in the patient- and the general

population.

While the completely penetrant F508del and the

incompletely penetrant R117H variants are both

enriched in the patient population, the R75Q variant is

not, indicating its non-pathogenic nature.

Identification of incompletely penetrant variants

Figure 7. Incompletely penetrant variants are typically hypomorphic
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While the majority of the incompletely penetrant variants are
hypomorphic, the variants with a penetrance >70% are
typically null (p =8.58x10-13), supporting the specificity of the
population-genetic approach in the assessment of incomplete
penetrance.

Figure 8. Mutations that are significantly
enriched (i.e. pathogenic) in patients with
R229Q as compared to patients without R229Q.

variants hypomorphic null no data
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Figure 9. Increased binding capacity of R229Q podocin explains its pathogenicity in specific associations
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