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Summary

The discovery of >60 monogenic causes of nephrotic syndrome (NS) has revealed a central role for the actin regulators RhoA/Racl/
Cdc42 and their effectors, including the formin INF2. By whole-exome sequencing (WES), we here discovered bi-allelic variants in
the formin DAAM?2 in four unrelated families with steroid-resistant NS. We show that DAAM2 localizes to the cytoplasm in podocytes
and in kidney sections. Further, the variants impair DAAM2-dependent actin remodeling processes: wild-type DAAMZ2 cDNA, but not
cDNA representing missense variants found in individuals with NS, rescued reduced podocyte migration rate (PMR) and restored reduced
filopodia formation in shRNA-induced DAAM2-knockdown podocytes. Filopodia restoration was also induced by the formin-activating
molecule IMM-01. DAAM?2 also co-localizes and co-immunoprecipitates with INF2, which is intriguing since variants in both formins
cause NS. Using in vitro bulk and TIRF microscopy assays, we find that DAAM2 variants alter actin assembly activities of the formin. In a
Xenopus daam2-CRISPR knockout model, we demonstrate actin dysregulation in vivo and glomerular maldevelopment that is rescued by
WT-DAAM2 mRNA. We conclude that DAAM?2 variants are a likely cause of monogenic human SRNS due to actin dysregulation in po-
docytes. Further, we provide evidence that DAAM2-associated SRNS may be amenable to treatment using actin regulating compounds.

Introduction moting endocytosis'® and the formation of stress fibers,'*

and by providing physical support of the complex

Steroid-resistant nephrotic syndrome (SRNS) is character-
ized by edema, nephrotic-range proteinuria (urine protein
excretion > 50 mg/kg per day), hypoalbuminemia, and
hyperlipidemia. It represents the second most frequent
cause of chronic kidney disease before the age of 30." Var-
iants in more than 60 different genes have been discovered
as monogenic causes of SRNS.?” Interestingly, most vari-
ants implicated in SRNS are found in highly expressed
genes in the glomerular podocytes,” ' implicating podo-
cytes as the primary site of injury in NS and highlighting
their role in maintaining the filtration barrier. The actin
network in podocytes is essential for maintaining intact
foot process architecture in several ways: for formation of
the unique arborization of podocyte foot processes,'''?
for maintaining the slit diaphragm turnover through pro-

podocyte morphology under variable glomerular pres-
sures.'>'® In addition, recent findings indicate that actin
interacting proteins are prevalent among the monogenic
causes of SRNS, pointing to actin playing a central role in
podocyte physiology.'®'?

Many key aspects of actin cytoskeleton dynamics are
regulated by upstream small GTPases: RhoA, Racl, and
Cdc42.>"?* Variants in genes encoding actin regulators
or effectors of the Rho/Rac/Cdc42 pathway have been
associated with monogenic nephrotic syndrome in human
individuals and with NS mouse models.'®'”**~*" Formins
are Rho/Rac/Cdc42 effectors that regulate actin polymeri-
zation.>'* In mammals, there are 15 different formin
genes/proteins, which fall into seven subfamilies: Dia,
Daam, FMNL, FHOD, INF, FMN, and Delphilin.***® The
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N-terminal halves of formins can be diverse and mediate
specific molecular interactions that direct formins to
different subcellular locations and control formin activ-
ities>”*® (Figure 1A). The C-terminal halves of formins
are more highly conserved and consist of the formin ho-
mology 1 and 2 (FH1 and FH2) domains, followed by
“tail” regions (Figure 1A). These FH1-FH2-tail portions of
formins directly nucleate actin filament assembly and
remain processively attached to the growing barbed end
of the filament while accelerating elongation in a profi-
lin-dependent manner.** Formin effects on actin assembly
are tightly regulated in vivo. Five out of the seven formin
subfamilies (including Dia and Daam) are regulated by
auto-inhibition, through interactions of their N-terminal
diaphanous inhibitory domains (DID) with C-terminal
diaphanous autoregulatory domains (DAD).>*~*! DID-
DAD interactions maintain these formins in an inactive
state until ligands (e.g., RhoA) trigger the release of formins
from auto-inhibition, leading to actin assembly.””*?:**~**

Actin assembly by diaphanous related formins (Dia for-
mins or DRFs) is also modulated by Inverted Formin 2
(INF2),*° variants of which are well-studied autosomal-
dominant causes of SRNS (MIM: 610982).>° In addition,
actin assembly itself triggers downstream changes in
gene expression through the transcription factor serum
response factor (SRF), resulting in upregulation of cytoskel-
etal regulatory proteins.*> Many of these proteins are high-
ly expressed in podocytes and have been implicated in hu-
man NS cases (INF2, MYH9 [MIM: 155100], ACTN4 [MIM:
604638])>”?%*" and murine NS models (TIn1, Cfl1, Tjpl,

Figure 1. Whole-Exome Sequencing Iden-
186 tifies Recessive Disease-Causing Variants in
DAAM?2 in Four Families with SRNS
(A) Schematic of DAAM2 cDNA and the cor-
responding protein, including its functional
domains. Arrows indicate the position of
five variants of DAAM?2 that were identified
by whole-exome sequencing (WES) in four
families (B3174, B1068, HN-F629, and HN-
F25) with nephrotic syndrome.
(B) Alignment of amino acid sequence of
DAAM2 conservation down evolution for
each altered amino acid residue for each of
the missense variants found.
(C-E) Renal ultrasound image (C), renal
histology (Trichrome staining) (D), and
electron microscopy (E) of individual HN-
F629, show hyperechogenic right kidney,
FSGS, and foot process effacement.
(F) Renal US image of individual HN-F25
showing hyperechogenic right kidney.
aa, amino acid; DAD, diaphanous autoregu-
latory domain; DID, diaphanous inhibitory
domain; FH1, Formin homology domain 1;
FH2, Formin homology domain 2 GDB,
GTPase binding domain; H.s., Homo sapiens;
M.m., Mus musculus; G.g. Gallus gallus; X.t.,
Xenopus tropicalis; D.r., Danio rerio; C.i.,
Ciona intestinalis; C.e., Caenorhabditis ele-
gans; D.m. Drosophila melanogaster.
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c.3080C>T
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Srf, and Mkl1/2),*°~*° further highlighting the importance
of tight actin regulation for podocyte function.

Because a monogenic cause of SRNS can be found by
whole-exome sequencing (WES) in 11%-45% of families,
by detecting a variant in one of the >60 published
genes,” ® we hypothesized that novel single-gene etiol-
ogies may exist in subjects without a molecular diagnosis.
Therefore, to identify novel monogenic causes of SRNS and
to further understand its pathogenesis, we applied WES to
individuals with SRNS and identified variants in DAAMZ2 in
four unrelated families, and we characterized the related
pathogenesis in SRNS.

Material and Methods

Study Approval
Approval for human subject research was obtained from the Uni-
versity of Michigan and the Boston Children’s Hospital Institu-
tional Review Boards and the Technical University of Munich re-
view board. All participants or their guardians provided written
informed consent.

Study Participants

Following informed consent, clinical data and blood samples were
obtained from individuals with SRNS. The diagnosis of NS was
made by (pediatric) nephrologists, based on standardized clinical
and renal histologic criteria. Renal biopsies were evaluated by
renal pathologists. Clinical data were obtained using an estab-
lished questionnaire.
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Homozygosity Mapping, Whole-Exome Sequencing,

and Variant Calling

Homozygosity mapping, whole-exome sequencing, and variant
calling were performed as described previously.*”>"

Plasmids, siRNAs, shRNA, Cell Culture, and Transfection
Human full-length DAAM2 cDNA was subcloned following PCR
from human full-length cDNA (GeneScript, OHu13890). Mouse
Daam2 was subcloned following PCR from murine full-length
cDNA (GeneScript, OMu20712). For mutant p.ProS82His, we
created an shRNA-resistant human cDNA clone by site directed
mutagenesis, since mouse has no proline in the corresponding po-
sition. Truncation constructs and mutant constructs were gener-
ated by PCR. Primers are shown Table S1. The following expression
vectors were used: pRKS-N-Myc, pCDNA6.2-N-GFP, and pSirenRe-
troQ. Clones reflecting the variants identified in individuals with
SRNS were introduced into the c¢DNA constructs using Quik
change II XL site-directed mutagenesis kit (Agilent Technologies).
The DAAM2-specific and control scrambled siRNAs were pur-
chased from GE Dharmacon. Overexpression experiments were
performed in HEK293T cells (ATCC biological resource center)
and in immortalized human podocytes that were a gift from Dr.
Moin Saleem (University of Bristol, Bristol, UK).

HEK cells were maintained in DMEM, supplemented with 10%
fetal bovine serum, 50 IU/mL penicillin, and 50 pg/mL strepto-
mycin. Podocytes were maintained in RPMI plus GlutaMAX-I
(GIBCO) supplemented with 10% fetal bovine serum, 50 IU/mL
penicillin/50 pg/mL streptomycin, and insulin-transferrin-sele-
nium-X.

Plasmids and siRNAs were transfected into HEK293T cells or po-
docytes at 37°C using Lipofectamine 2000 (Invitrogen). Podocytes
were grown at the permissive temperature of 33°C. RNAi knock-
down in human podocyte cell lines employed pSirenRetroQ
with 2 independent shRNA directed against human DAAM2 using
retroviral transduction. Puromycin was used to select transduced
cells. Knockdown efficiency was confirmed for all experiments.
(shRNA targets are shown Table S1, knockdown efficiency was
confirmed, see Figure S3D). For rescue experiments, knockdown
podocytes underwent a transient transfection using murine
DAAM?2 constructs. All cell lines were tested weekly and found
negative for the presence of mycoplasma.

Immunoblotting, Inmunoprecipitation, Pull-Down
Assay, and Immunofluorescence Staining

Immunoblotting, immunoprecipitation, and immunofluores-
cence staining were performed as described previously.>” Briefly,
HEK293T were lysed and pre-cleared using rec-Protein A-Sephar-
ose 4B Conjugate (Life Technologies) overnight. Then, equal
amounts of protein were incubated with EZview Red Anti-c-Myc
Affinity Gel (Sigma-Aldrich) or GFP-nAb (Allele Biotechnology).
Coimmunoprecipitation experiments were performed in two in-
dependent experiments. Immunoblotting was performed using
rabbit anti-DAAM?2 (ab169527, abcam; PAS5-23201, Invitrogen;
A7463, Abclonal; and HPA051300, Sigma-Aldrich) and custom
made rabbit anti-DAAM2 (Boston Molecules) and with mouse
anti-DAAM2 (sc-515129, Santa Cruz Biotechnology), mouse anti-
c-Myc (sc-40, Santa Cruz Biotechnology), rabbit anti-c-Myc (sc-
789, Santa Cruz Biotechnology), mouse anti-GFP (sc-9996, Santa
Cruz Biotechnology), rabbit anti-GFP (sc-8334, Santa Cruz
Biotechnology). Immunofluorescence of DAAM2 was performed
with rabbit anti-DAAM2 (ab169527, abcam; Custom, Boston Mol-

ecules). Fluorescent images were obtained with a Leica SPSX laser
scanning microscope.

Filopodia Assay

Cultured human podocytes were plated on a 6-well plate (70k
cells/condition). Cells were transfected with GFP-tagged cDNA
clones of DAAM2 (wild type or harboring human variants) and
then imaged hourly by the IncuCyte Videomicroscopy system
over 24 h, using green channel. Number of “filopodia-forming”
cells (cells forming two or more cellular extensions) were counted
at time points 10, 15, and 20 h post transfection, and a ratio of pos-
itive cells to total transfected cells (green signal detected), were
calculated. For drug experiments, 10 mg of IMMO1 was dissolved
in 1 mL of DMSO for a final concentration of 37.4 mM. Next,
calculated volumes of drug stock were added to podocyte growth
medium resulting in final concentrations of 1-200 uM.

Podocyte Migration Assay

Real-time migration assay was performed using the IncuCyte Vid-
eomicroscopy system (Essen Bioscience) in 96-well plates accord-
ing to the manufacturer’s instructions. Briefly, 24 h after transfec-
tion (2 pg/cDNA plasmid) scratch-wounds were made using a 96-
pin tool (Woundmaker) as per protocol. Cells were monitored
automatically via live cell imaging and time-lapse images. Wound
confluency was automatically acquired hourly and recorded by
the IncuCyte software (ZOOM). Data processing and analysis for
migration assay were performed using the IncuCyte 96-well Ki-
netic Cell Migration and Invasion Assay software module. Results
are presented as time versus wound confluency.

Purification and Labeling of Actin

Rabbit skeletal muscle actin was purified from acetone powder’*
generated from frozen ground hind leg muscle tissue of young rab-
bits (PelFreez). Lyophilized acetone powder stored at —80°C was
mechanically sheared in a coffee grinder, resuspended in G-buffer
(5 mM Tris-HCI [pH 7.5], 0.5 mM Dithiothreitol [DTT], 0.2 mM
ATP, 0.1 mM CaCl), and then cleared by centrifugation for
20 min at 50,000 x g. The supernatant was filtered through Grade
1 Whatman paper, then the actin was polymerized by the addition
of 2 mM MgClI, and 50 mM NaCl and incubated overnight at 4°C.
The final NaCl concentration was adjusted to 0.6 M to strip resid-
ual actin-binding proteins, incubated at 4°C for 1 h, and then the
F-actin was pelleted by centrifugation for 150 min at 361,000 X g.
The pellet was solubilized by dounce homogenization and dia-
lyzed against 1 L of G-buffer at 4°C (three consecutive times at
12-18 h intervals). Monomeric actin was then precleared at
435,000 x g and loaded onto a S200 (16/60) gel-filtration column
(GE Healthcare) equilibrated in G-Buffer. Peak fractions contain-
ing actin were stored at 4°C.

To fluorescently label actin, G-actin was polymerized by dia-
lyzing overnight against modified F-buffer (20 mM PIPES [pH
6.9],0.2 mM CaCly, 0.2 mM ATP, 100 mM KCl).>* F-actin was incu-
bated for 2 h at room temperature with Alexa 488 NHS ester dye
(Life Technologies) at a final molar concentration 5 times in excess
of actin concentration. F-actin was then pelleted by centrifugation
at 450,000 x g for 40 min at room temperature. The pellet was re-
suspended in G-buffer, homogenized with a dounce, incubated on
ice for 2 h to depolymerize filaments. Actin was then re-polymer-
ized on ice for 1 h after adding KCI and MgCl, (final concentration
of 100 mM and 1 mM, respectively). F-actin was pelleted by centri-
fugation for 40 min at 450,000 x g at 4°C. The pellet was
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homogenized with a dounce and dialyzed overnight at 4°C against
1 L of G-buffer. Next, the solution was centrifuged at 450,000 x g
for 40 min at 4°C. The supernatant was collected and the concen-
tration and labeling efficiency was determined by measuring the
absorbance at 280 nm and 495 nm. Molar extinction coefficients
used were as follows: epg0 actin = 45,840 M~! cm ™!, e405 Alexa
488 = 71,000 M~ ! cm ™! and e,g0 Alexa488 = 7,810 M~ cm™ L.

Purification of Daam2 Polypeptides

GST-SNAP-C-Daam?2 polypeptides (FH1-FH2-tail domains) (WT
or p.Serl027Leu) and GST-N-Daam2 (WT or p.Arg335GIn
[c.1004G>A]) polypeptides were expressed in E. coli strain BL21
PRARE (Novagen). Cells were grown at 37°C in TB medium to log
phase (ODggp = 1.5), then expression was induced by the addition
of 0.4 mM IPTG, and cells were grown overnight at 18°C. Cells were
harvested by centrifugation and pellets were stored at —80°C.
Frozen pellets were resuspended in lysis buffer (50 mM potassium
phosphate [pH 8.0], 300 mM KCl, 1 mM DTT, 50 mM imidazole,
1% Triton, and 1 mM PMSF) supplemented with a protease inhib-
itor cocktail (0.5 uM each of pepstatin A, antipain, leupeptin, apro-
tinin, and chymostatin). Cells were lysed with lysozyme (1 mg/mL,
0.5 mM EDTA) for 30 min at 4°C rotating. The lysate was cleared by
centrifugation at 150,000 x g for 30 min at 4°C. The supernatant
was then loaded on a GSTrap-FF 1 mL column (GE Healthcare) us-
ing a Fast Protein Liquid Chromatography (FPLC) system. The col-
umn was washed with 5 column volumes of washing buffer
(20 mM Tris [pH 8.0], 150 mM KCl, 5% glycerol), and then PreSci-
ssion protease (GE Healthcare) was introduced onto the column
and allowed to incubate overnight at 4°C to cleave the GST-tag.
The liberated Daam2 polypeptides were then eluted from the col-
umn, concentrated, and loaded on a Superose 12 10/300 GL (GE
Healthcare) in HEKGs buffer (20 mM HEPES [pH 8.0], 1 mM
EDTA, 50 mM KCl, 5% glycerol). Peak fractions were concentrated,
aliquoted, snap frozen in liquid N,, and stored at -80°C.

Purification of Spectrin-Actin Seeds

Spectrin-actin complexes were purified essentially as described.’”
Briefly, 20 mL of packed human red blood cells (Novaseek
Research) were washed with three times with 25 mL of ice-cold
Buffer A (5 mM sodium phosphate [pH 7.7], 150 mM NacCl, and
1 mM EDTA), each time centrifuging for 15 min at 2,000 x g at
4°C, and discarding the supernatant. To lyse cells, the cell pellet
was resuspended in 700 mL (approximately 10 times the volume
of washed cells) of ice-cold lysis buffer (5 mM sodium phosphate
[pH 7.7] and 1 mM PMSF) and incubated for 40 min while stirring
at 4°C. The lysate was centrifuged for 15 min at 45,000 x g at 4°C.
The cloudy and viscous pellets were resuspended in wash buffer B
(5 mM sodium phosphate [pH 7.7] and 0.1 mM PMSF), final vol-
ume 360 mL, and homogenized by pipetting. Next, the mixture
was centrifuged for 15 min at 45,000 x g at 4°C. The pellets
were resuspended in a total volume of 180 mL of wash buffer B
and homogenized as above, then centrifuged as above. This pro-
cess was repeated once more. Pellets are translucent at this stage.
Next, the Spectrin-actin was extracted by resuspending each pellet
in 5§ mL of extraction buffer (0.3 mM sodium phosphate [pH 7.6]
and 0.1 mM PMSF), combining the contents into one tube, adjust-
ing the volume to 60 mL with the same buffer, and centrifuging
for 30 min at 60,000 x g at 4°C, repeated once. The final pellet
was resuspended in an equal volume of extraction buffer and
gently vortexed, then incubated for 40 min in a water bath at
37°C while manually inverting the tubes every ~10 min. Finally,

the sample was precleared for 30 min at 450,000 x g at 4°C.
DTT (2 mM final) and protease inhibitors were added to the
cleared supernatant, and an equal volume of cold glycerol (50%
final concentration) was mixed into the solution. Spectrin-actin
seeds were aliquoted and stored at —20°C.

Purification of Profilin

Human Profilin-1 was expressed in E. coli BL21 DE3 by growing
cells to log phase (ODggo = 1.5) at 37°C in TB medium, then
inducing expression using 0.4 mM IPTG at 37°C for 3 h. Cells
were harvested by centrifugation and pellets were stored at
—80°C. Cell pellets were resuspended in lysis buffer (50 mM Tris-
HCI [pH 8.0], 1 mM EDTA, 0.2% Triton X-100, lysozyme, and pro-
tease inhibitors as described above), kept at 4°C rotating for
30 min. Lysates were cleared for 30 min at 272,000 x g at 4°C,
and the supernatant was collected and loaded on a HiTrap Q col-
umn equilibrated in 20 mM Tris-HCI (pH 8.0), followed by a Super-
dex 75 column equilibrated in 20 mM Tris-HCl (pH 8.0) and
50 mM NacCl. Peak fractions were pooled, snap frozen in aliquots,
and stored at —80°C.

Microfluidics-Assisted TIRF Microscopy

Actin filament polymerization was monitored by microfluidics-as-
sisted Total Internal Reflection Microscopy (mf-TIRF).>**%>” Cov-
erslips were first cleaned by sonication in detergent for 60 min, fol-
lowed by successive sonications in 1 M KOH and 1 M HCI for
20 min each and in ethanol for 60 min. Coverslips were then
washed extensively with H,O and dried in an N, stream. The
cleaned coverslips were coated with a 80% ethanol solution
adjusted to pH 2.0 with HCI containing 2 mg/mL mPEG-silane,
MW 2,000, and 2 pg/mL Biotin-PEG-silane, MW 3,400 (Laysan
Bio) and incubated overnight at 70°C. A 40 pm high PDMS
mold with 3 inlets and 1 outlet was mechanically clamped onto
a PEG-Silane-coated coverslip. The chamber was then connected
to Maesflow microfluidic flow-control system (Fluigent), rinsed
with TIRF buffer (10 mM imidazole [pH 7.4], 50 mM KCl, 1 mM
MgCl,, 1 mM EGTA, 0.2 mM ATP, 10 mM DTT, 15 mM glucose,
20 pg/mL catalase, 100 pg/mL glucose oxidase), and incubated
with 1% BSA in TIRF buffer for 5 min. Spectrin-actin seeds were
then passively adsorbed to the surface and used to nucleate actin
filaments by then flowing in 1 uM actin monomers (15% Alexa
488 labeled) and 5 uM human Profilin-1. Thus, filaments were
anchored at their pointed ends and grew at their distal free barbed
ends to ~5 um in length. Next, 10 nM C-Daam?2 polypetide (WT or
p-Ser1027Leu) alone (no actin) was flowed in for 30 s to cap barbed
ends. Then, the same G-actin-Profilin mix as above was flowed in,
and barbed end actin filament elongation was monitored for 10—
15 min.

All experiments were carried out at room temperature in TIRF
buffer. Each experiment was repeated at least two times and
yielded similar results. Time-lapse mf-TIRF imaging was performed
using a Nikon-Ti200 inverted microscope equipped with a 150
mW Ar-Laser (Mellot Griot), a 60X TIRF-objective with a numeri-
cal aperture of 1.49 (Nikon Instruments), and an EMCCD camera
(Andor Ixon). One pixel was equivalent to 143 x 143 nm. During
measurements, optimal focus was maintained by the Perfect Focus
system (Nikon Instruments).

Images were corrected for background fluorescence using the
Fiji*® rolling ball background subtraction algorithm (ball radius 5
pixels) and analyzed using the Fiji kymograph plugin, and
the kymograph slopes were measured to determine the
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depolymerization rates of individual filaments. One actin subunit
was taken to contribute 2.7 nm to the filament length.

Pyrene-Actin Assembly Assay

Gel-filtered monomeric actin in G-buffer was cleared by ultracen-
trifugation for 1 h at 4°C at 350,000 x g in a TLA-100 rotor
(Beckman Coulter), and the upper ~50% of the supernatant was
carefully recovered and used for nucleation assays. All reactions
(60 pL) contained 2 uM G-actin (10% pyrene labeled), which
was converted to Mg”-ATP-actin 2 min before use. Then, 42 uL
Mg2"-ATP-G-actin was mixed rapidly with 15 pL proteins or con-
trol buffer and 3 pL of 20x initiation mix (40 mM MgCl,, 10 mM
ATP, and 1 M KCl) to initiate the reactions. Pyrene-actin fluores-
cence was monitored for 1,000 s using a fluorescence spectropho-
tometer (Photon Technology International) at excitation and
emission wavelengths of 365 and 407 nm, respectively. The base-
lines of the resulting curves were corrected to each other and arbi-
trarily set to zero. The rate of actin assembly was determined from
the slope of the curves over the first 500 s.

Xenopus Studies

Xenopus tropicalis were housed and cared for in our aquatics facility
according to established protocols approved by Yale IACUC. We
induced ovulation and collected embryos by in vitro fertilization
as previously described.’” Embryos were raised to stage 38 in 1/
9MR + gentamycin. Staging of Xenopus tadpoles was performed
according to Faber and Nieuwkoop.®” CRISPR-Cas9-mediated
genome editing in Xenopus tropicalis embryos was used as previ-
ously described.®’ A CRISPR sgRNA targeting a sequence encoding
putative exon 7 of daam2 was designed based on an available
partial sequence (GenBank: XM_018090495.1) and its alignment
against human and Xenopus laevis sequences was used to
generate FO knockout tissue in embryos (target sequence 5'-
GGGCTACCGTTCCACTTATA-3'). For targeted loss-of-function
experiments, 100 pg sgRNA along with 0.4 ng Cas9 (CP03, PNA
Bio) in a 0.5 nL volume were injected into one cell of 4-cell stage
embryos. In rescue experiments, 400 pg sgRNAalong with 1.6 ng
Cas9 (CP03, PNA Bio) in a 2 nL volume were injected into 1-cell
stage embryos followed by injection of 50 pg of mRNA in a 1 nL
volume into one cell of 2-cell stage in the same embryos. Using
the SP6 mMessage machine kit (Thermo Fisher) and following
the manufacturer’s instructions, we generated in vitro capped
mRNA of wild-type and variant human DAAM?2 from sequences
cloned into the pCSDest vector. mRNA was co-injected with a fluo-
rescent tracer Mini-ruby (Thermo Fisher) in order to determine the
injected side for subsequent analysis. We assessed the size of the
pronephric region in stage 38 embryos corresponding to the prox-
imal tubule by staining this structure with fluorescein labeled lec-
tin (Vector Labs, FL-1141) as previously described.®* Embryos were
imaged on a Zeiss SteREO Lumar microscope. The size of the lectin
stained structure was determined via uniform thresholding fol-
lowed by automated particle analysis and area measurement utiliz-
ing Fiji.®® Embryos with severe examples of the tissue bulging phe-
notypes were excluded from this analysis due to concerns that the
bulges could obscure the tissue being visualized. We also assessed
the effects of daam2 knockout on cellular actin organization via
staining with Alexa488 labeled phalloidin (Thermo Fisher). Actin
was visualized through confocal microscopy carried out on a Zeiss
LSM880. We detected Xenopus tropicalis daamZ2 and wt1 expression
by generating digoxigenin-labeled antisense probes using the T7
High Yield RNA Synthesis kit (NEB, E2040S) and DIG-dUTP

(Sigma) from cDNA derived amplified partial sequence for
daam2 (forward primer: 5'-ctcaaaactgccataatgtcctttatcaacgec-3’;
reverse T7 containing primer: 5'-ctagcTAATACGACTCACTATAG
ccttcggtttgagttectgatgttggga-3’') and wtl (forward primer: 5'-caca
gctececgatgetgtacaac-3'; reverse T7 containing primer: 5'-ctag
cTAATACGACTCACTATAG cagtccctgegteccttttgtctaaag-3'). Em-
bryos were collected at stage 38 and fixed in MEMFA (1:1:8 10x
MEMFA salts, 37% formaldehyde, distilled water) (10x MEMFA
salts: 1 M MOPS, 20 mM EGTA, 10 mM MgSO,) for 1-2 h at
room temperature and dehydrated in 100% ethanol. Whole-
mount in situ hybridization was done as previously described.®*
Rescue efficiency was assessed in the mRNA-injected side of em-
bryos in which the contralateral side had wt1 expression abnor-
malities. Successful rescue was based on the comparison between
mRNA injected and mRNA un-injected sides with regard to wtl
expression. Embryos were imaged with a Canon EOS 5d digital
camera mounted on a Zeiss discovery V8 stereomicroscope. All
experiments were performed a minimum of three times and
numbers stated in graphs are the composite of multiple
experiments.

Statistics

Statistical significance of abnormalities and rescues of proximal tu-
bule size were evaluated using unpaired t tests. Percentages of em-
bryos displaying wt1 signal loss were evaluated using Fisher’s exact
tests. These statistical tests were carried out using GraphPad Prism
v.8, GraphPadSoftware. In all figures, statistical significance was
defined as p < 0.05. A single asterisk indicates p < 0.05, while dou-
ble, triple, and quadruple asterisks indicate p < 0.005, p < 0.0005,
and p < 0.0001, respectively. Paired t test was used to determine
the statistical significance between two interventions. Standard
deviation (SD) was used for all experiments other than for migra-
tion rate, where standard error of the mean was used (SEM).

Results

Bi-allelic Variants in DAAM2 in Four Families with SRNS

In order to discover novel monogenic causes of steroid-
resistant nephrotic syndrome (SRNS), we applied WES in
individuals with SNRS in two centers for nephrogenic dis-
orders in Boston and Munich. We identified five different
bi-allelic variants in the formin-encoding gene DAAM2
(GenBank: NM_015345.3) in four unrelated families with
NS as follows: in family A3174, putative compound hetero-
zygous missense variants ¢.361G>C (p.Glul21GIn) and
€.1745C>A (p.Pro582His); in family B1068, a homozygous
missense variant c.1004G>A (p.Arg335GIn); in family
HN-F629, a homozygous nonsense variant c.1333C>T
(p.Arg445*); and in family HN-F25, a homozygous
missense variant ¢.3080C>T (p.Ser1027Leu) (Figures 1
and S1; Table 1). The respective altered amino acid residues
are conserved to D. melanogaster (p.Arg335, p.Pro582, and
p-Ser1027), and to C. intestinalis (p.Glul21) (Figure 1B, Ta-
ble 1). With the exception of the heterozygous variant
€.1745C>A, all variants are deemed likely disease causing
by prediction programs, are absent homozygously, and
are very rare heterozygously in the gnomAD database (Ta-
ble 1). The missense variants are located in the N-terminal
diaphanous-inhibitory-domain (DID, p.Arg335GIn), the
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(Figures 2F, S2L, and S8). These results suggest that DAAM2
and INF2, of which variants are both implicated in mono-
genic nephrotic syndrome, physically interact and co-
localize in rat glomerular podocytes.

Mutant DAAM2 Impairs Filopodia Formation in
Podocytes

Since formins are known to act downstream of small
GTPases to induce actin polymerization and filopodia for-
mation® (Figure S8), we hypothesized that wild-type
DAAM2, but not SRNS-derived mutants, might promote fi-
lopodia formation. Using fluorescent live imaging, we
found that GFP-tagged wild-type DAAM?2 overexpression
in a human podocyte cell line increased filopodia forma-
tion, defined as 2 or more filopodia per cell, to a higher de-

Figure 2. DAAM2 Partially Co-localizes
with Nephrin and INF2 to Human and Rat
Glomerular Podocytes

(A-D) Immunofluorescence staining shows
that DAAM2 localizes to podocytes in rat
glomeruli and partially co-localizes with
(A) nephrin, and (B) Inverted Formin 2
(INF2) but to a lesser extent with (C) synap-
topodin (SYNPO) or (D) actinin-alpha-4
(ACTN4).

(E) Immunohistochemistry (IHC) staining
using specific custom-made anti-DAAM2
antibody  (Boston molecules) shows
DAAM2 to localize to healthy human kid-
ney glomeruli, in a pattern strongly sugges-
tive of podocyte localization.

(F) GFP_DAAM2 but not GFP_Mock co-pre-
cipitates Myc_INF2 using a co-immunopre-
cipitation assay (Co-IP) in HEK293T cells.

gree (32%-40.5%) in GFP-positive po-
docytes, than overexpression of
cDNAs carrying the 4 human missense
variants (15.3%-26.67%) (Figures 3A
and S8). In contrast, less than 5.5% of
GFP-Mock overexpressing control cells
showed filopodia formation. Interest-
ingly, overexpressing cDNA represent-
ing the early truncating variant
p-Arg445* induced filopodia to a
similar range as WI-DAAM2 (34.2%-
52.5%) (Figures 3A and S3]J-S3K). We
conclude that this aspect of actin cyto-
skeleton remodeling, to form filopo-
dia, is impaired by DAAMZ2-SRNS
missense variants.

Because formins are autoinhibited
via intramoleculaar DID-DAD interac-
tions, we hypothesized that pharmaco-
logic formin activation might rescue
the loss of filopodia formation induced
by knockdown of DAAMZ2 or expres-
sion of mutant DAAMZ2 (Figure S8).
The formin agonist Intramimic-1
(IMM-01)°° acts by disrupting the autoinhibitory bond be-
tween the DID and DAD domain and thus activates for-
mins. To test this hypothesis, we generated a DAAM2-defi-
cient human podocyte cell line by shRNA knockdown
(Figure S3D) and applied IMM-01 in increasing doses of 1
to 30 uM to the DAAMZ2 knockdown (k.d.) cells. We
observed an increase in filopodia formation from 4% in
cells treated with control vehicle only (DMSO) to 15%-—
18% in cells treated with 30 uM IMM-01 (Figure 3B).
Next, we overexpressed cDNA representing variants
derived from individuals with SRNS in DAAM2 k.d. cells
and then treated these cells with 30 uM IMM-01. This re-
sulted in rescue of filopodia formation in cells with
DAAM2 k.d. expressing DAAM2-missense mutants. In
contrast, cells expressing wild-type DAAM2 or p.Arg445*

d49%
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Figure 3. DAAM2 Regulates Podocyte Migration Rate and Filopodia Formation in Human Podocyte Cell Line

(A) Overexpression of GFP-tagged cDNA clones representing WI-DAAM2 in a human podocyte cell line, induced filopodia formation to
a significantly higher extent than overexpressing cDNA that represent the missense variants p.Glu121Gln, p.Arg335GIn, p.Pro582His,
and p.Ser1027Leu derived from individuals with SRNS. Overexpressing p.Arg445* cDNA resulted in high rate of filopodia formation,
comparable to WT-DAAM2. Each dot represents an independent experiment for which at least 100 transfected (green fluorescent) cells
have been counted and assessed for filopodia formation, for each condition. Filopodia forming cell was defined as cell exhibiting two or
more cellular protrusions (see Figures S3]-S3M). *p < 0.05 (one-way ANOVA).

(B) Applying the formin-activating small molecule intramimic-1 (IMM-01) induced filopodia formation in shRNA DAAM2-k.d. human
podocyte cell line in a dose-dependent manner. Each dot represents an independent experiment for which at least 100 podocytes were
assessed for filopodia formation for each IMMO1 dose.

(C) Ina DAAM2-Kk.d. human podocyte cell line, overexpression of WI-DAAM2 cDNA fully rescued filopodia formation, while overexpres-
sion of cDNA representing human SRNS variants p.Arg335GIn and p.Ser1027Leu resulted only in partial rescue. Applying IMM-01 fully
rescued filopodia formation. IMM-01 administration did not significantly change filopodia formation in cells overexpressing WT-
DAAM?2 or the mutant p.Arg445*. 16 (X10) fields were evaluated for filopodia formation in transfected cells/condition (> 100 cells
per condition).

Error bars represent standard deviation (SD) in (A)-(C).

(D) Podocyte migration rate (PMR) is analyzed by the IncuCyte videomicroscopy and Zoom software. As negative control we use wild-
type cells treated with scrambled shRNA, plated in the absence of serum. As positive control we plate the same cells but with the presence
of serum. All other conditions are with serum as well. DAAM2 knockdown by shRNA decrease PMR. The decrease in PMR was partially
rescued by transfection of mouse WT-Daam2 and by cDNA representing p.Arg445* variant, but was not rescued by murine DAAM2 con-
structs reflecting SRNS-causing missense variants. Each experiment was conducted three times, with ten repeats/condition in each exper-
iment. Error bars = SEM.

(E) Fibroblasts cultured from a skin biopsy from individual HN-F629 (variant p.Arg445*) migrate faster than healthy control skin fibro-
blasts in the migration assay. Error bars = SEM; n = 3 experiments, 30 repeats/condition in each experiment.

showed increased filopodia formation, with no further in-
crease after IMM-01 administration (Figure 3C). We
conclude that relieving formin auto-inhibition can rescue
deficient DAAM2 activity and induce filopodia formation.

DAAM2 Missense Variants Fail to Rescue Defects in
Podocyte Migration Rate

Because of our observations above showing that DAAM2
affects podocyte actin organization, we tested the possibil-
ity that DAAM2 might also regulate podocyte migration
rate (PMR), which is modulated by actin regulators en-

coded by genes of which variants cause monogenic
SRNS'®/17:25:53,5% (Figure S8). To test this hypothesis, we
induced a DAAM2 knockdown in cultured podocytes using
shRNA and confirmed successful DAAMZ2 knockdown by
immunoblotting (Figure S3D). We generated a standard-
ized scratch in a monolayer of these cells and monitored
podocyte migration using the IncuCyte videomicroscopy
system over time. Two independent shRNA lines showed
reduced PMR (Figure S3A). To test whether the slowdown
is specific to the DAAM2 knockdown, we transiently ex-
pressed an RNAi-refractive murine wild-type Daam2
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cDNA rescue construct and observed partial reversal of the
reduced migration rate. This suggests a role for DAAM2 in
supporting normal podocyte migration. Expression of mu-
rine mRNA constructs reflecting the missense variants
p-Glul21Gln, p.Arg335GIn, p.Pro582His, and p.Ser1027-
Leu from individuals with SRNS failed to rescue PMR (Fig-
ures 3D, S3B, and S3C). This indicates that DAAM2
dysfunction due to SRNS-related missense variants leads
to impaired podocyte migration. Paradoxically, overex-
pression of p.Arg445* mutant fully rescued PMR
(Figure S3B).

Since overexpression of the nonsense variant p.Arg445*
paradoxically promoted filopodia formation and cell
migration, we further examined the migration rate for
this mutant by using the migration rate assay in a fibro-
blast cell line derived from individual’s HN-F629 skin bi-
opsy. We confirmed the presence of the nonsense variant
in this individual-derived cell line by Sanger sequencing
(Figure S3E) and the absence of a band corresponding to
DAAM?2 on western blot (Figures S3G-S3I). We applied a
scratch to a monolayer of cells and compared the fibroblast
migration rate (FMR) for this cell line with a control pri-
mary skin-fibroblast cell line from a healthy human. We
observed a faster cell migration for the cells deficient in
DAAM?2 (bearing the mutant p.Arg445*) compared to WT
controls (>20 wells/condition in each experiment, n = 3)
(Figures 3E and S3F). We conclude that actin remodeling
is impaired by DAAM2 SRNS-missense variants as reflected
in podocyte migration, and that overexpressing the N-ter-
minal part of DAAM2, or the absence of DAAM2, result in
fast migration of cells.

DAAM2 Variants Have Altered Effects on Actin Assembly
In Vitro

To address whether DAAM2 variants linked to NS might
have altered effects on actin filament nucleation and/or
elongation in vitro, we purified the N- and C-terminal
halves of DAAM2 corresponding to the wild type (WT) or
the p.Arg335GIn and p.Serl027Leu variant sequences
(Figure 4A). Interestingly, the p.Arg335GIn variant is
located in the DID region, and the p.Ser1027Leu variant
is located in the DAD region (Figures 1A and 1B). This sug-
gests that either or both variants might alter DAAM2 autor-
egulation. However, DAD-containing C-terminal tail re-
gions also bind to actin and enhance FH2-mediated actin
nucleation and processive elongation.®”*®* Thus, the
p-Ser1027Leu variant could influence not only auto-inhi-
bition, but also actin nucleation and/or elongation.

We first compared the C-DAAM?2 polypeptides for their
actin nucleation effects in bulk pyrene-actin assembly as-
says (Figure 4B). Similar to the effects of other formins in
these biochemical assays,”"*""°%%’ C-DAAM2 (WT) stimu-
lated actin assembly. This represents a demonstration of
DAAM2’s actin assembly-promoting capabilities, which
are roughly similar in their potency to those of Daam1.*!
Y Thus, both members of this formin subfamily,
DAAM1 and DAAM?2, directly stimulate actin nucleation.

To our surprise, the p.Ser1027Leu variant of C-DaamAAM?2
promoted actin nucleation even more efficiently than WT
C-DAAM2, and did so over a wide concentration range
(Figures 4C, S4A, and $4B). The primary activity monitored
in the bulk assays (by the increase in pyrene fluorescence)
is actin nucleation, not elongation.’’ Thus, our results sug-
gest that the p.Ser1027Leu variant has aberrantly strong
nucleation activity compared to WT C-DAAM2.

To directly evaluate the effects of C-DAAM2 polypep-
tides on actin filament elongation rate, we employed mi-
crofluidic-assisted total internal reflection fluorescence
(mf-TIRF) microscopy’*’! (see schematic in Figure S4C).
This technique allows accurate quantitative analysis of
changes in filament length over time and enables one to
rapidly introduce or exchange reaction ingredients.’*”"
Spectrin-actin seeds are anchored to the viewing surface
and used to polymerize actin filaments that grow at their
free barbed ends. Kymographs reveal change in filament
length over time, and the rate of elongation is derived
from the slope (see dotted line, Figure 4D). In the presence
of profilin, WT C-DAAM2 polypeptide accelerated barbed
end growth by almost 5-fold compared to control reactions
lacking C-DAAM2 (WT C-Daam2: 33 + 10 actin subunits*
sT™uM™!; control: 7 + 1 actin subunits*s~*uM™!)
(Figure 4E). This is slightly faster than the rate of elonga-
tion supported by Daam1.°” Interestingly, the p.Ser1027-
Leu variant of C-DAAM2 supported a significantly slower
rate of elongation (22 + 5 actin subunits*s~*uM™'), inter-
mediate between WT C-DAAM?2 and control. Thus, while
the p.Ser1027Leu variant C-DAAM2 enhances actin nucle-
ation activity, it also reduces the rate of filament elonga-
tion compared to WT C-DAAM?2.

We next investigated the effects of the variants on for-
min auto-inhibition. In bulk assays, the N-terminal halves
of formins can inhibit the actin assembly activities of the
C-terminal halves in trans, as previously demonstrated
for Dial and Daam1.*'*! We compared the abilities of
different concentrations of WT N-DAAM?2 to inhibit the
actin assembly activities of WT and p.Ser1027Leu variant
C-DAAM2. Inhibition was stronger for p.Ser1027Leu C-
DAAM2 compared to WT C-DAAM2 (Figures 4F and S4E-
$4G), suggesting that the p.Ser1027Leu variant aberrantly
strengthens DID-DAD interactions. Next, we compared
the effects of WT and p.Arg335GIn N-DAAM?2 at a range
of concentrations on the actin assembly activity of WT
C-DAAM2 (Figure S4D-S4F), which revealed enhanced in-
hibition by the p.Arg335GIn variant of N-DAAM2
compared to WT N-DAAM2. Thus, both NS variants
(p-Arg335GIn and p.Serl027Leu) enhanced DID-DAD
auto-inhibition.

It is worth noting that DAAM2 autoinhibitory effects are
relatively weak compared to some other formins (ICsq
approximately two orders of magnitude higher than
Dia1®*"*!) and saturated at ~50% inhibition. Therefore,
WT DAAM2 may be only weakly regulated by classic
DID-DAD interactions, and possibly requires other cellular
factors to achieve tight inhibition, as recently
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Figure 4. DAAM2 Variants Influence Actin Nucleation and Elongation Rates

(A) Domain structure of Daam?2 and the specific constructs that were biochemically characterized in this study. GBD, GTPase binding
domain; FH3, formin homology 3; DID, diaphanous inhibitory domain; FH1, formin homology 1; FH2, formin homology 2; DAD,
diaphanous autoregulatory domain. Positions of variants (p.Arg335GIn and p.Ser1027Leu) are indicated in red.

(B) Bulk actin assembly assays comparing the effects of different concentrations of C-Daam2 (WT) and C-Daam2 (p.Ser1027Leu) on the
polymerization of 2 uM G-actin (10% pyrene labeled) in the presence of 5 uM profilin. Increase in fluorescence corresponds to increase in
actin assembly into filaments.

(C) Quantification of data from bulk assays as in (B). The data show that C-Daam2 (p.Ser1027Leu) variant promotes actin assembly more
effectively than C-Daam2 (WT), suggesting that the variant has aberrantly strong nucleation activity.

(D) Example kymographs for two different filaments from the same microfluidic-assisted TIRF (mf-TIRF) microscopy assay, monitoring
elongation of barbed ends over time. Filaments are initially grown in the presence of 1 uM G-actin (15% Alexa 488 G-actin) and 5 pM
profilin. Arrow 1 indicates when 10 nM C-Daam2 (WT or p.Ser1027Leu) was flowed into the reaction (without actin or profilin) to cap
some of the barbed ends. This led to a 30 s interruption of growth. Arrow 2 indicates when actin monomers and profilin were reintro-
duced to allow growth to resume. The kymograph on the left shows an uncapped barbed end elongating at a slower rate, and the kymo-
graph on the right shows a C-Daam2 (WT) capped filament elongating at an accelerated rate. Dotted lines highlight the regions of the
kymograph used to measure the slopes (rate of elongation).

(E) Quantification of data from mf-TIRF assays as in (D), pooled from two independent experiments. Each data point represents the elon-
gation rate of a single filament measured for 5-8 min.

(F) Quantification of bulk assays as in (B), comparing the inhibitory effects of N-Daam2 (WT) on the actin assembly activity of C-Daam?2
(WT) and C-Daam2 (p.Ser1027Leu). The data show that the N-Daam2 (WT) is more effective in inhibiting C-Daam2 (p.Ser1027Leu) than
C-Daam2 (WT). Also see Figure S4 for a comparison of the inhibitory effects of N-Daam2 (WT) and N-Daam2 (p.Arg335GIn) on the ac-
tivity of C-Daam2 (WT). All experiments were performed twice.

For (B), the data shown are from one representative experiment. For all other panels, the data were averaged. Error bars represent SD. *
represents statistical significance at p > 0.05 with Student’s t test.
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Figure 5. DAAM2 Knockout in Xenopus Results in Glomerular Maldevelopment

Xenopus embryos were injected with Cas9 and CRISPR guide RNA (gRNA) oligonucleotides targeting daam2 in one cell at the 4-cell stage.
Percent of embryos displaying glomerular maldevelopment was calculated. The glomus was detected using whole-mount in situ hybrid-
ization for wt1 as a marker.

(A) Whole-mount in situ hybridization for daam2 revealed strong expression in the head, neural tube, and the pronephric region.

(B) Schematic of the knockdown experimental setup.

(C) Control embryo, uninjected (upper left panel), or injected with Cas9 (lower left panel) displaying appropriate glomerular develop-
ment. Mosaic k.o. of daam2 results in abnormalities of glomus development (injected side: lower right, uninjected: upper right panel).
(D) Percent of embryos displaying decreased wt1 signal on injected side.

(E) Injection of wild-type human mRNA of DAAM2 restores wtl signal as a marker of restored glomus development. Injection of mRNA
reflecting variants p.Arg335GIn and p.Ser1027Leu from individuals with NS also restores wt1 signal, but injection of mRNA reflecting
p-Arg445* mutant fails to do so.

(F) Percent of embryos displaying increased wt1 signal on mRNA-injected side is shown for WT and mutant mRNA injection. ***p <

0.0005 by Fisher’s exact test. Scale bars depict 100 pm.

demonstrated for the formin INF2.”* We also attempted to
isolate the DAAM2 p.Arg445* variant (an early stop
codon), which encodes a polypeptide containing amino
acids 1-444; however, this construct was insoluble. In sum-
mary, we conclude that in vitro actin nucleation, actin as-
sembly, and autoregulatory functions of DAAM2 are
impaired by the DAD and DID domain SRNS variants
p-Arg335GIn and p.Ser1027Leu (Figure S8).

Knockout of daam2 in Xenopus tropicalis by CRISPR-Cas9
Results in Glomerular Maldevelopment

We determined that WNT might serve as a model for
DAAM?2 variant kidney disease based on observed expres-
sion of daam2 in the pronephric region of developing em-
bryos (Figure 5A). At the 4-cell stage, Xenopus embryos
were injected with Cas9 along with an sgRNA targeting
daam2. While one side of the embryo featured a proneph-
ros and glomus that developed from an un-injected cell

and served as an internal control, the contralateral pro-
nephros and glomus developed from the injected cell
(Figure 5B). At stage 38, in situ hybridization for expression
of the glomus marker wt1 was used to assess defects in this
tissue due to daam2 knockout. Compared to control tissue
within the embryos, tissue with knockout of daam2
demonstrated a loss of wt1 signal (Figures SC-5E). Quanti-
fication of lectin staining revealed a significant decrease in
the ratio of proximal tubule area between knockout and
control pronephric tissues (Figures S5A and S5B).

In the course of carrying out daamZ2 knockout experi-
ments to assess embryonic kidney tissue, we observed
that developing tadpoles frequently developed bulging tis-
sue within regions subject to gene knockout. To assess the
underlying cellular organization that could be giving rise
to this phenotype, we examined F-actin staining in the tis-
sue bulges and found cells with abnormally variable size
and abnormally distributed F-actin (Figures S6A and S6B).
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To assess both the specificity of our knockout and the
functionality of DAAM2 variants discovered in individuals
with SRNS, we employed rescue experiments. We first in-
jected Cas9 and daam2 sgRNA at the 1-cell stage to deplete
these proteins throughout the embryo. Then, at the 2-cell
stage, we injected one cell of these morphants with wild-
type human mRNA of DAAM2. In this manner, we could
internally compare loss-of-function and rescued kidney tis-
sue for differences in morphology (Figure 5F). As expected,
wild-type DAAM2 mRNA rescued the abnormal kidney
morphology seen in knockout tissue (Figures 5G, SH,
S5C, and S5D); in contrast, injection of mutant DAAM?2
mRNA resulted in impaired restoration of proximal tubule
area (Figures SSC and S5D). With respect to the ability to
restore wtl signal found within the glomus, the variants
displayed a range of rescue efficacy. While mRNA from
the p.Arg335GIn and p.Serl027Leu variants seemed to
restore wtl signal in the glomus, the p.Arg445* variant
did not (Figures 5G and SH). Interestingly, the rescue of
wtl expression achieved via the introduction of the
p-Serl027Leu variant consistently led to an expanded
wtl signal, suggesting the persistence of tissue dysmor-
phology despite the ability to rescue glomus marker
expression.

In summary, we discovered variants of DAAMZ as
possible monogenic causes of nephrotic syndrome, and
our findings confirm actin formation and regulation by
formins as a critical pathomechanism in human SRNS.

Discussion

Here, we describe the discovery of bi-allelic variants in
DAAM?2 as likely monogenic causes of SRNS in four distinct
families with SRNS. We generated a set of testable hypoth-
eses summarized in Figure S8. We found that the DAAM2
protein localizes to glomerular podocytes. We demon-
strated that DAAM2 is an interaction partner of the formin
family member INF2, variants in which lead to autosomal-
dominant human SRNS. Further, we found that DAAM2
and INF2 colocalize in adult rat glomeruli. To the best of
our knowledge, INF2 and DAAM?2 interaction was not
described in the past and hence the specific interacting
domains are unknown. However, the N-terminal DID
domain of INF2 was described to interact with the
C-terminal DAD domain of other formins, the diapha-
nous-related formins, which have a very similar domain
structure to DAAM2.*> Whether DAAM2 interacts with
INF2 through its C-terminal DAD domain as well should
be tested in a future work.

Prior studies using mouse and in vifro models have
explored the role of DAAM?2 in the WNT pathway. In these
studies, DAAM2 was found to be a WNT effector, acting
downstream of WNT to modulate dorsal patterning
through interaction with dvl3,”* playing a role in genera-
tion of left-right asymmetry during organ development
through regulation of the actin cytoskeleton,”* and play-

ing a key role in axon formation’® and myocardial devel-
opment (together with DAAM1) through Rho activa-
tion.”® Since regulation of the actin cytoskeleton through
Rho/Rac1/CDC42 is crucial for podocyte function, we hy-
pothesized that variants in DAAM?2 are deleterious through
effects on actin assembly dysregulation.

Using in vitro and in vivo assays, we provide evidence for
loss-of-function caused by the DAAMZ variants in bulk
actin assembly and TIRF microscopy assays, C-DAAM2
(WT) promoted actin nucleation and elongation, and these
activities were impaired by the individual-derived variants
p-Arg335GIn and p.Ser1027Leu, indicating a loss-of-func-
tion mechanism by affecting essential positions in either
the DID or DAD domains. In cultured podocytes, SRNS in-
dividual-derived missense variants reduced “filopodia for-
mation” and “podocyte migration” rate. These effects
could be partially rescued by treating cells with the formin
activator IMM-01, demonstrating the importance of for-
mins in podocyte cytoskeletal regulation. Finally, in a Xen-
opus daam2 knockout model, we showed that daam?2 is crit-
ical for cellular F-actin organization and for glomerular
development, a phenotype that could be rescued with
wild-type daam2 mRNA but not with mRNA representing
the nonsense mutant p.Arg445* We conclude that
DAAM?2 variants are a likely cause of monogenic human
SRNS, due to actin dysregulation in podocytes. Further,
we provide evidence that this variant of SRNS may be
amenable to treatment with actin-regulating compounds.

Individual HN-F629 was unusual in his clinical presenta-
tion because his nephrotic syndrome presented late, having
developed ESRD only in the 4th decade of life. Interestingly,
he is the only individual among the four affected individ-
uals who carries a truncating variant (p.Arg445*). When
the functional effects of p.Arg445* were studied, two of
the assays conducted in cultured podocytes, filopodia
formation and migration, showed paradoxical rescue of
loss-of-function phenotype when mRNA mutant cDNA rep-
resenting p.Arg445* from individual HN-F629 was overex-
pressed, whereas expression of the missense variants
p-Glul21Gln, p.Arg335Gln, p.Pro582His, and p.Ser1027-
Leu had the opposite effect. Furthermore, migration of
skin fibroblasts derived from this individual paradoxically
showed faster migration compared to control fibroblasts.
In contrast, in the Xenopus model expressing p.Arg445*
cDNA did not rescue the glomus maldevelopment of
daam2 knockout animals, whereas p.Arg335GIn and
p-Ser1027Leu mutants did rescue to a variable degree. These
results could perhaps be explained by an “escape” from in-
hibition, arising from loss of the C-terminal half of
DAAM2. In other words, the defects caused by the other
point mutants only manifest in the presence of the C-termi-
nal half of DAAM2. Interestingly, an independent inhibi-
tory role for the N-terminal part of INF2 on DIAPH1 in po-
docytes was recently demonstrated.”” Our findings of
interaction between INF2 and DAAM2 may suggest loss of
inhibition by INF2 on DAAM2-p.Arg445* in a similar
manner. Alternatively, a nonsense-mediated-decay (NMD)-
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dependent compensatory mechanism could potentially
explain a milder phenotype in this individual.”® In conclu-
sion, the functional effects of missense variants showed re-
ductions in filopodia formation, reductions in podocyte
migration rate, and variable rescue in the Xenopus daam?2
knockout model, whereas the p.Arg445* truncating variant
had opposite effects throughout. Interestingly, the pheno-
type of the individual with the truncating variant also
differed strongly, by showing very late onset of NS. This
may indicate that different types of variants in DAAM2
have the capacity to alter cellular actin regulation in
different ways, ultimately leading to variation in the timing
and severity of SRNS phenotypes as was described in Ware-
jko et al.

We screened a cohort of ~2,100 individuals with
nephrotic syndrome by WES but did not identify
additional individuals with variants in DAAM2. DAAM?2
variants thus appear to be a rare cause of SRNS.> This is
consistent with most of the recently discovered mono-
genic causes of nephrotic syndrome. Nevertheless, the
identification of numerous monogenic causes of NS which
are directly involved in actin cytoskeleton regulation in
podocytes has shaped our understanding of the central
role of actin in podocyte physiology and SRNS. Moreover,
the convergence of multiple pathways involved in mono-
genic NS on actin regulation holds promise for successful
therapeutic intervention by pharmacological modulation
of actin.

While variants in the DID domain of the formin INF2
were reported to cause autosomal-dominant isolated
SRNS or associated with Charcot-Marie-Tooth syndrome
(MIM: 614455),”? we describe here SRNS causing variants
in another formin (DAAM?2). Our findings thus reveal var-
iants in the formin-encoding gene DAAM?2 as likely mono-
genic causes of SRNS and suggest that actin regulation by
DAAM?2 is an important pathomechanism of human SRNS.

Data and Code Availability

The datasets supporting the current study have not been
deposited in a public repository due to restriction by pa-
tient consent, but are available from the corresponding
author on request. Human DAAM?Z full-length gene is Gen-
Bank: NM_015345.3 and UniProt protein ID: Q86T65.
Mouse DAAM?2 full-length protein is UniProt: Q80U19.
Xenopus Xenbase: XB-GENE-6049503.

Supplemental Data

Supplemental Data can be found online at https://doi.org/10.
1016/j.ajhg.2020.11.008.
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