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GENETICS

INF2 mutations cause kidney disease through a
gain-of-function mechanism

Balajikarthick Subramanian?*, Sarah Williams', Sophie Karp‘, Marie-Flore Hennino’,
Sonako Jacas', Miriam Lee?, Cristian V. Riella’, Seth L. Alper1'4,
Henry N. Higgs?, Martin R. Pollak"%**

Heterozygosity for inverted formin-2 (INF2) mutations causes focal segmental glomerulosclerosis (FSGS) with or
without Charcot-Marie-Tooth disease. A key question is whether the disease is caused by gain-of-function effects
on INF2 or loss of function (haploinsufficiency). Despite established roles in multiple cellular processes, neither
INF2 knockout mice nor mice with a disease-associated point mutation display an evident kidney or neurologic
phenotype. Here, we compared responses to puromycin aminonucleoside (PAN)-induced kidney injury between
INF2 R218Q and INF2 knockout mice. R218Q INF2 mice are susceptible to glomerular disease, in contrast to INF2
knockout mice. Colocalization, coimmunoprecipitation analyses, and cellular actin measurements showed that
INF2 R218Q confers a gain-of-function effect on the actin cytoskeleton. RNA expression analysis showed that ad-
hesion and mitochondria-related pathways were enriched in the PAN-treated R218Q mice. Both podocytes from
INF2 R218Q mice and human kidney organoids with an INF2 mutation (5186P) recapitulate adhesion and mito-
chondrial phenotypes. Thus, gain-of-function mechanisms drive INF2-related FSGS and explain this disease’s au-
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tosomal dominant inheritance.

INTRODUCTION
Chronic kidney disease is a serious global health burden, affecting
about 10% of the world’s population. A large fraction of cases orig-
inate in the kidney’s glomerulus due to the dysfunction of a spe-
cific cell type: the podocyte (1-4). Glomerular epithelial cells, or
podocytes, are highly specialized cells that wrap around the outer
surface of glomerular capillaries (I, 2). They exhibit a unique mor-
phology, wherein the cell body gives rise to long extensions that
branch into primary processes and secondary foot processes. These
foot processes interdigitate with the foot processes of neighboring
podocytes to form filtration slit diaphragms. This complex morphol-
ogy depends on the underlying actin cytoskeletal arrangement, which,
if impaired, can lead to podocyte injury and kidney disease (3, 4).
Focal segmental glomerulosclerosis (FSGS) is a histological pat-
tern of injury defined by the presence of scarring (sclerosis) in some
parts (segmental) of certain glomeruli (focal) within the kidney (5).
This pathology occurs when podocytes are dedifferentiat ed or re-
duced in number due to injury (5, 6). To date, mutations in more
than 50 genes have been described as the causative events affecting the
podocytes’ structure directly or indirectly (7, 8). Of these, mutations
in an actin regulatory gene, inverted formin 2 (INF2), are relatively
common, accounting for 17% of familial FSGS and 1% of sporadic
cases (9-12). Over 60 different disease-associated INF2 mutations
have been identified (12). These mutations lead to a kidney pheno-
type characterized by proteinuria, progressive kidney dysfunction,
and FSGS with or without Charcot-Marie-Tooth disease (11, 13).
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INF2 is one of the 15-member formin family of proteins that are
primarily involved in polymerizing monomeric “globular” actin (G-
actin) into actin filaments (F-actin) (14, 15). The defining feature of
these formins, including INF2, is a formin homology domain (FH2)
responsible for actin nucleation and elongation. In addition, they
contain other domains, such as formin homology 1 (FH1) and di-
aphanous autoregulatory domain (DAD), working in tandem with
FH2 to promote actin assembly. The N-terminal region of INF2 con-
tains a diaphanous inhibitory domain (DID) that can interact with
the DAD in the C-terminal region of INF2 and enable the protein to
fold to an autoinhibited state (12, 14, 16), which tightly regulates ac-
tin assembly. All identified FSGS-causing mutations in INF2 local-
ize to within INF2-DID, leading to the release of the DAD and other
domains from this inhibition (12).

Over the past several years, multiple studies have shown that
INF2 regulates various processes in cells, such as mitochondrial
calcium uptake, mitochondrial fission, cell spreading, vesicle traffick-
ing, T cell polarization, and placental implantation, among other
processes (12, 17-21). In addition, we have observed defects in
lamellipodium in primary podocytes derived from a mouse model
with a point mutant of INF2, known as R218Q knock-in (22).
Despite these findings, there are still gaps in understanding how
INF2 mutations lead to FSGS. Despite the large list of different
disease-causing INF2 mutations, it is notable that none are clear
loss-of-function alleles.

Our goal in this study was to identify specific underlying events
related to the in vivo disease rather than broad INF2 function in
cells. Therefore, to better define the mechanism(s) of INF2-related
kidney disease, we interrogated R218Q INF2 point mutant (knock-in)
and INF2 knockout mouse models in response to puromycin ami-
nonucleoside (PAN) stress and compared their phenotypic responses.
We report that, in contrast to the INF2 knockout mouse model, the
R218Q knock-in mutant mouse model is susceptible to developing
proteinuria and FSGS in response to PAN injury. Furthermore, the
ability of R218Q INF2 to alter the localization of wild-type INF2
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and induce defects in actin arrangements, podocyte adhesion, and
mitochondria indicates that a gain-of-function mechanism drives
the development of disease. These data help explain the autosomal
dominant inheritance of this disease and have potential implications
for treating INF2-associated disease and for understanding the po-
tential role of INF2 as a drug target for both INF2-mediated and
non-INF2-mediated disease.

RESULTS

INF2-mediated FSGS is a gain-of-function disease

Prior human genetic studies have described pathogenic mutations
at multiple positions within the INF2 DID (12). All of these FSGS-
causing INF2 mutations are found in the heterozygous state, con-
sistent with the dominant inheritance of the disease, and all encode
missense amino acid changes. None are predicted to cause total pro-
tein loss. Mice with complete knockout of INF2 are grossly normal
and lack any apparent kidney disease phenotype (23). On the basis of
these observations, we reasoned that the INF2-mediated FSGS dis-
ease likely occurs via pure gain-of-function effect of mutant INF2.

To examine this experimentally, we compared heterozygous INF2
R218Q knock-in (point mutant) mice and heterozygous INF2 knock-
out mice. We stressed these mice with PAN and compared the de-
velopment of kidney disease as a function of genotype. We chose
PAN because, among the various stressors we tested, it was the only
one that selectively induced disease in knock-in models (fig. S1).
When we examined the development of albuminuria (measured as
urinary albumin to creatinine ratio), we observed albuminuria at
day 3 in the heterozygous knock-in mouse model. The proteinuria
peaked at day 11 post-PAN injury, after which levels of urine albu-
min declined but did not return to the pre-injury baseline level. In
contrast, the heterozygous knockout mouse model did not develop
any albuminuria within the indicated time frames post-PAN injury
(Fig. 1, A and B).

We then assessed whether podocyte injury and related histologi-
cal changes follow the pattern of albuminuria in the heterozygous
knock-in and knockout mouse models. We observed a fragmented
pattern for marker proteins nephrin (a podocyte slit diaphragm pro-
tein) and endomucin (an endothelial cell marker), reduced WT-1
positive cells (podocytes), and increased a-smooth muscle actin
(fibrosis) expression in PAN-injured heterozygous knock-in mouse
glomeruli. These alterations were not present in the glomeruli of the
heterozygous knockout mouse model (Fig. 1C and fig. S1). To ex-
amine the disruption in the foot process/slit diaphragm and transi-
tion toward fibrosis, we assessed the kidney sections using periodic
acid-Schiff and Masson’s trichrome staining and electron micros-
copy. We observed fibrotic lesions and foot process effacement in
PAN-stressed heterozygous R218Q knock-in mice, characteristic of
an FSGS pattern of injury (Fig. 1, D to G). In contrast, the PAN-
stressed heterozygous INF2 knockout mouse did not develop these
aberrations in marker protein distribution and glomerular histolo-
gy (fig. S2 and Fig. 1, C to G).

Next, we tested whether disease development in heterozygous
knock-in mice was driven solely by the mutant allele’s gain-of-
function effects. For this purpose, we applied PAN stress to mice
spanning a range of INF2 genotypes—wild-type, heterozygous, and
homozygous forms of knock-in and knockout alleles, genders, and
adult age groups. We observed a high incidence of proteinuria in both
heterozygous and homozygous knock-in mice, whereas both the
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heterozygous and homozygous knockout mice had infrequent pro-
teinuria, similar to wild-type mice (Fig. 1H). Pearson correlation
coeflicients revealed a positive correlation between disease develop-
ment and mutant allele genotype but not with other gender- and age-
related features of the mice (Fig. 1I). These observations indicate
that INF2-mediated kidney disease occurs as a consequence of the
gain-of-function effects of mutant INF2.

Mutation in INF2-DID confers gain-of-function effect by
altering the localization of wild-type INF2 and INF2 activity
Since INF2 is a member of the formin family of proteins that are pri-
marily involved in regulating actin and the actin cytoskeleton, we
reasoned that a DID mutation-induced gain-of-function would likely
manifest in alterations to the actin arrangement in cells. To assess
this, we compared the F-actin/G-actin ratio in cells derived from
mice of various genotypes in both untreated and PAN-treated podo-
cytes. We observed that the knock-in mouse podocytes, particularly
in homozygous conditions, exhibited a higher F-actin/G-actin ratio
compared to wild-type and knockout podocytes (Fig. 2). This trend is
further amplified with PAN treatment, causing a substantial change
in both heterozygous and homozygous knock-in podocytes.

To determine how INF2-DID mutations lead to this aberrant ac-
tin distribution, we examined the localization (Fig. 3, A and B) and
activity of mutant INF2 in podocytes (Fig. 3, C and D). In podocytes,
INF2-DID protein is present in a full-length INF2-CAAX isoform
and in an INF2 N-terminal cleavage product fragment (23). There-
fore, we examined the ability of these forms of mutant INF2-DID to
localize and interact with wild-type full-length INF2-CAAX in podo-
cytes. We transiently overexpressed red fluorescent protein (RFP)-
tagged (wild type) full-length INF2-CAAX, green fluorescent protein
(GFP)-tagged (wild-type and R218Q mutant) N-terminal fragment,
full-length INF2-CAAX, and noncleavable full-length INF2-CAAX
in mouse INF2 KO podocytes. When GFP-tagged wild-type INF2 is
present, the RFP-tagged wild-type full-length INF2-CAAX isoform
was localized mainly at the endoplasmic reticulum (ER)-rich cell
body and some cell boundary membrane regions (MR). In contrast,
when GFP-tagged R218Q mutant INF2 isoforms are present, the
RFP-tagged wild-type INF2 shifts to a diffuse cytoplasmic localiza-
tion pattern (Fig. 3, A and B). We further probed for their interaction
to confirm that these localization patterns are indeed due to the inter-
action between the wild-type and mutant forms of INF2 proteins. We
coexpressed wild-type hemagglutinin (HA)-INF2-FLAG with GFP-
tagged wild-type or mutant INF2 forms in 293T cells and examined
their interactions through coimmunoprecipitation assays. We found
that the N-fragment, full-length, and noncleavable forms of R218Q
INF?2 all interact with full-length wild-type INF2-CAAX, as is the
case with the equivalent wild-type forms (Fig. 3C).

We also tested whether this interaction was due to a DID-DAD
interaction or dimerization between N-fragment and full-length
INF2. To determine that, we examined the biochemical activity of
full-length wild-type INF2 with the wild-type and R218Q mutant
N-terminal region. Our results showed that neither the wild-type
nor the mutant form of DID regions affected the biochemical activi-
ties of wild-type full-length INF2 (Fig. 3D), suggesting that the inter-
action is due to dimerization and the DAD activity of the wild-type
full-length INF2 can remain functional postinteraction. Together,
these results show that both the N-fragment and full-length forms of
INF2 are able to interact with each other and that this interaction is
not noticeably altered by disease-causing mutations. However, the
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Fig. 1. INF2 R218Q knock-in mutant and INF2 knockout mouse models differ in disease development. [(A) to (G)] Heterozygous INF2 R218Q knock-in and heterozy-
gous INF2 knockout mouse models were stressed with puromycin aminonucleoside (PAN) and assessed for development of kidney disease. (A) Quantification of urinary
albumin to creatinine ratio. Statistical significant differences were seen between knock-in versus knockout mice from day 3 (*P < 0.01; Student’s t test). (B) Urine-gel
electrophoresis. Urine samples from different time points of a representative PAN-stressed heterozygous knock-in and heterozygous knockout mouse underwent electro-
phoresis in an SDS-PAGE gel. [(C) and (D)] Histology analysis. PAN-stressed mice were examined after eight weeks for histological changes. (C) Trichrome staining and
(D) periodic acid-Schiff staining. Fibrotic lesions were noted in heterozygous knock-in but not in heterozygous knockout mice. Higher magnification images of the high-
lighted regions are shown in series. (E) Immunofluorescence analysis of WT-1 (podocyte marker) and a-smooth muscle actin (a-SMA; fibrosis marker). Increased smooth
muscle actin expression was noted in PAN-stressed heterozygous knock-in mice but not in heterozygous knockout mice. (F) Ultrastructural analysis of podocytes. Higher
magnification images of highlighted regions were shown in series. (G) Quantification of sclerosis and foot processes effacement (*P < 0.01; Student’s t test). (H) Disease
development among various INF2 genotypes. Mice from all INF2 genotypes were PAN stressed and evaluated for proteinuria development. Incidence of proteinuria inci-
dences was significantly higher in heterozygous and homozygous knock-in genotype mice (*P < 0.01; one-way ANOVA). (1) Correlogram representing the Pearson correla-
tion coefficient matrix between various mice features. Colors indicate the values of the correlation coefficient, as indicated in the scale bar. A significant correlation was
present between genotype and proteinuria but not with other mice features (*P < 0.05; r = 0.52). All scale bars are in micrometers.
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Fig. 2. R218Q pathogenic mutation alters the content of actin arrangement in
podocytes. Image shows an F-actin/G-actin assay. Control and PAN-stressed podo-
cytes were examined for F-actin and G-actin content. Homozygous R218Q INF2
knock-in podocytes showed mild alteration in the basal condition in F-actin/G-actin
distribution. In PAN-stressed conditions, both heterozygous and homozygous R218Q
INF2 knock-in podocytes showed a prominent F-actin/G-actin distribution altera-
tion. A representative immunoblot of three independent experiments was shown.
The numerical value represents the mean F-actin/G-actin ratio for the PAN-stressed
condition from three independent experiments. F/G, F-actin/G-actin.

presence of a pathogenic mutation markedly alters the localization
of the wild-type INF2-CAAX, leading to INF2 actin polymerizing
activity at abnormal sites.

RNA sequencing analysis identifies cellular processes that
are altered in INF2-mediated FSGS

The gain-of-function effect of mutant INF2 underscores the sensitiv-
ity of podocytes to the development of functional alterations, leading
to their structural and functional collapse. Therefore, we performed
glomerular RNA sequencing (RNA-seq) transcriptome-based gene set
enrichment analysis (GSEA) of PAN-stressed heterozygous knock-
in and heterozygous knockout mouse models to identify the altered
downstream processes. We conducted our study at an early postin-
jury time (day 3 post-PAN stress) to better focus on identifying di-
rect changes due to mutant INF2 activity rather than more generalized
effects reflecting advanced stages of injury. RNA-seq analysis of un-
stressed heterozygous knock-in and heterozygous knockout mouse
glomeruli was also performed to elucidate the changes happening
under the basal conditions in which podocyte morphology and glo-
merular function are grossly normal.

Principal components analysis of the total RNA-seq data of all
groups displayed distinct clustering of transcriptomic signature by
genotype and phenotype (Fig. 4A). The total number of differentially
expressed genes reaching genome-wide statistical significance was
~30 between heterozygous knock-in and heterozygous knockout at
the basal condition. In contrast, in the PAN-stressed condition, this
number increased to ~1500. This notable difference in the differen-
tially expressed gene count suggests that heterozygous knock-in and
heterozygous knockout mouse models exhibit similar functional
activity under basal conditions. However, with PAN stress, they differ
substantially in their response, leading to an overt disease phenotype
in heterozygous knock-in mice but not in heterozygous knockout
mice. Therefore, to understand the specific signatures associated
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with disease phenotype development, we conducted a GSEA anal-
ysis of the PAN-stressed heterozygous knock-in and heterozygous
knockout comparison (Fig. 4, B and C). The enrichment results in-
cluded multiple actin arrangement-related cellular function path-
ways, such as the “cluster of actin-based cell projections” within the
20 most enriched pathways (Fig. 4C and table S1). Integration of
these pathways as a network revealed the enrichment of related cel-
lular function pathways as clusters of shared genes. We noted at least
two distinct clusters of pathways that are broadly related to (i) actin
and cell membrane arrangement (adhesion) and (ii) mitochondria
structure and function (Fig. 4, D and E).

To further confirm that these changes are robust and meaning-
fully associated with disease, we wished to determine whether a
similar conclusion is obtained with an alternate approach to RNA-
seq analysis. To perform this analysis, we also included the differen-
tially expressed genes from two other comparisons: (i) heterozygous
knock-in versus PAN-stressed heterozygous knock-in and (ii) het-
erozygous knockout versus PAN-stressed heterozygous knockout,
and collectively analyzed all the four comparison groups to identify
the overlapping gene expression changes common to these different
comparisons. We reasoned that the overlapping genes between the
comparison groups involving the disease phenotype are likely im-
portant in the disease process, while others may not be relevant to
disease pathology. We noted 276 overlapping genes between the com-
parison groups involving the PAN-stressed heterozygous knock-in
mouse model (Fig. 4F). Of these, 94 genes (one-third) overlap with
the cell adhesion and mitochondria-related pathways identified from
the GSEA (Fig. 4G). Together, this observation suggests that these
processes could be compromised due to INF2 mutation and likely
play an important role in disease progression.

Mutant mouse podocytes have altered cell adhesion and
mitochondrial morphology

We next evaluated whether the alterations in cell adhesion and
mitochondria-related processes identified through RNA-seq analy-
sis are observed in the podocytes of these mice. Our previous stud-
ies have shown that both the small interfering RNA-silenced INF2
human podocytes and mutant podocytes from R218Q knock-in mice
exhibit impaired cell spreading (23, 24). More recently, we have shown
that N-fragment (DID region) mediates the cell-spreading function
of INF2, and that this spreading may be altered in the presence of a
mutation (23). Similarly, INF2-mediated actin arrangements have
been implicated in mitochondrial fission (25). While these studies
suggest a role for INF2 in cell spreading and mitochondria, how they
compare in basal versus stressed (or disease) conditions and how dis-
ease mutations alter these processes has not been defined.

To examine this, we first tested the cell adhesion properties of
mouse podocytes of various INF2 genotypes in both basal and PAN-
stressed conditions using cortactin, paxillin, and F-actin staining.
We conducted this analysis on a micropatterned substrate to have
uniformity in cell dimensions and shape (Fig. 5A). Under basal con-
ditions, wild-type podocyte morphology on crossbow-shaped mi-
cropatterns showed cortactin present in lamellipodium and paxillin
present in focal adhesions, with F-actin emanating from them. This
distribution pattern is retained in heterozygous and homozygous
INF2 knockout podocytes but was altered in both heterozygous
knock-in and homozygous knock-in podocytes. We noted a loss of
both lamellipodium-cortactin and focal adhesion-paxillin in homo-
zygous knock-in podocytes, whereas in heterozygous knock-in podocytes,
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Fig. 3. R218Q pathogenic mutation leads to altered localization and activity of wild-type INF2. [(A) and (B)] Localization analysis of wild-type INF2 in the presence
of R218Q INF2. Wild-type and R218Q GFP-tagged INF2 forms were coexpressed with or without RFP-tagged wild-type full-length INF2. Wild-type full-length RFP-INF2
showed a peri-nuclear ER-like pattern (blue arrow) with some membrane regions (white arrow, membrane region localization). The coexistence of R218Q GFP INF2 forms
(full-length, N-fragment, and noncleavable) alters this localization to a diffused cytoplasmic pattern. (A) Quantification of wild-type full-length RFP INF2 localization pat-
tern in podocytes. Color bars correspond to the coexpression of GFP- and RFP-tagged INF2 conditions. Red bars, coexpression with full-length GFP-INF2; blue bars, coex-
pression with N-fragment GFP-INF2; green bars, coexpression with a noncleavable GFP-INF2. Inlet gray bars represent their respective controls (without RFP-tagged INF2
expression). The peri-nuclear ER-like and membrane-rich localization pattern of wild-type RFP-INF2 is altered to a diffused cytosolic pattern of localization by the R218Q
GFP-INF2 presence (*P < 0.01; Student’s t test). (B) Representative cell images for wild-type full-length RFP-INF2 localization with various GFP-INF2 forms. Scale bar, 10 pm.
(C) Interaction analysis of wild-type INF2 with R218Q INF2. Coimmunoprecipitation of wild-type HA-INF-FLAG with different GFP-tagged INF2 expression forms. GFP-
tagged and HA-tagged INF2 forms were cotransfected in 293T cells. Cell lysates were pulled down using the FLAG tag and blotted for HA. HA immunoblot confirmed the
immunoprecipitation of wild-type full-length INF2. GFP immunoblot showed an interaction of wild-type full-length INF2 with both wild-type and R218Q mutant forms of
N-fragment, full-length, and noncleavable INF2. Each immunoblot is representative of three independent experiments with similar results. (D) Pyrene actin polymeriza-
tion assays. Actin polymerizing activity of 20 nM full-length wild-type INF2 was assessed with 0.5 pM wild-type and R218Q DID regions, respectively. Neither the wild-type
nor the R218Q-DID region had any effect in the actin polymerizing activity of full-length INF2.
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Fig. 4. RNA-sequencing analysis identifies pathogenic processes present in INF2-related FSGS. Total RNA-seq of mouse glomeruli compared by INF2 genotype. (A) Principal
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pressed genes of cell adhesion and mitochondria clusters identified through GSEA. (F) Network visualization of differentially expressed genes (DEGs) using the DiVenn application
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Fig. 5. Cell adhesion and mitochondria characterization in normal and mutant mouse podocytes. [(A) and (B)] Cell adhesion assays in crossbow micropatterns.
(A) Mouse podocytes from different INF2 genotypes were compared for their cell adhesion qualities in both basal and PAN-stressed conditions using cortactin, paxillin,
and F-actin staining (n, 100 cells for each group). Lack of lamellipodium cortactin, focal adhesion paxillin, and diffused cytoplasmic F-actin were associated with defective
cell spreading and adhesion. R218Q knock-in podocytes showed defective cell adhesion qualities in basal and PAN-stressed conditions (white arrow). Scale bars, 10 pm.
(B) Quantification for defective cell adhesion (as determined by lamellipodium cortactin). Green bars, untreated; and red bars, PAN-treated. Heterozygous and homozy-
gous R218Q knock-in podocytes showed a significant defect in cell adhesion (*P > 0.001 R218Q INF2 knock-in podocytes versus other groups; one-way ANOVA and
Tukey’s multiple comparison test; n = 100 for each group). [(C) and (D)] Mitochondria assessment using mitotracker staining. Mouse podocytes from all INF2 genotypes
were compared for mitochondrial length (n, 100 cells for each group). Live cells were imaged as z stacks and maximum-intensity projection images were generated to
visualize the entire mitochondrial network in cells. (C) Quantification of mean mitochondrial length. Green, untreated; and red, PAN-treated. Under basal conditions,
R218Q INF2 homozygous knock-in podocytes had shorter mitochondria, whereas homozygous knockout podocytes had longer mitochondria (*P > 0.001, R218Q INF2
homozygous knock-in podocytes versus other groups and homozygous knockout podocytes versus other groups; one-way ANOVA and Tukey’s multiple comparison test;
n =100 for each group). In PAN condition, heterozygous and homozygous R218Q INF2 knock-in podocytes showed shorter mitochondria (*P > 0.001, R218Q INF2 hetero-
zygous and homozygous knock-in podocytes versus other groups; one-way ANOVA and Tukey’s multiple comparison test; n, 100 for each group). (D) Representative mi-
tochondria images from all genotypes in basal and PAN-treated conditions. Higher-magnification images of highlighted regions were shown in a separate panel. Scale
bars, 10 pm.
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this is limited to the loss of cortactin in lamellipodium. We also ex-
amined how these trends manifest in response to PAN stress. We
noted that the wild-type, heterozygous knockout, and homozygous
knockout podocytes retained their characteristic lamellipodium-
cortactin, focal-adhesion paxillin, and F-actin distribution pattern.
By contrast to the basal condition, heterozygous knock-in podocytes
in the PAN-stressed condition were similar to homozygous knock-
in podocytes but with more pronounced effect with loss of both
lamellipodium-cortactin and focal adhesion-paxillin (Fig. 5B).

To examine mitochondria in podocytes, we compared the mito-
chondria filament length in basal and PAN-stressed conditions. We
observed differences as a function of INF2 genotype (Fig. 4C). Under
basal conditions, homozygous knock-in podocytes showed shorter
mitochondrial filaments than wild-type podocytes. Homozygous
knockout podocytes had longer mitochondrial filaments. The PAN
stress further enhanced the trends in knock-in podocytes, making
the mitochondria filaments in both heterozygous knock-in and ho-
mozygous knock-in podocytes significantly shorter than the PAN-
stressed wild-type podocytes. In contrast, despite the PAN stress,
heterozygous and homozygous knockout podocytes exhibited mi-
tochondrial filament length similar to wild-type podocytes (Fig. 5,
Cand D).

Last, to confirm that the mitochondrial defects are not adaptive
secondary changes due to PAN stress and can contribute to pheno-
type development, we conducted Seahorse bioenergetics analyses
under basal conditions (fig. S4). We found that podocytes with the
R218Q mutation, especially in the homozygous state, showed a sig-
nificant increase in both basal respiration and maximum respiration
[oxygen consumption rate (OCR) values], as well as glycolysis and
glycolytic capacity [extracellular acidification rate (ECAR) values]
compared to wild-type podocytes. In contrast, homozygous knockout
podocytes exhibited a reduction in OCR and ECAR values com-
pared to wild-type podocytes. These findings suggest that the muta-
tion can lead to changes in some, if not all, of the mitochondrial
bioenergetics. The opposing trends between knock-in and knockout
mitochondrial bioenergetics align with the opposing trends in fission,
indicating that the changes in INF2-mediated fission drive the chang-
es in mitochondrial bioenergetics. Together, these observations con-
firm that the presence of mutant alleles in podocytes leads to cell
adhesion and mitochondria defects, making them vulnerable to de-
veloping disease in response to PAN stress.

INF2-patient kidney organoid-derived podocytes
recapitulate mouse disease phenotypes

To examine whether our results correlate with human conditions, we
prepared induced pluripotent stem cells (IPSCs) from an individual
with INF2-related FSGS. Sequence analysis confirmed that the IP-
SCs retained the heterozygous S186P INF2 mutation (Fig. 6A). We
then used these cells to prepare kidney organoids and assessed their
morphology using marker proteins. The results showed that the S186P
INF2 IPSCs formed kidney organoids with a typical distribution of
glomeruli (20%) and tubular structures (70%) determined by their
respective marker proteins, nephrin, and E-cadherin (Fig. 6B). How-
ever, when we examined the subcellular localization of these pro-
teins, we noted that the podocytes of wild-type organoids displayed
a basolateral localization for nephrin, whereas in S186P INF2 or-
ganoids, nephrin had an altered punctate pattern mislocalizing to
peri-nuclear regions. The PAN injury further altered these patterns,
exhibiting a punctate cytoplasmic distribution in normal organoids
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and a loss of nephrin staining intensity in SI86P organoids. In con-
trast, the localization of E-cadherin in tubules remained similar be-
tween wild-type and S186P organoids, both in basal and PAN-treated
conditions (Fig. 6C).

We also examined whether the alterations in cell adhesion and
mitochondrial processes noted in mutant mouse podocytes are pres-
ent in human S186P INF2 podocytes. To evaluate this, we used podo-
cytes outgrown from glomeruli of normal and S186P organoids and
assessed their cell adhesion and mitochondrial qualities. We found
that the average mitochondrial filament length in S186P podocytes
was shorter than the average mitochondria filament length in wild-
type podocytes in both basal and PAN-stressed conditions (Fig. 6D
and E). Similarly, we found that wild-type podocytes were able to
establish cortactin in the lamellipodium and spread normally in the
crossbow micropattern in both basal and PAN-treated conditions,
whereas S186P INF2 podocytes were defective in both conditions
(Fig. 6F). These results confirm that defects in cell adhesion and mi-
tochondria are consistent cellular features of INF2-related FSGS.

DISCUSSION

In this study, by comparing the injury responses of INF2 knock-
in and knockout mouse models, we have demonstrated that kidney
disease occurs as a result of mutant INF2’s gain-of-function effects.
Given that all of the clearly pathological INF2 mutations that have
been identified to date are missense variants, this observation ex-
plains the disease’s autosomal dominant inheritance pattern. In ad-
dition, we observed that the mutant INF2 acquires gain of function by
altering the localization of wild-type INF2, thereby leading to INF2
activity at abnormal sites. These results are consistent with earlier
findings on wild-type INF2 and mutant INF2 localization patterns
(23, 26, 27). In this model, INF2 dimers composed of wild-type and
mutant INF2 will differ in their localization from wild-type INF2
dimers and induce abnormal actin cytoskeletal arrangements. By
doing so, mutant INF2 can cause defects in various processes inte-
gral to glomerular structure and function.

However, the described model, in particular in the context of gain
of function, leaves some questions that still need to be clarified. For
instance, the point mutant mouse model needs a stress injury to de-
velop a disease phenotype. At endogenous levels, we have noted that
mutant protein appears unstable, reducing levels in the knock-in
podocytes. These observations are intriguing in that it would be rea-
sonable to hypothesize that INF2 is a stress response protein, requiring
a stress-induced injury for its function to become essential. Under
such a model, we would expect reduced or absent INF2 to cause dis-
ease due to loss of some necessary INF2 function. However, to the
contrary, the INF2 knockout mouse model does not develop kidney
disease, arguing against a loss-of-function mechanism. However, if
the human (and mouse) INF2-associated disease is driven solely by
gain of function, the evolutionary pressure (physiological need) to
maintain high INF2 expression in podocytes remains unclear.

The observation that disease-causing mutations are all located in
the N-terminal region requires explanation. Previously, we showed
that INF2 is cleaved, and postcleavage, the INF2 N-terminal region
can regulate the DAD activity of mDIA formins (23). While this
provides one possible mechanism in which the INF2 N-terminal re-
gion may function independently of the C terminus, other regula-
tory mechanisms still need to be described. In this study, our analysis
of INF2 localization indicates that both the N-fragment and full-length
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Fig. 6. FSGS patient’s IPSC-kidney organoid-derived podocytes exhibit defective cell adhesion and mitochondria. (A) FSGS patient’s IPSC characterization. DNA
sequencing analysis of the INF2-DID region showed a heterozygous missense mutation causing serine (S) to proline (P) at amino acid position 186 in INF2-CAAX. (B) S186P
INF2 IPSCs formed kidney organoids with glomeruli and tubular structures. There is no apparent difference in the distribution of glomeruli (nephrin stained) and tubules
(E-cadherin stained). (C) Marker protein analysis of S186P organoids in basal and PAN-treated condition. The basolateral localization pattern of nephrin is altered to a
punctate pattern by the S186P mutation. PAN injury affected nephrin staining pattern in normal and S186P organoids. The E-cadherin staining pattern remained unaf-
fected in tubular structures. (D and E) Mitochondria assessments. Outgrown podocytes were examined for mitochondrial filament length. PAN-treated S186P podocytes
showed a shorter filament length (*P > 0.001, PAN-treated heterozygous knock-in S186P INF2 podocytes versus other groups; one-way ANOVA and Tukey’s multiple
comparison test; n, 100 for each group). (F) Cell adhesion assessments. Heterozygous S186P knock-in podocytes lack lamellipodial cortactin (white arrow) and are defec-
tive in cell adhesion on a crossbow micropattern in basal and PAN-treated conditions. The percentage of cells with lamellipodial cortactin was indicated (*P > 0.001, per-
centage of heterozygous knock-in S186P INF2 podocytes versus other groups; one-way ANOVA and Tukey’s multiple comparison test; n, 100 for each group). Scale bars,
10 pm.

INF2, when mutated, can alter the localization of full-length wild-
type INF2. This suggests that the INF2 N-terminal region has an
essential function in regulating INF2 localization. Together, the re-
sults indicate at least two unique functions to the N-terminal region:
(i) determining the localization of INF2-forms in cells and (ii) regu-
lating the DAD activity. The pathogenic mutations appear to alter
both of these activities.

A major goal of our RNA-seq studies was to identify the down-
stream events in which the mutation-induced alterations have an ef-
fect. Our findings from the GSEA indicated actin and cell-membrane
arrangements (grouped as cell adhesion) and mitochondria-related
genes are heavily altered during the disease. These data align with
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the clinical observation that podocytes in many forms of progressive
glomerular diseases are often defective in their adhesion with capil-
lary tuft and manifest mitochondrial dysfunction (28, 29). However,
we note that adhesion- and mitochondria-related processes are not
the only enrichment identified and, thus, may not be the only driv-
ing factors for INF2-related disease onset and progression. We noted
many other processes, related or unrelated to INF2, in our gene en-
richment analysis. For example, Madrid et al. (30) reported that INF2
interacts with MAL?2, a vesicular protein, and regulates basolateral-
to-apical transcytosis in kidney epithelial cells. In our gene enrich-
ment analysis, we have also identified processes relating to vesicle
transport being down-regulated. It is thus interesting to note that
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other processes beyond cell adhesion and mitochondria cluster may
also contribute to the disease progression. Future studies of such
processes will establish their relation with INF2 and their signifi-
cance in disease progression.

Our previous studies have led us to hypothesize that INF2 func-
tions downstream of Rho A and inhibits mDIA-related DAD activity
through the N-terminal region (22-24, 31). By doing so, INF2 medi-
ates cell adhesion by promoting lamellipodial structure formation.
The results shown in this study agree with this hypothesis in that the
presence of mutation affects cell spreading in micropatterns. How-
ever, INF2 knockout podocytes did not manifest similar defects in
the micropatterns, suggesting that mutant INF2-driven activities are
essential for the defective phenotype. Together, we propose that mu-
tant podocytes may exhibit multiple alterations; in one aspect, the
absence of INF2 at proper localization leads to alterations, as noted
with mDIA regulation, and with the other, the presence of mutant
INF2 at aberrant sites causes unwarranted alterations, which is evi-
dent in abnormal F-actin/G-actin distribution in cells (Fig. 2A). Fu-
ture comparative assessment of actin distribution among various
subcellular compartments of INF2 mutant and INF2 knockout cells
will further confirm this point and help us to identify the aberrant
sites where mutant INF2 may cause alterations within the cells.

Several studies have shown that INF2 and mitochondrial fission
are related and how DID mutations may affect this relationship
(25, 32-34). However, this work presents the clear evidence for gain-
of-function effects in mitochondria fission by pathogenic R218Q
INF2 in podocytes. On the one hand, it is conceivable that the al-
teration in fission may lead to mitochondrial dysfunction and re-
lated FSGS; on the other hand, it raises the question as to why the
R218Q INF2 mouse model does not develop FSGS without addi-
tional toxic injury. As discussed above, one explanation is that mu-
tant protein clearance may limit the extent to which mitochondrial
fission occurs, preventing FSGS development. It is worth noting that
the knockout podocyte manifests decreased mitochondrial fission
and has altered mitochondria structure. However, our mouse data
align with a model in which podocyte dysfunction is enhanced in
the presence of the excessive fission due to point mutant R218Q rath-
er than the decreased fission conditions due to the loss of INF2. Fu-
ture studies on the podocyte mitochondrial function with excessive
or reduced fission can clarify these questions.

We have found that S186P INF2 kidney organoids, derived from
the INF2 patient’s IPSC, exhibit an altered nephrin distribution from
wild-type kidney organoids. Yoshimura et al. and others (35, 36)
have shown that nephrin exhibits a basolateral distribution in nor-
mal organoids, and this pattern may be altered as a consequence of
mutations in various genes. Meanwhile, in mouse models, nephrin
distribution remains unaltered in basal conditions in both R218Q
INF2 knock-in and INF2 knockout models (22, 23). However, R218Q
INF2 becomes defective when recycling nephrin to the plasma mem-
brane when injured (37). Reconciling these disparate results will
require assessments from a matured vascularized organoid system
with in vivo physiology. Our findings suggest that the effect of an
S186P INF2 mutation is similar to the effect of R218Q in causing
impaired cell adhesion and mitochondria structure.

In summary, we have shown that mutant INF2’s gain-of-function
activity drives INF2-related FSGS (Fig. 7). The muta nt INF2 ac-
quires this quality by altering the localization of wild-type INF2,
thereby making INF2 exert activity at aberrant sites. In addition, we
have observed that cell adhesion and mitochondrial structures are
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significantly affected by pathogenic mutations in INF2. These data
provide a plausible explanation for the autosomal dominant inheri-
tance pattern of the disease and highlight the molecular events driv-
ing the INF2-related FSGS. Future studies tailored to define the full
range of INF2-related pathways and their significance in maintain-
ing the podocyte’s unique structure will increase our understanding
of INF2 in normal physiology and disease pathology.

MATERIALS AND METHODS

Ethical statement

All studies involving mice were performed in compliance with
an animal care protocol approved by the Institute Animal Care
and Use Committee (IACUC) at Beth Israel Deaconess Medical
Center. Human IPSC lines were derived under the aegis of a proto-
col approved by the Beth Israel Deaconess Medical Center Human
Research Committee.

IACUC approval

All animal experiments were approved by the Beth Israel Deaconess
Center’s IACUC (protocol no. 004-2022). The studies were performed
in accordance with institutional and national guidelines for Animal
Care and Use. The study is compliant with all relevant ethical regula-
tions regarding animal research.

IRB approval

The study was approved by the Institutional Review Board of Beth
Israel Deaconess Medical Center (protocol no. 2009P000430). Blood
samples were collected and handled according to the guidelines de-
scribed in the Code of Conduct for Proper Use of Human Tissue,
with written informed consent from the patients before sampling.

Mouse experiments

The development of INF2 mutant mice is described in (22). We con-
ducted podocyte injury analysis in INF2 mouse models using vari-
ous stressors as described previously (38-41). For the PAN injury
response, mice were injected with PAN intraperitoneally at a dosage
of 490 mg/kg, and urine samples were collected on days 0 (before
the PAN injection), 3, 7, 11, and 14 for analysis. For other stressors,
albumin (10 mg/g daily intraperitoneal injection for 5 days), adriamycin
(15 mg/kg intravenous injection), lipopolysaccharide (10 mg/g intra-
peritoneal injection), and angiotensin II (36 mg/kg intraperitoneal
injection), urine samples were collected on days 0 (baseline level
before injection), 1 (except for albumin stress, where 24 hours after
all the injections), 3, 5, and 7 for analysis. The SDS-polyacrylamide
gel electrophoresis (PAGE) method was used to separate the urine
samples, which were then stained with Coomassie dye to detect
albuminuria. Albumin and creatinine levels in the urine were quan-
tified using an albumin enzyme-linked immunosorbent assay kit
(Bethyl Labs, TX) and a colorimetric kit, respectively, following the
manufacturers’ protocols.

Histology

Mice kidneys were harvested at indicated time frames and processed
to examine glomerulosclerosis and podocyte foot process arrange-
ment. For analyzing sclerosis, kidneys were fixed in 10% buffered
formalin and paraffin-embedded to prepare formalin-fixed paraffin-
embedded blocks. These blocks were then cut into 5-pum sections and
processed for periodic acid-Schiff and Masson’s trichrome staining.
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localize properly, perhaps unable to counteract mDIA signaling, causing defective adhesion and impaired recovery. This combination of mutant-driven predisposition and

postinjury defect may lead to chronic pathology and FSGS.

The ratio of sclerotic glomeruli to total glomeruli was calculated and
plotted. For podocyte ultrastructure analysis, kidneys were fixed in
a modified Karnovsky’s fixative (2.5% glutaraldehyde and 2% para-
formaldehyde in 0.1 M cacodylate buffer, pH 7.4), processed using
1% osmium tetroxide and Epon embedded for sectioning. Sections
collected on grids were imaged by the JEOL 1400 Transmission elec-
tron microscope. The number of foot processes per micron was
quantified and plotted.

Mouse podocyte preparations

Podocytes from mice were obtained from eight-week-old INF2
mouse models (wild-type, heterozygous R218Q knock-in, hetero-
zygous knockout, homozygous R218Q knock-in, and homozygous
knockout) as previously described (42). In brief, podocytes were
outgrown from glomeruli on cell culture dishes and immortalized
with a temperature-sensitive T antigen. All podocyte preparations
were then checked for marker proteins (e.g., podocin), and only cell
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preparations expressing marker proteins in more than 90% of cells were
used for subsequent experiments. Before conducting experiments
with them, podocytes were differentiated by culturing them at 37°C.

Cell culture

Podocytes were maintained in RPMI 1640 (Corning, MA), supple-
mented with 1% insulin-transferrin-selenium (ITS), 1% penicillin-
streptomycin, and 10% fetal bovine serum (FBS) (23). Human
embryonic kidney epithelial cells (HEK293T cells) were maintained
in Dulbecco’s minimum essential medium (Corning, MA) supple-
mented with 10% FBS and 1% penicillin-streptomycin.

INF2 plasmid constructs and expression

For the RFP-tagged construct, the full-length human INF2-CAAX
isoform was cloned into a turbo RFP plasmid (N-terminal RFP)
(OriGene, MD). For GFP-tagged constructs, human INF2-CAAX iso-
form sequences corresponding to amino acids 1 to 547 (N-fragment)
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and 1 to 1249 (full-length) were cloned into an EGFPC1 plasmid
(N-terminal GFP tag) (Takara Bio, CA). For noncleavable INF2,
amino acids 543 to 548 of INF2 were replaced with hexa-alanine in
full-length CAAX constructs. For HA- and Flag-tagged construct,
full-length INF2-CAAX isoform was cloned into pCMV6 vector.
HA tag was included at the N terminus, and Flag tag was added at
the C terminus of INF2. For transient expression, plasmids were trans-
fected with Lipofectamine 3000 (for podocytes) or 2000 (for 293T cells)
as per the manufacturer’s guidelines (Thermo Fisher Scientific, MA).
All interaction and imaging analyses were performed at 48 hours
post-transfection. For INF2 constructs for the pyrene-actin assays,
human INF2-FL-nonCAAX cDNA was cloned into an EGFPC1 vec-
tor containing Strep-tag II (IBA Life Sciences) and an HRV3C cleavage
site that was located N-terminal to the INF2 start codon. For INF2
DID proteins (wild-type and R218Q), human INF2 N-terminal region
(amino acids 1 to 267) was cloned into pGEX-KT vector.

Coimmunoprecipitation

HEK293T cells were transiently transfected with the indicated INF2
constructs using Lipofectamine 2000 (Invitrogen, CA). After 48 hours,
the cells were lysed in 1% NP-40 lysis buffer (1% NP-40, 50 mM tris-
HCI, 150 mM NaCl, and 5 mM EDTA, pH 7.4) supplemented with
protease inhibitors. Cell lysates were then incubated with mouse
anti-FLAG beads (MA5-15256; Thermo Fisher Scientific, MA) for
4 hours, followed by their magnetic sorting and suspension in pre-
mixed Laemmli buffer (Bio-Rad, CA). The coimmunoprecipitation
of full-length HA-INF2-FLAG with various GFP-tagged INF2 forms
was then analyzed. Samples were probed for HA or GFP using the
antibodies for GFP (1:500) (ab13970; Abcam, MA) or HA (1:500)
(2367; Cell Signaling Technology, MA). The membranes were then
incubated with IRDye secondary antibodies and imaged using an
Odyssey Clx Infrared system (LI-COR, NE).

Immunoblotting

Cell lysates were prepared in an RIPA buffer (Boston BioProducts,
MA) supplemented with a cocktail of protease and phosphatase in-
hibitors (Roche, CA). Equal protein loads were electrophoresed on
a4 to 20% gradient gel, quick-transferred to a polyvinylidene difluo-
ride membrane (Bio-Rad, CA), and probed with respective primary
and secondary antibodies as follows: INF2 (1:500) (A303-427A;
Bethyl Laboratories, TX), INF2 (C) (1:500) (20466-1-AP; Proteintech,
IL), podocin (1:1000) (P0372; Sigma-Aldrich, MO), and anti-rabbit
(1:4000) (Santa Cruz Biotechnology, CA). The membranes were
then developed using a chemiluminescent-based substrate (Super
Signal West Dura). Total p-actin (1:4000) (sc47778; Santa Cruz
Biotechnology, CA) level was used as a loading control.

Immunofluorescence

Cells were phosphate-buffered saline (PBS) rinsed and fixed with
4% paraformaldehyde for 15 minutes. The fixed cells were then
quenched, permeabilized with 0.5% Triton X-100, and blocked us-
ing 5% bovine serum albumin solution. The primary and secondary
antibody preparations were sequentially incubated for 2 hours and
counterstained cell nuclei with Hoechst (dsDNA) (Invitrogen). For
organoid and mouse glomeruli, samples were processed into par-
affin blocks, and 5-pm sections were then cut and processed for
staining analysis. The following primary antibodies with indicated
dilutions were prepared in blocking solution and used for staining
analysis: nephrin (BP5030, 1:200; OriGene, MD), INF2 (DT-157,
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1:100), WT-1 (ab89901, 1:100; Abcam, MA), a—smooth muscle ac-
tin (ab56941, 100; Abcam, MA), paxillin (ab32084, 1:100; Abcam,
MA), synaptopodin (AP33487SU-N, 1:200; OriGene, MD), cortac-
tin (MA5-15831, 1:100; Thermo Fisher Scientific, MA), and F-actin
(rhodamine-phalloidin, 1:100; Invitrogen, CA). For mitochondrial
imaging, cells were incubated with deep red Mito tracker dye (8778;
Cell Signaling Technology, MA) per the manufacturer’s instructions
and imaged as live cells. All samples were imaged for fluorescence
using laser-scanning confocal microscopy (LSM 510; Zeiss) using
ZEN lite Black edition software.

Micropatterning cells

Crossbow micropatterns, custom prepared in Chromemask (Advance
Repro, MA), were used to program cells to reach uniform shape and
size. Micropatterning of cells using the mask was performed as de-
scribed previously (43). In brief, poly-L-lysine-grafted polyethylene
glycol was coated on a cover glass, placed under a chrome mask con-
taining the micropatterns, and exposed to an ultraviolet light through
the chrome mask. The exposed parts of the PLL-PEG were washed
in distilled water, dried, and coated with fibronectin (250 ng/ml).
Cells were plated as single suspensions. After 1 hour, cover glasses
were washed away to remove unattached cells. For PAN treatments,
cells were pretreated with PAN overnight, trypsinized, and replated
with PAN on micropatterns and maintained through cell attach-
ment. All analyses were performed after 6 hours of cell spreading
in micropatterns.

Actin assays

Mouse podocytes were lysed and examined for their total G-actin
and F-actin levels using a G-actin/F-actin in vivo biochemical assay
kit (Cytoskeleton, CO). In brief, 100 pl of precleared lysates were
ultracentrifuged for 100,000g at 37°C for 1 hour. The supernatant
containing the G-actin was collected and processed for immunob-
lotting. The residual pellet containing the F-actin was incubated
with 100 pl of depolymerizing buffer in ice for 1 hour and then pro-
cessed further for immunoblotting. The ratio of F-actin to G-actin
was calculated from their band intensity.

Biochemical actin polymerization assays

Actin polymerizing activity of full-length INF2 with wild-type and
R218Q mutant DID regions was assessed using pyrene actin po-
lymerization assay as described previously (44). In brief, rabbit
skeletal muscle actin in G-buffer (6 pM actin and 10% pyrene) were
converted to Mg2 salt by the addition of EGTA and MgCl, (to 1 and
0.1 mM, respectively) for 2 min at 23°C immediately before polym-
erization. Polymerization was induced by two volumes of 1.5X po-
lymerization buffer [75 mM KCl, 1.5 mM MgCI2, 1.5 mM EGTA,
15 mM Hepes (pH 7.4), 2 mM dithiothreitol, 2 mM tris-HCI,
0.2 mM adenosine 5’-triphosphate, 0.1 mM CaCl,, and 0.01% (w/v)
NaN3] containing other proteins (20 nM INF2-FL, 6 pM profilin,
50 nM capping protein, and/or 0.5 pM DID region). Pyrene fluo-
rescence (365/410 nm) was monitored in a 96-well fluorescence
plate reader within 1 min of inducing polymerization and plotted
versus time.

RNA-seq and GSEA

Total RNA from mouse glomeruli was sequenced on a HiSeq 4000
following standard workflow using an NEB Next Ultra II RNA Li-
brary Preparation kit (New Englab Biolabs, MA) (Illumina, CA) and
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paired-end sequencing (Genewiz, MA). The samples had 78 million
pass filter reads, with 89% of bases above the quality score of Q30 and
a mean quality score of 37.32. Adapters and low-quality bases were
trimmed and aligned with the mouse reference genome (GRCm38)
and GENCODE annotation using STAR 2.7. The average mapping
rate of all samples was 90%.

Genes showing differential expression were analyzed for (i)
HET.KI versus HET.KO, (ii) PAN-treated HET.KI versus PAN-
treated HET.KO, (iii) HET.KI versus PAN-treated HET.KI, and
(iv) HET.KO versus PAN-treated HET.KO groups. The common
and unique genes between these analyses were identified using
DiVenn 1.2. GSEA was conducted between PAN-treated HET.KI
versus PAN-treated HET.KO (GSEA version 4.3.3 https://gsea-
msigdb.org/gsea/license_terms_list.jsp). The enriched gene ontol-
ogy cellular component gene sets (P < 0.05) were identified and
visualized as a network in Cytoscape using EnrichmentMap, Auto-
Annotate, and clusterMaker2 application. The overlap of the num-
ber of genes between GSEA and DiVenn analysis was plotted using
Venny 2.1.

Human kidney organoids and outgrown podocyte analysis
Human IPSC lines were generated from a normal and patient with
INF2-related FSGS using CytoTune-iPS 2.0 Sendai reprogram-
ming kit (Thermo Fisher Scientific, MA) at Harvard Stem Cell In-
stitute IPS Core Facility. Kidney organoids were then prepared as
described previously (45), with minor modifications. In each step
where animal product free medium was called for, APELII (Stem-
Cell Technologies) supplemented with 5% protein-free hybrido-
mia medium II (PFHMII) (Thermo Fisher Scientific, MA) was
used. In addition, the initial 9 days of the protocol were carried out
in three-dimensional (3D) gel suspension to enhance homogenei-
ty in differentiation. In brief, 6 pl of the IPSC suspension was plat-
ed in ~175 pl of collagen matrix in 3D [222 pl of rat tail collagen
(~10 mg/ml) or 667 pl of rat tail collagen (3 mg/ml), 227 ul of
geltrex, 100 pl of 10X PBS, 4 pl of 1 mol/liter NaOH] in 24-well
plates with 1 ml of mTeSR (StemCell Technologies) for 48 hours.
The media was then changed to 0.5 ml of APELII medium supple-
mented with 5% PFHMII and 8 pM CHIR99021 for 4 days with
media changes every 2 days. On day 4, media was switched to 1 ml
of APELII supplemented with 5% PFHMII and FGF9 (200 ng
ml™") and heparin (1 pg ml™") until it has been 7 days since the
cells were first introduced to CHIR99021. The collagen mix was
then digested with ~200 pl of collagenase A (10 mg/ml) for 30 min.
The released spheroids were spun down into aggregates with 1 ml
of APELII with 5% PFHMII, and all further steps were performed
in accordance with the Takasato et al. (45) protocol. For PAN
treatments, mature organoids (5+ days post-aggregate formation)
were given APELII media with 5% PFHMII and PAN (1 mg/ml)
dissolved in PBS. For harvesting podocytes, 10 organoid cultures
were pooled, and glomeruli extraction was performed using the
sieve method, as described previously (46). The isolated glomeru-
lar structures were then maintained in a media composition of
RPMI 1640 supplemented with 10% FBS and 1% ITS and podo-
cytes were outgrown on a collagen I-coated surface. Cell prepara-
tions were then stained for podocyte marker proteins including
podocin and synaptopodin (fig. S5). Cells that tested positive for at
least two podocyte marker proteins were classified as podocytes
and cell batches with over 95% positivity were used in the cell ad-
hesion and mitochondria assessments.
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Seahorse analysis

Seahorse extracellular flux (XF) analysis was performed as described
previously (47). In brief, podocytes derived from INF2 mouse mod-
els were plated and cultured for 24 hours in Seahorse culture plates
before measurements. ECAR and OCR were measured in basal con-
ditions using the Seahorse XF Glycolysis Stress Test and Seahorse
XF Mito stress test following the manufacturer’s instruction (Agilent
Technologies, CA).

Plotting and statistical analysis

All plotting and statistical analyses were performed using OriginPro
software. All values are reported as mean + SD. Analyses were per-
formed using one-way analysis of variance (ANOVA) between test
groups. Tukey’s multiple comparison test was used to find group dif-
ferences. Statistical significance was set at a minimal value of P < 0.05.
For evaluating the correlation between mice features and disease
development, PAN-stressed mice were categorized on the basis of
sex (male and female), age [mature adult (>6 months) and middle
aged (>12 month)], and INF2 genotypes (wild-type, heterozygous
knock-in, heterozygous knockout, homozygous knock-in, and ho-
mozygous knockout) and analyzed using the Pearson correlation
coefficient method for their correlation with phenotype develop-
ment (proteinuria). Features with r values >0.5 are selected as hav-
ing a strong positive correlation with disease development.

Supplementary Materials
This PDF file includes:

Figs.S1to S5

Table S1
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