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ARTICLE

Mutations in six nephrosis genes delineate a
pathogenic pathway amenable to treatment

Shazia Ashraf et al.”

No efficient treatment exists for nephrotic syndrome (NS), a frequent cause of chronic kidney
disease. Here we show mutations in six different genes (MAGI2, TNS2, DLC1, CDK20, ITSN1,
ITSN2) as causing NS in 17 families with partially treatment-sensitive NS (pTSNS). These
proteins interact and we delineate their roles in Rho-like small GTPase (RLSG) activity, and
demonstrate deficiency for mutants of pTSNS patients. We find that CDK20 regulates DLCI.
Knockdown of MAGI2, DLCI, or CDK20 in cultured podocytes reduces migration rate.
Treatment with dexamethasone abolishes RhoA activation by knockdown of DLCT or CDK20
indicating that steroid treatment in patients with pTSNS and mutations in these genes is
mediated by this RLSG module. Furthermore, we discover ITSNT and ITSN2 as podocytic
guanine nucleotide exchange factors for Cdc42. We generate Itsn2-L knockout mice that
recapitulate the mild NS phenotype. We, thus, define a functional network of RhoA regula-
tion, thereby revealing potential therapeutic targets.

Correspondence and requests for materials should be addressed to S.K. (email: kure@med.tohoku.ac.jp)
or to F.H. (email: friedhelm.hildebrandt@childrens.harvard.edu). #A full list of authors and their affliations appears at the end of the paper.
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ephrotic syndrome (NS) is the second most frequent

cause of chronic kidney disease in the first three decades

of life, requiring dialysis or transplantation for survivall.
Based on its response to steroid treatment, steroid sensitive NS
(SSNS) is distinguished from steroid resistant NS (SRNS). No
efficient treatment for SRNS exists, and very little is known about
disease mechanisms. Mutations in more than 40 genes have been
identified as causing monogenic (single-gene) forms of NS.
Interestingly, most of the encoded gene products localize to renal
glomerular podocytes, confirming that podocyte loss of function
is a critical part of the pathogenesis of NS and that any and all of
these proteins are important for the maintenance of glomerular
function®®. These findings have thereby helped define protein
interaction complexes and functional pathways that could be
targeted for future potential treatment of NS>4~7. In addition, the
mechanistic causes of steroid resistance have been a conundrum
for almost six decades of their use. So far, only one causative gene
(EMP2) has been discovered in SSNS®. We recently demonstrated
in a large cohort of 1780 families with SRNS that in about 30% of
individuals with SRNS a monogenic cause can be detected,
indicating that additional single gene causes of NS must exist that
are yet to be identified’.

Therefore by performing whole exome sequencing in indivi-
duals with partially treatment sensitive NS (pTSNS), we discover
six novel monogenic causes for pTSNS. Strikingly, all six encoded
proteins interacted within a functional module of podocytic
regulation of Rho-like small GTPase (RLSG) and are at the
intersection between steroid sensitivity vs. steroid resistance
of NS.

Results

Mutations in six novel genes cause NS in humans. To identify
additional genes mutated in NS we performed homozygosity
mappin§ (HM)'? combined with whole exome sequencing
(WES)!! in multiple families with NS. We also performed high-
throughput exon sequencing'>!3 in a worldwide cohort of ~1000
additional families with NS, examining specific candidate genes
for NS based on genetic mouse models of NS.

Mice lacking Magi2 develop NS!4~16, We sequenced all MAGI2
exons in 400 patients with NS. We identified homozygous
truncating mutations in the MAGI2 gene (p.Gly39* and p.
Tyr746*) in two individuals with SRNS and neurologic impair-
ment (Fig. 1a, b, Supplementary Table 1, Supplementary Fig. 1A).
p-Gly39* was detected in an affected individual of Arab descent.
p.Tyr746* was due to maternal isodisomy for chromosome 7. We
thereby discovered recessive MAGI2 mutations as a cause of
SRNS with neurologic involvement in humans (Fig. 2a). Very
recently, recessive mutations in MAGI2 in humans with NS have
been confirmed!”.

In individual A1358 of Turkish origin with early-onset NS and
histology of minimal change nephrotic syndrome (MCNS)
(Supplementary Table 1), HM yielded ten regions of homo-
zygosity by descent, none of which coincided with any of the
known recessive SRNS loci (Fig. 1c). By WES, we detected a novel
homozygous missense mutation (p. Arg292Gln) in the TNS2
(tensin-2) gene on chromosome 12q13.13 (Supplementary
Table 2). The mutation alters an amino acid residue conserved
throughout evolution from C. intestinalis on. Direct inspection of
sequence alignments did not yield a mutation in any of the 30
known SRNS genes’, and no additional homozygous truncating
mutations were detected in any other gene within the mapped
candidate regions. By high-throughput exon sequencing, we
detected in 4 additional families (A283, 2605, A3775, and A1640)
5 additional homozygous or compound heterozygous missense
mutations of TNS2 (Fig. 1d, Supplementary Table 1,
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Supplementary Fig. 1B). The variant p.Ile858Met apparently
represents a founder allele from India (Supplementary Table 1).
Altered amino acid residues were well conserved throughout
evolution (Supplementary Table 1). We thereby discovered
recessive TNS2 mutations as a novel cause of NS (Fig. 2a). We
introduce the term “NPHS19” for this distinct entity of NS.

Because TNS2 grotein is known to interact with DLCI (deleted
in liver cancer 1)!%1°, we hypothesized that mutations of DLCI
may also cause NS. By high-throughput exon sequencing, we
identified recessive mutations of DLCI in 4 families with NS
(Supplementary Table 1). Specifically, in individual A548-21 with
FSGS, we detected two compound heterozygous mutations: p.
Trpl0* and p.Ser43Thr. In an individual of Arab descent (A4967-
21) with SRNS and a biopsy showing focal segmental glomerulo-
sclerosis (FSGS) (Fig. le), we identified two compound hetero-
zygous mutations, p.Glul80Ala and p.Lys1358Thr, in DLCI
(Fig. 1f, Supplementary Table 1, Supplementary Fig. 1C). In an
affected individual from Asia (A3118-21), we detected a
homozygous mutation (p.Ala456Val) in exon 6 of DLCI with
amino acid conservation since C.elegans (Fig. 1f, Supplemen-
tary Table 1, Supplementary Fig. 1C). In family 2706 we identified
a homozygous missense mutation (p.Alal352Val) in exon 17 of
DLCI (Fig. 1f, Supplementary Table 1). We thereby discovered
recessive DLCI mutations as a novel cause of pTSNS (Fig. 2a).
We introduce the term “NPHS20” for this distinct entity of NS.
Interestingly, a distinct disease phenotype of partially treatment
sensitive nephrotic syndrome (pTSNS) occurred in four of the
five individuals with recessive TNS2 and in two of the four
individuals with DLCI mutations. pTSNS that mostly manifested
between 1 and 7 years of age, with the exception of A548-21 and
2706 where the onset of NS was in adulthood (Supplemen-
tary Table 1). Interestingly, these individuals showed complete or
partial response to prednisolone or cyclosporine A.

In family A5013 of Arab origin, an individual had pTSNS with
the unusual renal histology of membranoproliferative glomer-
ulonephritis (MPGN) (Fig. 1g). HM yielded 12 regions of
homozygosity by descent, none of which coincided with any of
the known recessive NS loci (Fig. 1h). By WES, we detected a
novel homozygous missense mutation (p.Phe204Leu) in exon 6 of
the CDK20 gene on chromosome 9q22.1, encoding “cyclin-
dependent kinase 20” (Fig. 1i, Supplementary Table 1, Supple-
mentary Table 2). The mutation alters an amino acid residue
conserved throughout evolution from C. elegans on (Supplemen-
tary Fig. 1D).

By HM and WES in two siblings of Arab family A3706 (Fig. 1j,
Supplementary Table 1, Supplementary Table 2) with early-onset
NS we identified a homozygous missense mutation of ITSNI
(Intersectin 1) at a highly conserved amino acid residue (p.
Pro180Ser). By high-throughput sequencing, we identified two
additional families (A977 and A2274) with four additional
compound heterozygous missense mutations of ITSNI (Fig. 1k,
Supplementary Table 1, Supplementary Fig. 1E). Although the
mice lacking Itsnl have been shown to exhibit a neuronal
phenotype?’, none of individuals with early-onset NS identified
here showed any brain abnormalities. We introduce the term
“NPHS21” for this distinct entity of NS.

WES was also performed in five members of a Japanese family
(two patients and their unaffected members) (Supplementary
Fig. 2). Both affecteds in this family (Pat1, Pat 2) had pTSNS and
renal histology in both the siblings showed MCNS (Fig. 11). By
WES, we identified two compound heterozygous mutations in
trans in ITSN2 (intersectin 2), a missense mutation (p.Ser339Cys)
in exon 11 and a frame-shift deletion (p.Ile1214Serfs*2) in exon
30 of ITSN2 (Fig. 1m, Supplementary Fig. 1F, Supplemen-
tary Table 1, Supplementary Table 3). Additionally, in an
individual from Arab with pTSNS (A3384), we detected a
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homozygous missense mutation (p.Glu438Gly) in exon 12 of
ITSN2 (Fig. 1m, Supplementary Table 1). We thereby discovered
recessive ITSN2 mutations as novel cause of pTSNS (Fig. 2a). We
introduce the term “NPHS22” for this distinct entity of NS.
Interestingly, all three patients (from two families) with ITSN2
mutations had pTSNS, as well as two out of four patients (from
three families) with ITSNI mutations. Similar to patients with
TNS2, DLCI or CDK20 mutations, most patients with ITSN2 or
ITSNI mutations also showed partial or complete response to
Cyclosporine A.

For all mutations in all six genes segregation status was
compatible with recessive inheritance (Supplementary Table 1).
Supplementary Table 4 lists all the variant frequencies for all the
identified mutations in the Exome Aggregation Consortium
(ExaC) and the genome aggregation database (GnomAD) along
with their prediction scores using Mutation Taster (http://www.

harvard.edu/pph2/) in silico tools. As a negative control, we
performed screening for all variants that we detected in the
PTSNS patients in an in-house cohort of exome data from 248
NPHP cases. This control did not reveal any homozygous carriers
(Supplementary Table 4).

Three of the six proteins interact with DLC1. We discovered
that four proteins MAGI2, TNS2, DLC1, and CDK20, in which
we detected recessive defects as novel causes of pTSNS, interact
physically or functionally to regulate RhoA/Rac1/Cdc42. Specifi-
cally, we detected or confirmed the following protein-protein
interactions:

First, because MAGI2 was known to interact with PTEN?!, and
because TNS2 contains a PTEN domain (Figs 1d and 2a), we
hypothesized that MAGI2 may also interact with TNS2. By co-
overexpression and co-immunoprecipitation (coIP) of wildtype
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MAGI2 in fact interacts with TNS2 (Fig. 2b), which we confirmed
in a confirmatory coIP (Supplementary Fig. 3A). Both mutant
MAGI2 constructs, Gly39* and Tyr746* that reflect alleles of NS
patients, A5146 and B91, respectively, abrogate this interaction
(Fig. 2a, b). The six mutations detected in TNS2 did not abrogate
interaction with MAGI2 (Supplementary Fig. 3B).

Second, MAGI2 also interacted with DLC1 (Fig. 2a, c). One
mutant MAGI2 construct Gly39* reflecting the mutation of NS
patient A5146 abrogates this interaction (Fig. 2¢), as confirmed in
a confirmatory coIP (Supplementary Fig. 4).

Third, because TNS2 had been shown to interact with DLC1'%,
we performed colP upon co-overexpression in HEK293T cells.
We confirmed TNS2-DLCI interaction (Fig. 2a), however, none
of the TNS2 or DLCI missense mutations identified in NS
patients abrogated this interaction (Supplementary Fig. 5A, B).

Fourth, because we identified a CDK20 mutation in patient
A5013 with pTSNS, and because a related serine/threonine
protein kinase, CDK5, was shown to interact with DLC1%2, we
tested whether CDK20 would likewise interact with DLC1. By
colP we show that in fact CDK20 interacts with DLC1 (Fig. 2a,d)
which we confirmed in a colP (Supplementary Fig. 6A). We
found that the clone reflecting DLCI mutation Trpl0* of
individual A548 abrogated this interaction (Supplementary
Fig. 6B). This interaction was confirmed by half endogenous
Co-IPs in HEK293T cells (Supplementary Fig. 7A, B).

Finally, it was recently shown that the RhoGAP DLC1 interacts
with caveolin-1 (CAV1) via DLCI’s START domain®? (Fig. 2a),
and that CAV1I expression is regulated by EMP2*4 (Fig. 2a). This
regulation was shown to be steroid sensitive?”. Furthermore, we
had shown that EMP2 mutations were the only monogenic cause
of SSNS known so far in humans® as well as in a zebrafish model
of SSNS*. To determine whether CAV1 could directly be
involved in DLCI regulation, we performed coIP between DLCI
and CAV1 by co-overexpression in HEK293T cell. We confirmed
that DLCI interacts with CAV1 (Fig. 2a, e), and showed that the
mutant Lys1358Thr, reflecting the allele of NS gatient A4967 and
present in CAV-1 binding site in DLC1?%, abrogated this
interaction (Fig. 2e). To further test the effect of steroids on this
interaction, we performed reciprocal colP between co-
overexpressed DLC1 and CAV1 in HEK293T cells that were
pre- and post-treated with 100 uM of dexamethasone (Supple-
mentary Fig. 8). However, this treatment did not alter the results
shown in Fig. 2e. We demonstrated by co-overexpression in

HEK293T cells that CAV1 also interacts with TNS2 and MAGI2
(Supplementary Fig. 9A, B).

In summary, we identified in patients with pTSNS recessive
mutations in six different genes, the products of which mutually
interact within a complex that contains the RhoGAP DLCI. The
finding that specific mutations abrogated some of these interac-
tions most likely reflects allele-specific pathogenic effects of these
mutations.

Furthermore, we also investigated the endogenous expression
of TNS2 and DLC1 by immunofluorescence microscopy (IF) in
human podocytes and found that both TNS2 and DLCl
colocalize with an antibody labeling phosphotyrosine at focal
and fibrillar adhesions, consistent with the role of focal adhesions
in podocyte migration’® and the pathogenesis of NS>7-28
(Supplementary Fig. 10). Additionally, by IF we show that upon
overexpression, full length GFP-MAGI2 colocalizes with f-
catenin at adherens junctions. In contrast, overexpression of
GFP-MAGI2 Gly39* and Tyr746*, representing mutations in
pTSNS, fail to localize at adherens junctions (Supplementary
Fig. 11).

Circular dichroism modeling of mutation in SAM domain of
DLCI1. Since one of the mutations (p.Ala456Val) in DLCI is
located in its SAM domain, we studied effect of this mutation on
its secondary structure by performing circular dichroism (CD)
assay. The wild type (WT) and mutant (Alal9Val in SAM
domain) proteins did not show any difference in their CD
spectrum indicating overall similar three dimensional fold (Sup-
plementary Fig. 12A). We then recorded the melting spectrum of
WT and mutant proteins and found that the denaturation tem-
perature of WT SAM domain was near to 58 °C and the melting
curve was sigmoidal indicating cooperative unfolding behavior.
However, for Alal9Val SAM, there was loss of cooperativity and
absence of sharp melting point (Supplementary Fig. 12B).
Arg823Trp mutation in SAM domain of ANKS6 has been pre-
viously reported to cause structure destabilization and responsible
for polycystic kidney disease®”. Interestingly, both Arg823Trp
(Arg64) mutation in ANKS6 and Ala456Val (Alal9) mutation in
DLC1 are located in proximity in DLC1-SAM domain structure
indicating a possible link of similar destabilization effect
(Supplementary Fig. 12C, D).

Fig. 1 High-throughput sequencing reveals recessive mutations of MAGI2, TNS2, DLCT, CDK20, ITSN1, or ITSN2 as causing NS in humans. a Renal histology of
individual A5146-21 with focal segmental glomerulosclerosis (FSGS) and MAGI2 mutation (scale bar =50 pm). b Exon structure of human MAGI2 cDNA
and mutations. Below is the protein domain structure of MAGI2, showing GuK, WW1, WW?2, and six different PDZ domains. Two different homozygous
truncating mutations of MAGI2 were detected in two families with NS and neurological impairment. ¢ Homozygosity mapping identifies ten recessive
candidate loci (red circles) in family A1358 with NS, and WES identifies a homozygous mutation of TNS2 (p.Arg292GIn). Non-parametric lod scores (NPL)
were calculated and plotted across the human genome. The TNS2 locus (arrowhead) is positioned within one of the maximum NPL peaks on chromosome
12g. d Exon and protein domain structure of human TNS2. Six different TNS2 mutations were detected in five families with NS. Family numbers and amino
acid changes are given (Supplementary Table 1). Arrow heads denote altered nucleotides. Lines and arrows indicate positions of mutations in relation to
exons and protein domains. Family numbers with compound heterozygous mutations (het) are highlighted in gray. e Renal histology of individual A4967-21
with FSGS and DLCT mutations. TEM reveals podocyte foot process effacement (arrow heads, magnification 8000x). f Exon and protein domain structure of
human DLC1. The SAM, RhoGAP, and START domains are depicted by colored bars, in relation to encoding exon position. Six different DLCT mutations were
detected in four families with NS. Positions of amino acid changes (Supplementary Table 1) are marked with arrowheads. g Renal histology of individual
A5013-21 with membranoproliferative glomerulonephritis (MPGN) and mutation in CDK20. TEM reveals podocyte foot process effacement and thickening of
glomerular basement membrane (arrow heads, magnification 7000x). h Homozygosity mapping identifies twelve recessive candidate loci (red circles) in
family A5013 with NS, and WES identifies a homozygous mutation of CDK20 (p.Phe204Leu), positioned within one of the maximum NPL peaks on
chromosome 9q. i Exon and protein domain structure of human CDK20. The serine threonine kinase (S_TKc) domain is depicted by a colored bar, in relation
to encoding exon position. One homozygous mutation in CDK20 was detected in family A5013 with NS. j Homozygosity mapping in family A3706 with NS
identifies 17 recessive candidate loci (red circles), and WES identifies a homozygous mutation of ITSNT (p.Pro180Ser), positioned within one of the maximum
NPL peaks on chromosome 21q. k Exon and protein domain structure of human ITSN1. Five different ITSNT mutations were detected in three families with NS.
I Renal histology of Patient-1 with mutations in ITSN2 revealed minimal change disease (scale bar = 50 pm). EM showed foot process effacement (scale bar
=2 pm). m Exon and protein domain structure of human ITSN2. Three different ITSN2 mutations were detected in two families with NS
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Knockdown of MAGI2 or CDK20 or DLC1 causes a decrease in
cell migration rate. To elucidate the role of the genes of this
RLSG regulatory module in the pathogenesis of pTSNS, we next
studied cell migration rate, which is typically altered upon loss
of function of NS-causing genes. We show that knockdown of

MAGI2 or CDK20 in cultured human podocytes results in a
reduced migratory phenotype (Supplementary Fig. 13A, B).
Similarly, knockdown of DLCI in both IMCD3 cells and human
podocytes also show a reduction in cell migration (Fig. 2f,
Supplementary Fig. 14). This effect is found to be reversed
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when WT human DLC1 is transfected to IMCD3 cells (Fig. 2f).
In contrast, four out of six DLCI mutants (Trp10*, Ala456Val,
Alal352Val, and Lys1358Thr), detected in pTSNS, failed to
fully rescue this decreased migratory phenotype. The knock-
down of TNS2 did not show any effect on podocyte migration
(Supplementary Fig. 15).

RhoA regulation by this NS pathogenic module. Because defects
in the regulation of Rho-like small GTPases have been implicated
in the pathogenesis of monogenic SRNS*>3?, we evaluated the
effect of overexpression and transient knockdown of all six
members of NS pathogenic module on the regulation of RhoA/
Racl/Cdc42 activity (Supplementary Fig. 16, Supplementary
Table 5) and its potential impairment by the mutations detected
in patients with pTSNS. We further evaluated the effect of stable
knockdown of TNS2 and DLCI in human podocytes, on the
regulation of RhoA/Rac1/Cdc42 activity. Our results were con-
sistent with the findings observed with the transient knockdown
for these two genes (Supplementary Fig. 17).

No effect of overexpression or knockdown of TNS2, CDK20,
ITSN1, or ITSN2 was found on the regulation of active (GTP-
bound) Racl, with the exception of an increase of active Racl
upon knockdown of DLCI (Supplementary Figs 16 and 17,
Supplementary Table 5). This finding most likely indicates an
effect of the known crosstalk between RhoA and
Racl signaling.

We found that overexpression of MAGI2 increased active
(GTP-bound) RhoA, whereas overexpression of the MAGI2
mutants detected in patients with pTSNS lacked this effect
(Fig. 3a, Supplementary Table 5). We tested the effect of TNS2 on
RhoA regulation and found that TNS2 behaved similar to MAGI2
(Fig. 3b). Because we had shown that CDK20 interacts with the
RhoGAP DLC1 (Fig. 2a, d), we tested the effect of CDK20 on
RhoA regulation and found that CDK20 behaved similar to
MAGI2 and TNS2 in that overexpression of CDK20 increased
active RhoA, whereas overexpression of the CDK20 mutant
detected in patients with pTSNS lacked this effect (Fig. 3c). We
then tested the effect on RhoA regulation of the RhoGAP DLC1,
which interacts with MAGI2, TNS2, and CDK20. We found that
DLCI behaved opposite to MAGI2, TNS2, and CDK20 because
overexpression of DLC1 decreased active RhoA. Overexpression
of the DLCI mutants detected in patients with pTSNS again
lacked this effect (Fig. 3d). Reciprocally, knockdown of MAGI2,
TNS2, and CDK20 decreased active RhoA, which was rescued by
overexpression of respective WT ¢cDNAs, whereas all or most of
the mutants detected in patients with pTSNS lacked this effect

(Fig. 3e-g, Supplementary Table 5). However, knockdown of
DLCI was found to increase active RhoA (Fig. 3h). We thereby
clearly showed that the mutations detected in individuals with
pTSNS in the six genes of this newly discovered RhoA regulatory
module are an important part of the pathogenesis of pTSNS. We
also tested the effect of CAVI on RhoA activation and found that
its overexpression decreases active RhoA, whereas its knockdown
increased active RhoA (Supplementary Fig. 18).

We then tested the effect of double-knockdown of TNS2 and
DLCI on RhoA activity and found that the decrease in active
RhoA by TNS2 knockdown or increase in active RhoA by DLCI
knockdown was normalized (Fig. 3i, Supplementary Table 5). To
test if the TNS2 expression modulates the RhoA activity via
DLC1, we knockdown DLCI, followed by overexpression of WT-
TNS2 in HEK293T cells and found the increase was comparable
to knockdown of DLCI alone (Fig. 3j). This confirms that the
TNS2 is upstream of DLCI and works via DLC1 on RhoA
regulation. Similarly, knockdown of DLC1 and CDK20 together
(Fig. 3k) also showed that both CDK20 and MAGI2 affect RhoA
regulation via DLCI, which plays a central role in this
pathogenesis. In contrast, the double-knockdown of DLC1 and
MAGI2 did not (Fig. 31).

Defects of RhoA regulation are mitigated by steroids. Since
most of the individuals found here with mutations in MAGIZ,
TNS2, DLCI, or CDK20 genes had clinically shown benefits by
treatment with steroids, we next tested if steroid treatment with
dexamethasone in different concentrations will show any the
effect on the increase of RhoA activity upon DLCI knockdown in
HEK293T cells. Wild type HEK293T cells showed no effect of
dexamethasone treatment on active RhoA, while they responded
to RhoA activators (red) and RhoA inhibitors (blue) as a positive
controls (Supplementary Fig. 19). In contrast, treatment with
dexamethasone at >75uM abolished the effects on RhoA acti-
vation by knockdown of DLCI (Fig. 3m). We observed similar
treatment effect of dexamethasone (>75 uM) on RhoA activation
via knockdown of CDK20 (Fig. 3n). However, no treatment effect
of dexamethasone (<100 uM) was seen on RhoA activation via
knockdown of MAGI2, TNS2, or CAV1 (Fig. 3n). We further
confirmed these findings in human podocyte cells (Supplemen-
tary Fig. 20). This indicates that the beneficial effect of steroids in
pTSNS and mutations in these genes is likely mediated by the
RhoA-regulating module.

Discovery of ITSN1 and ITSN2 as two NS-relevant GEFs for
Cdc42. We here discover recessive mutations in ITSNI and

Fig. 2 Gene products of MAGI2, TNS2, DLC1, CDK20, and CAV1 physically and functionally interact to regulate RhoA/Rac1/Cdc42 activation. a Identification
of six novel monogenic causes of NS reveals a regulatory network of RhoA activation. The large rounded square symbolizes a podocyte. All six proteins
MAGI2, TNS2, DLC1, CDK20, ITSN1, and ITSN2, in which recessive defects were detected herein as novel causes of pTSNS, interact physically or
functionally to regulate RhoA/Racl/Cdc42. Yellow labels highlight proteins encoded by genes, which if mutated give rise to monogenic nephrosis as shown
in this study (MAGI2, TNS2, DLC1, CDK20, ITSN1, and ITSN2) or as published (EMP2, ARHGDIA). Blue frame around yellow labels indicate that there is
also a monogenic mouse model of NS or a zebrafish model known, as shown in this study for ITSN2 or as published for MAGI2, TNS2, EMP2, and RhoGDI-
a. For each of the proteins, MAGI2, TNS2, DLC1, CDK20, TLNT, or ITSN1, the protein domains are shown. Red circles denote positions of mutations that we
found in patients. Truncation mutations are represented by “x". By identifying novel monogenic causes of NS we discovered a cluster proteins that regulate
Rho/Rac/Cdc42 activation as being central for the pathogenesis of these patients. b MAGI2 interacts with TNS2 upon co-overexpression and
coimmunoprecipitation (colP) in HEK293T cells. Both mutant MAGI2 clones, Gly39* and Tyr