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Podocyte-specific Crb2 knockout
mice develop focal segmental
glomerulosclerosis

Akiko Tanoue’®, Kan Katayamal2®*, Yugo Ito?3, Kensuke Joh*, Masaaki Toda®,
Taro Yasuma®, Corina N. D’Alessandro-Gabazza®, Hiroshi Kawachi®, KunimasaYan?,
Masaaki Ito?, Esteban C. Gabazza®, Karl Tryggvason?’ & Kaoru Dohit

Crb2 is a cell polarity-related type | transmembrane protein expressed in the apical membrane of
podocytes. Knockdown of crb2 causes glomerular permeability defects in zebrafish, and its complete
knockout causes embryonic lethality in mice. There are also reports of Crb2 mutations in patients
with steroid-resistant nephrotic syndrome, although the precise mechanism is unclear. The present
study demonstrated that podocyte-specific Crb2 knockout mice develop massive albuminuria and
microhematuria 2-month after birth and focal segmental glomerulosclerosis and tubulointerstitial
fibrosis with hemosiderin-laden macrophages at 6-month of age. Transmission and scanning electron
microscopic studies demonstrated injury and foot process effacement of podocytes in 6-month

aged podocyte-specific Crb2 knockout mice. The number of glomerular Wt1-positive cells and the
expressions of Nphs2, Podxl, and Nphs1 were reduced in podocyte-specific Crb2 knockout mice
compared to negative control mice. Human podocytes lacking CRB2 had significantly decreased
F-actin positive area and were more susceptible to apoptosis than their wild-type counterparts.
Overall, this study’s results suggest that the specific deprivation of Crb2 in podocytes induces altered
actin cytoskeleton reorganization associated with dysfunction and accelerated apoptosis of podocytes
that ultimately cause focal segmental glomerulosclerosis.

Focal segmental glomerulosclerosis (FSGS) is a clinicopathological disease characterized by steroid-resistant
nephrotic syndrome (SRNS) that eventually leads to end-stage kidney disease in the majority of patients, while
some FSGS patients are responsive to steroids’. The Columbia classification of FSGS includes five pathologic
variants: perihilar, cellular, tip, collapsing, and not otherwise specified FSGS?. This classification is useful for
predicting prognosis®. Patients with the tip variant have a good prognosis, whereas cases with the collapsing
variant have a poor prognosis®. However, the current classification does not include genetic information. Six
forms of FSGS, including primary, adaptive, APOLI-associated, genetic, medication-associated, and viral FSGS,
have been proposed®*. Next-generation sequencing of 24 genes associated with SRNS were useful for detecting
mutations®. Furthermore, about 30% of SRNS cases were reported to be caused by a single gene among 27 genes®.
Next-generation sequencing techniques were highly effective for detecting FSGS caused by abnormalities of
podocyte genes”.

Crumbs were first identified as a neurogenic gene containing epidermal growth factor (EGF)-like repeats in
Drosophila melanogaster®. Crumbs were expressed along the entire apical membrane of Drosophila’s epithelial
cells®. They are important for epithelial cell polarity!?. Crumbs is a type I transmembrane protein containing a
large extracellular domain, a transmembrane domain, and a cytoplasmic domain. The short cytoplasmic domain
of Crumbs interacts with moesin, an actin-binding protein''2. The human orthologue of Crumbs is CRB1 and
mutations in CRB1 cause retinitis pigmentosa®.
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In humans, the Crumbs family consists of CRB1, CRB2, and CRB3, and the three members share a FERM (4.1
protein, Ezrin, Radixin, Moesin)-binding domain in the cytoplasmic domain'*. CRB1 and CRB2, but not CRB3,
contain EGF and Laminin A/G domains in the extracellular domain. CRB2 is also an evolutionarily conserved
gene, and knockdown of the zebrafish orthologue crb2b with morpholino lead to pericardial edema and glo-
merular permeability defects'. Furthermore, full knockout of Crb2 in mice caused embryonic lethality*®. There
have been reports showing induction of SRNS by CRB2 mutations, although the precise mechanism remains
unclear'”!®. These previous observations pointed to the CRB2 gene as a single causative gene of SRNS, therefore
in the present study, we generated podocyte-specific Crb2 knockout mice using the Cre-loxP system.

Results

Generation of podocyte-specific Crb2 knockout mice. Crb2 floxed heterozygous mice were gener-
ated by inserting loxP sites in introns 6 and 8 to skip exon 7 and 8 of the Crb2 gene (Fig. 1a). Podocyte-specific
Crb2 knockout mice were then generated by breeding Crb2 floxed heterozygous mice with NPHS2-cre mice,
also called pod-Cre™* transgenic (Tg) mice. These NPHS2-cre mice produce Cre recombinase in podocytes.
The polymerase chain reaction (PCR) analysis disclosed a 102-bp product using the pod-Cre primers in pod-
Cre mice and Crb2 flox/flox (Crb2¥f) and pod-Cre mice (Fig. 1b). Full-length gels are presented in Supple-
mentary Fig. S1 online. The PCR analysis showed a 353-bp product using Crb2 primers in Crb2%! mice and
Crb2¥8pod-Cre™* mice, and a 153-bp product in Crb2*/*pod-Cre™* mice. A Western blot analysis of isolated
glomeruli using CRB2 antibody showed a strong band between 140 and 180 kDa and a weak band between
180 and 245 kDa in the glomeruli from Crb2**pod-Cre™®* or Crb2 mice. These bands were not detected in
Crb2¥8pod-Cre™* mice (Fig. 1c). B-actin served as a loading control (Fig. 1c). Full-length blots are presented
in Supplementary Fig. S2 online.

Immunofluorescence study results are compatible with podocyte-specific Crb2 knockout in
Crb2MMpod-Cre™* mice. Dual staining with CRB2 and SYNPO, a podocyte marker, in normal human par-
affin kidney sections showed co-localization of CRB2 and SYNPO (Supplementary Fig. S3). Dual staining with
Crb2 and Synpo in paraffin kidney sections from 2-month aged mice showed co-localization of Crb2 and Synpo
in Crb2**pod-Cre'¥* or Crb2¥! mice. Co-localization of Crb2 and Synpo was not observed in Crb2%%pod-
Cre™®* mice (Fig. 1d).

Podocyte-specific Crb2 knockout mice develop massive albuminuria and microhematuria at
2 months of age. The urine albumin-to-creatinine ratio (ACR) was significantly higher in Crb2%%pod-
Cre'* mice than in Crb2**pod-Cre™* or Crb2!" mice at 2 months of age (53,630+9633 vs. 55+51 or
46+ 35 pg/mg-Cr, P<0.0001) (Fig. 2a). Microhematuria was more recognizable in Crb2""pod-Cre™* mice
than in Crb2**pod-Cre™* or Crb2 mice (0.83+0.68 vs. 0+0 or 0+0, P=0.0083) (Fig. 2a). The blood urea
nitrogen (BUN) and serum creatinine (Cr) levels were comparable among the three groups at 2 months of age
(BUN; 18.1+2.3,21.4+4.3, 17.0+ 1.4 mg/dl, Cr; 0.11£0.02, 0.14+0.03, 0.11+0.02 mg/dl) (Fig. 2b). The scle-
rotic (0.11+0.05, 0.10£0.04, 0.17 £ 0.09; Fig. 2¢) and fibrotic (0.33+0.11, 0.30 £ 0.16, 0.43 £ 0.13; Fig. 2d) indices
were comparable among the three groups at 2 months of age.

Podocyte-specific Crb2 knockout mice develop FSGS at 6 months of age. Although there was
no apparent albuminuria in Crb2**pod-Cre™* or Crb2"" mice, massive albuminuria was observed in Crb2"
fpod-Cre™®* mice at 6 months of age (36 £ 4 or 56 + 55 vs. 49,210 + 18,594 pg/mg-Cr, P<0.0001) (Fig. 3a). Micro-
hematuria was also more recognizable in Crb2%%pod-Cre™* mice than in Crb2**pod-Cre™* or Crb2"" mice
(1.42£0.66 vs. 0£0 or 0.08+0.2, P<0.0001 or P=0.002) (Fig. 3a). The BUN and serum creatinine levels were
comparable among the three groups of mice at 6 months of age (BUN; 27.3+4.1, 20.7 £2.4, 36.7 £29.3 mg/d],
Cr; 0.10+0.03, 0.12+0.02, 0.18 £0.09 mg/dl) (Fig. 3b). The sclerotic indices at 6 months of age in Crb2Mpod-
Cre™* mice were significantly higher than in Crb2*/*pod-Cre’®* or Crb2% mice (1.61+0.48 vs. 0.07 £0.04 or
0.08+0.04, P<0.0001) (Fig. 3c). The fibrotic indices at 6 months of age in Crb2" pod-Cre™* mice were signifi-
cantly higher than in Crb2**pod-Cre™®"* or Crb2"! mice (1.66 +0.63 vs. 0.28 £0.07 or 0.36+0.18, P<0.0001 or
P=0.0001) (Fig. 3d).

Hemosiderin accumulation and CD68-positive cells are detected in the interstitium of podo-
cyte-specific Crb2 knockout mice at 6 months of age.  We detected brown cells in the interstitium of
Crb2¥8pod-Cre™* mice after staining with periodic acid-Schiff (Fig. 3c), therefore we performed Berlin blue
staining. The blue area was significantly larger in Crb2#pod-Cre'®* mice than in Crb2**pod-Cre'®* or Crb2"
mice (29.8% £11.5% vs. 0% +0% or 0% +0%, P<0.0001), suggesting hemosiderin accumulation in the tubu-
lointerstitial area (Fig. 4a). The brown cells in the tubulointerstitial area of Crb2pod-Cre™* mice were positive
for CD68, suggesting they were hemosiderin-laden macrophages. CD68-positive cells were significantly more
frequent in the tubulointerstitial area of Crb2/pod-Cre'®* mice than in Crb2**pod-Cre™* or Crb2"! mice
(3.56+1.48 vs. 0.02£0.04 or 0.08 £0.13 cells per high-power field, P=0.0001) (Fig. 4b).

Electron microscopy shows morphological changes in the podocyte foot processes of podo-
cyte-specific Crb2 knockout mice at 6 months of age. Transmission electron microscopy revealed
increased segmental foot process effacement in Crb2pod-Cre’®* mice compared to Crb2 mice at 6 months
of age (Fig. 4c). The mean width of the foot processes in Crb2pod-Cre™* mice was significantly greater than
in Crb2"" mice (0.683 +0.021 vs. 0.377 £ 0.095 pm, P=0.0054) (Fig. 4c). Scanning electron microscopy revealed
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Figure 1. Generation of podocyte-specific Crb2 knockout mice. (a) Two loxP sites were inserted into introns 6
and 8 of the Crb2 gene to skip exons 7 and 8 in the Crb2 floxed allele. (b) While there was a 353-bp band with
Crb2 primers in Crb2"" mice and Crb2"pod-Cre™* mice, there was a 153-bp product in Crb2**pod-Cre's*
mice. There was a 102-bp band with pod-Cre primers in Crb2**pod-Cre'®* mice and Crb2/fpod-Cre'®* mice.
(c) There were a strong band between 140-180 kDa and a weak band between 180-245 kDa markers with CRB2
antibody in the glomeruli from Crb2*/*pod-Cre™®* mice or Crb2"! mice, while these bands were invisible

in those of Crb2"1pod-Cre'®* mice at 2 months of age. The band of B-actin was similar among the three
groups. (d) Synpo, a podocyte marker, was co-localized with Crb2 in Crb2*/*pod-Cre™®* or Crb2"! mice. No
co-localization of Crb2 and Synpo was observed in Crb2%pod-Cre™* mice. Scale bars 20 um.
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Figure 2. Podocyte-specific Crb2 knockout mice develop massive albuminuria and microhematuria at

2 months of age. (a) Massive albuminuria was observed at 2 months of age in Crb2%pod-Cre™* mice
compared to Crb2**pod-Cre™®"* or Crb2 mice. Microhematuria was observed at 2 months of age in Crb2/
Ipod-Cre'®* mice compared to Crb2*"*pod-Cre™®* or Crb2¥ mice. (b) The blood urea nitrogen and serum
creatinine levels were comparable among the three groups at 2 months of age. (c) The sclerotic indices were
comparable among the three groups at 2 months of age. Scale bars 50 pm. (d) The fibrotic indices were
comparable among the three groups at 2 months of age. Scale bars 100 um. Data are presented as mean + SD.
Statistical analysis by one-way analysis of variance, followed by Schefte’s multiple comparison test; n=6 in each
group. **P<0.01, ***P<0.0001.

damage to the podocyte foot process’s urinary side in Crb2%%pod-Cre™* mice compared to Crb2"! mice at
6 months of age (Fig. 4d). Hemosiderin-laden macrophages were observed in the interstitial area of Crb21pod-
Cre™®* mice but not in that of Crb2%% mice at 6 months of age (Fig. 4e).

RNA sequencing (RNA-seq) analysis. We performed RNA-seq of the total kidney RNA extracts from
Crb2¥8pod-Cre™* and Crb2%! mice at 6 months of age. The fragments per kilobase of exon per million reads
mapped (FPKM) of 23,913 genes are described in Supplementary Table S1. After removing the zero mapped
reads, the log 2 ratio was calculated from the 13,880 genes (Supplementary Table S2). There were 3174 and 666
significant genes before and after correction with the Benjamini and Hochberg method (Supplementary Fig. S4,
S5a, Supplementary Table S2). Among 666 significant genes, 477 genes were upregulated >2-fold, and 16 genes
were downregulated > 2-fold in Crb2pod-Cre™®* mice compared to Crb2" mice (Supplementary Table S2).
As podocyte-related genes were not included in the 477 upregulated and 15 downregulated genes, 3174 genes
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Figure 3. Podocyte-specific Crb2 knockout mice develop FSGS at 6 months of age. (a) Massive albuminuria
was observed at 6 months of age in Crb2pod-Cre™®* mice compared to Crb2**pod-Cre™* or Crb2"" mice.
Microhematuria was observed at 6 months of age in Crb2#pod-Cre'®* mice compared to Crb2**pod-Cre'®*
or Crb2 mice. (b) The blood urea nitrogen and serum creatinine levels were comparable among the three
groups at 6 months of age. (c) The sclerotic indices in Crb2¥#pod-Cre™®* mice were significantly higher than
those in Crb2**pod-Cre™* or Crb2" mice. Scale bars 50 um. (d) The fibrotic indices in Crb2pod-Cre#*
mice were significantly higher than those in Crb2**pod-Cre™* or Crb2 mice. Scale bars 100 um. Data are
presented as mean + SD. Statistical analysis by one-way analysis of variance, followed by Schefte’s multiple
comparison test; n=6 in each group. ***P<0.001, ***P<0.0001.

before correction with the Benjamini and Hochberg method were reviewed. There were 1173 >2-fold upregu-
lated genes and 91 >2-fold downregulated genes in Crb2%%pod-Cre™* mice compared to Crb2"! mice (Sup-
plementary Table S2). We listed the top 50 upregulated (Supplementary Table S3) and downregulated (Supple-
mentary Table S4) genes. The slit diaphragm-associated protein Nphs2 was included in the top 50 downregulated
genes, with a significant difference in expression (log 2 ratio: — 1.46, P=0.0478). Other slit diaphragm-associated
proteins including Cd2ap (log 2 ratio: 0.52, P=0.059), Nephl (no data), Nphsl (log 2 ratio: —0.93, P=0.05),
Synpo (log 2 ratio: 0.40, P=0.403), and Tjp1 (log 2 ratio: 0.28, P=0.262) showed no significant changes. Regard-
ing apical membrane proteins, Podxl was significantly downregulated (log 2 ratio: —0.75, P=0.026), and Pdpn
was significantly upregulated (log 2 ratio: 1.8, P=0.008).

The protein expressions of Nphs2, Podxl, and Nphsl and the number of Wtl-positive cells in
the glomeruli are decreased in podocyte-specific Crb2 knockout mice at 6 months of age. We
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Figure 4. Hemosiderin accumulation and CD68-positive cells in the interstitium of podocyte-specific Crb2
knockout mice at 6 months of age and electron microscopic study. (a) The blue area was significantly larger in
Crb2"pod-Cre™* mice than in Crb2**pod-Cre™®"* or Crb2!! mice. Scale bars 100 um. (b) The brown cells
in the interstitium of Crb2/4pod-Cre'®* mice were positive for CD68, suggesting that they were macrophages.
CD68-positive cells were significantly more frequent in the interstitium of Crb2""pod-Cre™* mice than in
that of Crb2**pod-Cre™* or Crb2"! mice. HPF high-power field. Scale bars 50 um. Data are presented as
mean + SD. Statistical analysis by one-way analysis of variance, followed by Scheffe’s multiple comparison test;
n=5 in each group. ***P <0.001, ***P<0.0001. (c) Transmission electron microscopy showed foot process

effacement in Crb2pod-Cre™* mice compared to Crb

2ﬂ/ﬂ

mice. Scale bars 1 pm. The mean width of the foot

processes in Crb2pod-Cre®* mice was significantly greater than that in Crb2%! mice. Data are presented

as mean + SD. Statistical analysis by Student’s ¢-test; 7 =3 in each group. **P<0.01. (d) Scanning electron
microscopy showed damage to the foot processes urinary sides in Crb2pod-Cre™®* mice compared to Crb
mice. Scale bars 1 um. (e) Hemosiderin-laden macrophages were observed in the interstitial area of Crb2#1pod-
Cre"®* mice, but not in that of Crb2" mice, at 6 months of age. Scale bars 10 pm.
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examined whether the expression of Nphs2, Podxl, or Nphsl is decreased in the glomeruli. An immunofluo-
rescence study showed that the expressions of Nphs2 (1.98+0.16 vs. 3.62+0.28, P<0.0001), Podxl (2.98+0.28
vs. 3.9+£0.07, P<0.0001), and Nphsl (3.26+0.18 vs. 3.80+0.19, P=0.0017) were significantly decreased in
Crb2"pod-Cre™* mice compared to Crb2" mice (Fig. 5a). The protein expressions of Nphs2 (0.627 +0.259
vs. 1.039+0.191, P=0.0211), Podxl (0.775+0.110 vs. 1.003+0.135, P=0.0189), and Nphsl (0.625+0.139 vs.
0.967 £0.260, P=0.0320) were significantly decreased in Crb2""pod-Cre™* mice compared to Crb2"1 mice
(Fig. 5b). Full-length blots are presented in Supplementary Fig. S6, S7 online. Wt1-positive cells (7.9+1.2 vs.
9.8+0.7, P=0.0131) were significantly decreased in the glomeruli of Crb2""pod-Cre™* mice compared to those
of Crb2" mice (Fig. 5¢).

Circulating permeability factors in mouse serum samples at 6 months of age. The serum lev-
els of either cardiotrophin like cytokine factor 1 (CLCF1) or tumor necrosis factor (TNF)-a were found to be
comparable among the three groups (Fig. 6a,b). The serum levels of soluble urokinase-type plasminogen activa-
tor receptor (suPAR) were significantly elevated in the Crb2pod-Cre'¥* mice compared to the Crb2"" mice
(2.56£0.60 vs. 0.65+0.46, P=0.016) while there was no significant difference between the serum levels of the
Crb2"8pod-Cre™* mice and the Crb2*/*pod-Cre™* mice (Fig. 6¢).

Generation of CRB2 knockout human immortalized podocytes. The endogenous expression of
CRB2 in differentiated human culture podocytes was weakly observed in the nucleus and cytoplasm (Fig. 7a).
In differentiated human podocytes electroporated with carboxy-terminal FLAG-tagged mouse full-length Crb2,
the staining of CRB2 and FLAG co-localized in the cytoplasm, although their staining was weak in the plasma
membrane (Fig. 7b). We used four different single-guide RNA (sgRNA)s targeting exon 2 of CRB2 (sgRNAI,
sgRNA2484, sgRNA2491, sgRNA 2497) to generate CRB2 knockout human podocytes. Single-cell cloning was
performed in a 96-well plate for each sgRNA. The sequence analysis of 17 clones (t1-t17) from sgRNA1, 2 (t18-
t19) from sgRNA2484, 17 (t20-t36) from sgRNA2491, and 6 (t37-t42) from sgRNA2497 revealed 5 candidate
clones (19, t17, t21, t29, t32) containing indel mutations. Of the five clones, t17 and t32 were confirmed as a
CRB2 knockout clone after repeated sequence analyses. We detected a 627-bp product in wild-type podocytes,
614-bp and 388-bp products in CRB2 knockout t17 clone, and 628-bp and 464-bp products in the CRB2 knock-
out t32 clone (Fig. 7c). Full-length gels are presented in Supplementary Fig. S8 online. The CRB2 knockout t17
clone contained a mutation in an allele (c.336_348del TGCATCCCGGCCG) that caused a frameshift mutation
and premature stop codon due to a 13-bp deletion (mutant protein with 136 amino acids) and a mutation in
the other allele (c.114_352del) that caused a frameshift mutation and premature stop codon due to a 239-bp
deletion (mutant protein of 200 amino acids) (Fig. 7d). The CRB2 knockout t32 clone contained a mutation in
an allele (c.195insC) that results in a mutant protein with 110 amino acids and a mutation in the other allele
(c.188_350del) that results in a mutant protein of 86 amino acids due to a 163-bp deletion (Fig. 7d). A Western
blot analysis with CRB2 antibody showed weak bands above and below 140 kDa, which were almost of similar
sizes to the CRB2-DYK positive control. However, these bands were invisible in the CRB2 knockout t17 and t32
clones (Fig. 7e). B-actin served as a loading control (Fig. 7). Full-length blots are presented in Supplementary
Fig. S9 online. The protein expressions of NPHS2, PODXL, and NPHS1 were comparable among the wild-type,
CRB2 knockout t17 and t32 clones (Fig. 7f). Full-length blots are presented in Supplementary Fig. S10, S11
online. MPP5 (PALS1) and PAT] expressions were also comparable between wild-type podocytes and CRB2
knockout clones (Supplementary Fig. S12). Full-length blots are presented in Supplementary Fig. S13 online.
The morphology of CRB2 knockout human podocytes was rounded compared to wild-type human podocytes.
In an attempt to find an explanation, we evaluated the expression of F-actin. The F-actin positive area was sig-
nificantly decreased in CRB2 knockout t17 (P=0.0011) or t32 (P=0.0359) clones compared to wild-type human
podocytes (Fig. 7g).

Apoptosis and adhesion assay. The apoptosis assay demonstrated that CRB2 knockout t17 (P<0.0001)
and t32 (P=0.0002) clones are more susceptible to apoptosis under serum starvation compared to wild-type
human podocytes (Fig. 8a). CRB2 knockout t17 clone was more susceptible to apoptosis under high glucose
than wild-type human podocytes (P<0.0001). However, there was no significant difference between CRB2
knockout t32 clone and wild-type podocytes (Fig. 8b). Adhesion assay showed decreased adhesive ability in
CRB2 knockout t32 clone compared to wild-type podocytes or CRB2 knockout t17 clone. There was no signifi-
cant difference between CRB2 knockout t17 and wild-type podocytes (Fig. 8c).

Discussion
The present study showed that podocyte-specific Crb2 knockout mice developed massive albuminuria and
microhematuria at 2 months of age, FSGS with tubulointerstitial fibrosis at 6 months of age, and that podocyte-
specific deficiency of CRB2 was associated with segmental foot process effacement, significant downregulation
of slit diaphragm-associated proteins (Nphsl, Nphs2), apical membrane protein (Podxl) and decreased num-
ber of glomerular Wtl-positive cells compared to their negative control counterparts. In addition, this study
demonstrated that CRB2 knockout human immortalized podocytes showed abnormal morphology, decreased
expression and distribution of F-actin, and high susceptibility to apoptosis compared to wild-type podocytes.
Overall, these observations underscore the critical role of CRB2 in the glomerular filtration barrier.
Disruption of the Crb2 protein in podocytes might cause actin cytoskeleton reorganization in podocytes’
foot process. The 37-amino-acid cytoplasmic domain of CRB2 is 100% identical in humans and mice. This cyto-
plasmic domain contains a binding site for the FERM domain of moesin that binds to actin filaments through
its carboxy-terminal domain'. In our present knockout mouse model, the deletion of exons 7 and 8 caused a
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Figure 5. The protein expressions of Nphs2, Podxl, and Nphs1 and the number of Wt1 positive cells in the
glomeruli were decreased in podocyte-specific Crb2 knockout mice. (a) An immunofluorescence study showed
that Nphs2, Podxl, and Nphs1 expression significantly decreased in Crb2""pod-Cre™®* mice compared to
Crb2 mice. Scale bars 50 um. (b) The protein expressions of Nphs2, Podxl, and Nphs1 were significantly
decreased in Crb2pod-Cre™®* mice compared to Crb2"? mice. (c) Wtl-positive cells were significantly

decreased in the glomeruli of Crb!

201p0d-Cre

Tg/+

mice compared to those of Crb

2ﬂ/ fl

mice. Data are presented as

mean + SD. Statistical analysis by Student’s ¢-test; n=5 in each group. *P<0.05, **P<0.01, ***P<0.0001.
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Figure 6. The circulating permeability factors in the mouse serum samples at 6 months of age. (a) The serum
levels of CLCF1 were comparable among the three groups. (b) The serum levels of TNF-a were comparable
among the three groups. (c) The serum levels of suPAR were significantly elevated in the Crb2pod-Cre#*
mice compared to the Crb2"! mice while there was no significant difference between serum levels of the Crb2%
Ipod-Cre'®* mice and the Crb2*"*pod-Cre™* mice. Data are presented as the mean = SD. The statistical analysis
was performed by a one-way analysis of variance, followed by Scheffe’s multiple comparison test; n=5 in each
group. *P<0.05. CLCF1 cardiotrophin like cytokine factor 1, TNF-« tumor necrosis factor-a, suPAR soluble
urokinase-type plasminogen activator receptor.

frameshift mutation, resulting in a mutant Crb2 protein of 370 amino acids lacking the cytoplasmic domain.
This mutant Crb2 protein without the FERM binding motif in podocytes is likely unable to bind to moesin,
and consequently, reorganization of the actin cytoskeleton occurs. The differential gene expression pattern in
podocyte-specific Crb2 knockout mice shown by the RNA-seq study (Supplementary Fig. S5b), the abnormal
rounded morphology, and the decreased expression and cellular distribution of F-actin in CRB2 knockout
human immortalized podocytes compared to their wild-type counterparts support the hypothesis that the actin
cytoskeleton is abnormally reorganized in podocyte-specific Crb2-deficient mice. Interestingly, CRB2 knockout
human immortalized podocytes were more susceptible to apoptosis under serum starvation than wild-type
human podocytes. Based on these observations, we speculate that loss-of-function of CRB2 in podocytes induces
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«Figure 7. Generation of CRB2 knockout human immortalized podocytes. (a) The endogenous expression of
CRB2 in differentiated human culture podocytes was weakly observed in the nucleus and cytoplasm. Scale bar
20 um. (b) In differentiated human podocytes electroporated with carboxy-terminal FLAG-tagged mouse full-
length Crb2, the staining with rabbit anti-CRB2 antibody and mouse anti-FLAG antibody was co-localized in
the cytoplasm and was weak in the plasma membrane. Scale bars 20 pm. (¢) While there was a 627-bp product
in wild-type podocytes, there were 614- and 388-bp products in CRB2 knockout t17 clone and 628- and 464-
bp products in CRB2 knockout t32 clone. The left lane was the 100-bp marker. (d) The CRB2 knockout t17
clone possessed mutations in an allele with ¢.336_348del TGCATCCCGGCCG, which caused a frameshift
mutation and premature stop codon due to a 13-bp deletion, and in the other allele with c.114-352del, which
caused a frameshift mutation and premature stop codon due to a 239-bp deletion. The CRB2 knockout t32
clone possessed mutations in an allele with ¢.195insC, which caused a frameshift mutation and premature
stop codon due to a 1-bp insertion, and in the other allele with c.188-350del, which caused a frameshift
mutation and premature stop codon due to a 163-bp deletion. (e) There were weak bands above and below
140 kDa marker with CRB2 antibody in the lysates of wild-type podocytes, while these bands were invisible
in those of CRB2 knockout t17 and t32 clones. The positive control was a lysate from human embryonic
kidney 293 cells transfected with CRB2-DYK. B-actin served as a loading control. (f) The protein expressions
of NPHS2, PODXL, and NPHS1 were comparable among wild-type, CRB2 knockout t17, and t32 clones. (g)
The F-actin positive area in CRB2 knockout t17 or t32 clones significantly decreased compared to wild-type
human podocytes. Scale bars 50 pm. Data are presented as mean + SD. Statistical analysis by one-way analysis
of variance, followed by Scheffe’s multiple comparison test; =6 in each group. *P<0.05, **P<0.01. CRB2KO
CRB2 knockout, WT wild-type.

abnormal reorganization of the actin cytoskeleton and major susceptibility to apoptosis, leading to increased
loss of podocytes and ultimately to focal segmental glomerulosclerosis.

The Nphs2 expression was significantly downregulated in podocyte-specific Crb2 knockout mice before cor-
recting with the Benjamini and Hochberg method. However, the expression of other slit diaphragm-associated
proteins was comparable. We then assessed the protein expressions of Nphs2 and Nphs1 and found that they
were significantly decreased in podocyte-specific Crb2 knockout mice. The slit diaphragm-associated protein
NPHS?2 is a hairpin-like membrane protein with intracellular amino- and carboxy-terminal domains®. The
carboxy-terminal domain of NPHS2 interacts with NPHS1 and CD2AP%. This CD2AP is an adapter protein
that directly interacts with the actin cytoskeleton through its carboxy-terminal domain?!. Nphs2 knockout mice
develop massive proteinuria and die 5 weeks after birth??. The decreased expression of Nphs1 and Nphs2 was
associated with a decreased number of Wtl-positive cells in the glomeruli of podocyte-specific Crb2 knockout
mice, further suggesting that an accelerated loss of podocytes occurred in our current disease mouse model.

The RNA-seq results before correction by the Benjamini and Hochberg method revealed that the Podxl
expression was significantly downregulated in podocyte-specific Crb2 knockout mice. The protein expression
of Podxl was also significantly decreased in the mouse model. PODXL is a major polyanion sialoprotein of
podocytes localized on podocytes’ apical surfaces, as demonstrated by immunoelectron microscopy®. Podxl
knockout mice are anuric and die within 24 h of birth**. PODXL interacts with the actin cytoskeleton through
Ezrin and Nherf2?>%, and this interaction is disrupted in rats with PAN nephritis®®. These observations suggest
that the decreased expression of Podxl also contributes to the reorganization of the actin cytoskeleton in podo-
cytes, which is manifested as a foot process effacement in our present podocyte-specific Crb2 knockout mice.

Microhematuria is a common observation during the progression of chronic kidney disease. Therefore,
microhematuria and albuminuria observed in our podocyte-specific Crb2 knockout mice are probably indicators
of progressive tubulointerstitial fibrosis”’. Our present mouse model also showed the presence of CD68-positive
and hemosiderin-containing cells in the vicinity of proximal renal tubules. The uptake of hemoglobin by proximal
tubular epithelial cells may cause oxidative injury®. Indeed, the KEGG pathways in a David functional analysis
of 1173 > 2-fold upregulated genes showed that many genes were associated with the complement system (Sup-
plementary Table S5).

We measured the circulating factors, such as CLCF1, suPAR, and TNF-a*-2. In line with the primary causes
of FSGS through the deletion of Crb2 in podocytes, the circulating FSGS factors were largely found to be normal.

Several other mechanisms might be involved in the development of FSGS in the podocyte-specific Crb2
knockout mice. A gain-and-loss of function study for Crumbs in Drosophila revealed dysregulation in the
Hippo signaling pathway through its FERM domain-binding motif****. The role of CRB2 in podocyte develop-
ment through tyrosine phosphorylation was associated with the activation of mammalian target of rapamycin
complex 1%. Although the complete-knockout of Crb2 is associated with embryonic lethality due to defects in
epithelial cell polarization'®, our present mouse model showed no embryonic lethality. This discrepancy may
be explained by the use of Cre recombinase under the control of the NPHS2 promoter in the present model.
Therefore, the present model may depict the role of Crb2 in the structural integrity of podocytes rather than its
role in cell polarity.

Several limitations associated with the present study warrant mention. First, the phenotype of podocyte-
specific Crb2 knockout mice was much milder than changes observed in patients with CRB2 mutations. In mice,
the complete Crb2 knockout mice showed embryonic lethality, and in humans, intrauterine growth restriction
has been reported. Therefore, the present podocyte-specific deletion of Crb2 might be more specific to the kidney
phenotype. Although we examined urine at 1 month of age in four mice as a preliminary experiment and only
the Crb2Mpod-Cre™®* mouse showed massive albuminuria (Supplementary Table S6), we have not conducted
such examinations in younger mice to clarify the timing of the onset of albuminuria. Second, the fact that we
performed an analysis of the RNA-seq using whole kidney tissues instead of using isolated glomeruli to enrich
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Figure 8. Apoptosis and adhesion assay. (a) Apoptotic assay demonstrated that CRB2 knockout t17 and

t32 clones were more susceptible to apoptosis under serum starvation than wild-type human podocytes. (b)
CRB2 knockout t17 clone was more susceptible to apoptosis under high glucose conditions than wild-type
human podocytes, while there was no significant difference between CRB2 knockout t32 clone and wild-type
podocytes. Data are presented as mean + SD. Statistical analysis by one-way analysis of variance, followed

by Scheffe’s multiple comparison test; #=4 in each group. *P<0.05, **P<0.01, ***P<0.001, ***P<0.0001.

(c) Adhesion assay showed decreased adhesive ability in CRB2 knockout t32 clone compared to wild-type
podocytes or CRB2 knockout t17 clone while there was no significant difference between CRB2 knockout t17
and wild-type podocytes. Data are presented as mean + SD. Statistical analysis by one-way analysis of variance,
followed by Scheffe’s multiple comparison test; n=>5 in each group. *P<0.05, **P<0.01. CRB2KO CRB2
knockout, FBS fetal bovine serum, HG high glucose, LG low glucose, WT wild-type.

for podocytes or conducting a single-cell analysis with podocytes to show changes in slit diaphragm genes was
another limitation of our present study. This may explain why we failed to detect podocyte-related genes after
correction with the Benjamini and Hochberg method. Third, although the numbers of glomerular WT1-positive
cells were decreased in the present mouse model, there was a possibility that the WT1 expression might be
downregulated in podocytopathies, even where the podocyte number remained intact. Fourth, the endogenous
expression of CRB2 in immortalized human podocytes was much weaker compared to mouse model and might
not reflect the real situation in in vivo model. A previous article also reported that the endogenous CRB2 expres-
sion in the mouse immortalized podocyte cell line was undetectable®

Overall, this study’s results suggest that the specific deprivation of Crb2 in podocytes causes alteration of the
actin cytoskeleton, dysfunction, and accelerated apoptosis of podocytes leading ultimately to focal segmental
glomerulosclerosis.
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Methods

Animal experiments. Crb2 floxed mice were designed so that loxP sites could skip exons 7 and 8 of the
Crb2 gene. NPHS2-cre mice were purchased from Jackson Laboratory (Bar Harbor, ME, USA). Podocyte-spe-
cific Crb2 knockout mice were generated by breeding Crb2! mice with pod-Cre'®* mice. All animal experi-
ments were approved by the Animal Care and Use Committee of Mie University (No. 27-32) and Karolinska
Institute (N271-13) and all methods were performed in accordance with the relevant guidelines and regulations.
The reporting in the manuscript followed the recommendations in the ARRIVE guidelines.

Urine and blood chemistry analyses. ACR, microhematuria, BUN, and Cr levels were examined at 2 or
6 months of age (n=6 each). The ACR levels were measured using an immunoturbidimetric method for urinary
albumin (Shibayagi, Gunma, Japan) and an enzymatic assay for urinary creatinine (Wako, Tokyo, Japan). Micro-
hematuria was measured using dipsticks Uropaper III (Eiken Kagaku, Tokyo, Japan), and semiquantification was
performed by dividing into five categories: () as 0, (+/-) as 0.5, (1+) as 1, (2+) as 2, and (3+) as 3. The BUN and
Cr levels were measured as described previously™.

Renal histology. Periodic acid-Schiff staining or Massons trichrome staining was performed at 2 or
6 months of age (n=6 each). The sclerotic index was calculated in 50 randomly selected glomeruli from each
mouse, and the fibrotic index was calculated in 20 randomly selected areas from each mouse, as described
previously™’.

Immunofluorescence study. Human kidney paraffin sections were purchased from Zyagen Laboratories
(San Diego, CA, USA). Mouse paraffin sections (3 um) were prepared from Crb2**pod-Cre'®* mice, Crb2%
1 mice, and Crb2¥%pod-Cre™" mice at 2 months of age. Antigen retrieval in sodium citrate buffer (10 mM
sodium citrate, 0.05% Tween 20, pH 6.0) was performed at 96 °C for 60 min. The primary and secondary anti-
bodies were rabbit anti-CRB2 antibody (Abcam, Cambridge, UK) and mouse anti-SYNPO antibody (PROGEN
Biotechnik GmbH, Heidelberg, Germany), and Alexa Fluor 488 goat anti-rabbit and 546 goat anti-mouse IgG
(H&L) (ThermoFisher Scientific, Waltham, MA, USA), respectively. The nuclei were stained with 4’,6-diamind-
ino-2-phenylindole (DAPI).

Western blotting. The glomeruli were isolated from Crb2**pod-Cre™®* mice, Crb2¥% mice, and Crb2¥
fpod-Cre®* mice at 2 months of age (n=3 each) by perfusing magnetic beads without collagenase digestion®.
The samples were separated on 4-12% Bis-Tris gels and transferred to polyvinylidene difluoride membranes.
After blocking, the membranes were cut around 60 kDa and incubated with rabbit anti-CRB2 antibody (1:2000)
(Abcam) and mouse anti-B-actin antibody (1:2000) (Cell Signaling, Danvers, MA, USA) at 4 °C overnight. After
washing, the membranes were incubated with horseradish peroxidase-linked donkey anti-rabbit or anti-mouse
antibody (1:3000) (GE Healthcare, Chicago, IL, USA). Protein detection was performed using ECL prime West-
ern blotting detection reagent (GE Healthcare). 3-actin served as a loading control.

Berlin blue staining. Mouse paraffin sections (3 pum) from Crb2**pod-Cre™* mice, Crb2!! mice, and
Crb2¥8pod-Cre™* mice at 6 months of age (n=5 each) were stained with the Berlin blue staining set (Wako)
according to the manufacturer’s instructions. After washing, the sections were incubated with 0.1% Nuclear fast
red-aluminum sulfate solution (Merck Millipore, Burlington, MA, USA) for 5 min at room temperature. The
blue area/whole area was calculated in 10 randomly selected areas from each mouse using the Image] software
program version 1.51 (https://imagej.nih.gov/ij/, National Institutes of Health, Bethesda, MD, USA).

CD68 staining. Mouse paraffin kidney sections (3 pm) from Crb2**pod-Cre'®* mice, Crb2!! mice, and
Crb2¥pod-Cre’®* mice at 6 months of age were incubated with proteinase K (20 pg/ml) for 20 min at room
temperature (n=>5 each). Staining was performed using the VECTASTAIN Elite ABC Kit (rabbit IgG) (Vec-
tor Laboratories, Burlingame, CA, USA). The primary antibody was the rabbit anti-CD68 antibody (Abcam).
The sections were incubated with 1% 3,3’-Diaminobenzidine (DAB) solution and counterstained with Mayer’s
Hematoxylin solution. CD68-positive cells were counted in 10 randomly selected high-power fields from each
mouse.

Transmission and scanning electron microscopy. The kidney samples of Crb2 mice or Crb2¥pod-
Cre™®* mice at 6 months of age (n=3 each) were pre-fixed in 0.1 M phosphate buffer with 2.5% glutaraldehyde
and 2% paraformaldehyde (PFA) and post-fixed in 2% osmium tetra-oxide for 2 h at 4 °C. For transmission
electron microscopy, the samples were embedded in epoxy resin, and ultrathin sections were examined with
a HITACHI H-700 (Hitachi, Tokyo, Japan). The mean width of the foot processes with a glomerular basement
membrane exceeding 400 pm was calculated in two to three glomeruli per mouse, as previously described®.
For scanning electron microscopy, the samples were dehydrated, coated with an osmium plasma ion coater, and
examined with an SM-7500F (JEOL, Tokyo, Japan).

Semiquantification in immunofluorescence. Mouse frozen kidney sections (7 pm) were prepared
from Crb2%! mice or Crb2¥%pod-Cre™®"* mice at 6 months of age (each n=>5). Fixation was performed in acetone
at —20 °C for 10 min. The primary and secondary antibodies were rabbit anti-NPHS2 antibody*® or rabbit anti-
PODXL antibody*' or rabbit anti-NPHS1 antibody*? or rabbit anti-WT1 antibody (Abcam) and Alexa Fluor
488 goat anti-rabbit IgG (H&L), respectively. The images of 10 randomly selected glomeruli in each mouse were
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captured with an FV1000 confocal laser scanning microscope (Olympus, Tokyo, Japan). The semiquantification
of the expression of Nphs2, Podxl, and Nphsl was performed as described previously*'. Total kidney lysates
were prepared from Crb2%! mice or Crb2"pod-Cre’®* mice at 6 months of age (each n=5) for Western blot-
ting. The membranes were cut around 60 kDa before incubation with primary antibodies. The membrane after
incubation with rabbit anti-NPHS2 antibody was stripped and then reprobed with mouse anti-p-actin antibody.
Wtl-positive cells were counted in 30 glomeruli per mouse.

Measurement of the circulating permeability factors in the mouse serum samples. The serum
CLCF1, suPAR, and TNF-a levels were examined at 6 months of age (n=5 each) using a Mouse Cardiotrophin
Like Cytokine Factor 1 ELISA Kit (ABclonal, Woburn, MA, USA), Mouse Soluble Urokinase Plasminogen Acti-
vator Receptor ELISA Kit (MyBioSource, San Diego, CA, USA), and Mouse TNF alpha ELISA Kit (Abcam)
according to the manufacturer’s recommendations. All experiments were performed in duplicate with the serum
samples diluted at 1:10.

Cell culture. Human immortalized podocytes were cultured in RPMI 1640 medium (Wako) with 10% fetal
bovine serum, insulin-transferrin-selenium-A (Wako), and penicillin/streptomycin at 33 °C (in 5% CO,) to
promote cell propagation®’. The cells were moved to a 37 °C (in 5% CO,) incubator for 2 weeks to promote
cell differentiation. Differentiated human podocytes were reseeded on type I collagen-coated cover glasses and
fixed with 4% PFA for 20 min. The cover glasses were incubated with rabbit anti-CRB2 antibody (Abcam) or
no primary antibody. The slides were then mounted after incubation with Alexa Fluor 488 goat anti-rabbit IgG
(H&L) and DAPI. Kozak sequence (GCCACC)-full-length mouse Crb2 cDNA without a stop codon was cloned
into the EcoRI and Sall sites of pPFLAG-CMV-5a. The carboxy-terminal FLAG-tagged mouse full-length Crb2
or FLAG-empty vector was electroporated into differentiated human podocytes (2 x 10° cells) with 4D-Nucle-
ofector (Lonza, Basel, Switzerland). The electroporated cells were reseeded onto type I collagen-coated cover
glasses and fixed in 4% PFA for 20 min. The primary and secondary antibodies were rabbit anti-CRB2 antibody
(Abcam) and mouse anti-FLAG antibody (Sigma Aldrich, St. Louis, MO, USA), and Alexa Fluor 488 goat anti-
rabbit and 546 goat anti-mouse IgG (H&L), respectively. The nuclei were stained with DAPI and examined with
an FV1000 confocal laser scanning microscope.

Generation of CRB2 knockout human immortalized podocytes. CRB2 knockout podocytes were
generated using a CRISPR-Cas9 system. Four different single-guide RNA (sgRNA)s that targeted exon 2 of
CRB2 were used. The sequences of CRB2 sgRNA1, sgRNA2484, sgRNA2491, and sgRNA2497 were 5'-ACATCG
ATGAGTGTGCATCC-3', 5'-GAGAGTGGTGGCTATACCTG-3', 5'-TGGCTATACCTGTGGGCCCA-3', and
5'-AGAGTGGTGGCTATACCTGT-3', respectively. Each sgRNA (1.25 ug) was used to transfect undifferenti-
ated podocytes (0.5% 10° cells/well) at 33 °C with Lipofectamine CRISPRMAX, TrueCut Cas9 Protein v2, Cas9
plus reagent (ThermoFisher Scientific). After 3 days, single-cell cloning was performed by dilution in 96-well
plates. After 3 weeks, genomic DNA was extracted from each clone, and sequence analysis was performed to
detect indels. For Western blotting, cell lysates were prepared from wild-type or CRB2 knockout human podo-
cytes, and positive control was a lysate of human embryonic kidney 293 cells transfected with pcDNA3.1-full-
length human CRB2-DYK. The membranes were cut around 60 kDa before incubation with primary antibodies.
The membrane after incubation with rabbit anti-NPHS2 antibody was stripped and then reprobed with mouse
anti-B-actin antibody. Primary antibodies were anti-CRB2 antibody (Abcam) (1:2000), mouse anti-p-actin anti-
body (1:2000) (Cell Signaling), rabbit anti-NPHS2 antibody (1:1000)*’, rabbit anti-PODXL antibody (1:1000)
(Proteintech, Rosemont, IL, USA), mouse anti-NPHS1 antibody (1:1000) (Santa Cruz Biotechnology, Dallas,
TX, USA), rabbit anti-PAT] antibody (1:1000) (Sigma Aldrich), and rabbit anti-MPP5 antibody (1:1000) (Sigma
Aldrich). F-actin positive areas (each n=6) were calculated after staining with Phalloidin-iFluor 488 (Cayman
Chemical, Ann Arbor, MI, USA).

Apoptosis assay and adhesion assays in human immortalized podocytes. Apoptosis assay was
performed to examine the effects of serum starvation or high glucose. Human immortalized podocytes were cul-
tured in RPMI 1640 medium (Wako) with 10% or 0.5% fetal bovine serum for 48 h for serum starvation. Human
immortalized podocytes were cultured in RPMI 1640 medium (Wako) with 2000 or 5400 mg/dl for 48 h for
high glucose. Then, cells were harvested for Annexin V-FITC/PI flow cytometry. Adhesion assay was performed
using CytoSelect 48-well Cell Adhesion Assay (Collagen IV-coated, Colorimetric) kit (Cell Biolabs, San Diego,
CA, USA). The OD 570 nm was measured in a plate reader.

Statistical analyses. Data are represented as the mean + standard deviation (SD). Statistical analyses of the
data were performed using the StatView software program version 5.0 (SAS Institute, Cary, NC, USA). Compari-
sons among the three mouse groups were performed using a one-way analysis of variance, followed by Scheffe’s
multiple comparison test. Comparisons between two mouse groups were performed using Student’s ¢ test. P
values of <0.05 were considered significant.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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