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Abstract:  
Focal Segmental Glomerulosclerosis (FSGS) is a histologic lesion caused by a variety of 

injurious stimuli that lead to dysfunction/loss of glomerular visceral epithelial cells (i.e. 

podocytes). Pathogenic mutations in CRB2, encoding the type 1 transmembrane protein Crumb 

2 Homolog Protein, have been shown to cause early-onset corticosteroid-resistant nephrotic 

syndrome (SRNS)/FSGS. Here, we identified a 2-generation East Asian kindred (DUK40595) 

with biopsy-proven SRNS/FSGS caused by a compound heterozygous mutation in CRB2 

comprised of the previously described truncating mutation p.Gly1036_Alafs*43 and a rare 9-

bp deletion mutation p.Leu1074_Asp1076del. Because compound heterozygous mutations 

involving the truncating p.Gly1036_Alafs*43  variant have been associated with reduced 

CRB2 expression in podocytes and autosomal recessive SRNS/FSGS, we sought to define the 

pathogenic effects of CRB2 deficiency in podocytes. We show that CRB2 knockdown induces 

YAP activity and target gene expression in podocytes. It upregulates YAP-mediated 

mechanosignaling and increases the density of focal adhesion and F-actin. Using Elastic 

Resonator Interference Stress Microscopy (ERISM), we demonstrate that CRB2 knockdown 

also enhances podocyte contractility in a substrate stiffness-dependent manner. The 

knockdown effect decreases with increasing substrate stiffness, indicating impaired 

mechanosensing in CRB2 knockdown cells at low substrate stiffness. While the mechanical 

activation of CRB2 knockdown cells is associated with increased YAP activity, the enhanced 

cell contractility is not significantly reduced by the selective YAP inhibitors K-975 and 

verteporfin, suggesting that multiple pathways may be involved in mechanosignaling 

downstream of CRB2. Taken together, these studies provide the first evidence that CRB2 

deficiency may impair podocyte mechanotransduction via disruption of YAP signaling in 

podocytes. 
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INTRODUCTION 

Focal Segmental Glomerulosclerosis (FSGS) is a histologic injury caused by dysfunction or 

loss of glomerular visceral epithelial cells (i.e. podocytes) (1). In over 70% of patients with 

FSGS, the most common clinical manifestation is nephrotic syndrome (NS) and nearly 50% of 

patients with FSGS progress to end-stage kidney disease (ESKD) over a decade (2). It is 

estimated that approximately 20% of patients receiving hemodialysis have biopsy-proven 

FSGS (3–5). Currently, there are no targeted treatments for the lesion and standard-of-care 

therapies focus on controlling hypertension, proteinuria reduction, and blockade of the renin 

angiotensin system (6). Immunosuppressive therapies may also be added in some cases based 

on the observation that immune system dysregulation can contribute to podocyte injury (7). 

The clinical and economic burden of FSGS care is substantial (8) as the lesion is estimated to 

cause disease in nearly 40,000 patients and has an incidence of approximately 5,000 cases per 

year in the United States (US) (3, 6, 9). Notably, the incidence of FSGS has increased more 

than 10-fold over the past three decades and it is now the most common primary glomerular 

lesion that causes ESKD in the US (7, 10). Worldwide, the estimated incidence of FSGS ranges 

from 1.2 - 21 cases per million population with 7 - 10% of cases occurring in children and 

20 - 40% occurring in adults with NS (11). 

FSGS can result from a variety of stimuli, contributing to a heterogeneity of the 

histologic lesion and variability in the clinical presentation and treatment response (1). 

Regardless of the cause, it is clear that the final common pathway to developing FSGS involves 

podocyte injury or loss (7, 12–14). Podocytes are an essential cellular component of the 

tripartite glomerular filtration barrier (GFB) as they synthesize and maintain the filtration slit 

diaphragm (SD) (15, 16). The SD is a “ladder-like” assembly of proteins that bridge the 

interdigital spaces between adjacent podocyte foot processes (17–19). It is thought that this 

dynamic, macromolecular assembly functions like a sieve to provide size and charge selectivity 

for ultrafiltration (17–19). To date, mutations in over 60 podocyte-expressed genes have been 

shown to cause familial SRNS/FSGS (20–22). Mutations in the gene that encodes Crumbs 

Homolog 2 (CRB2; FSGS9) have been shown to cause early-onset, steroid-resistant nephrotic 

syndrome (SRNS)/FSGS (23–32). CRB2 is an essential SD protein that organizes in clusters 

in the podocyte apical membrane and interacts with nephrin and other SD proteins (Figure S1) 

(26). CRB2 is one of three members of the Crumbs family (CRB1, CRB2 and CRB3) of apical 

polarity-related type I transmembrane proteins (33). Crumbs proteins are widely expressed in 

epithelial cells and regulate cell shape, polarity and intracellular signaling (33). While the 
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expression of CRB1 is largely restricted to the central nervous system, CRB2 and CRB3 are 

both expressed throughout the body, including in the kidneys (34, 35). Notably, inherited 

glomerular disease has only been associated with CRB2 mutations and no known human 

genetic disease has been associated with mutations in CRB3 (31, 34, 36). Here we report the 

identification of a rare compound heterozygous CRB2 mutation in a 2-generation East Asian 

kindred with biopsy-proven FSGS. Affected family members expressed the previously 

reported truncating frameshift mutation p.Gly1036AlafsTer43 (23) and a rare, in-frame 9-bp 

deletion mutation, p.Leu1074_Asp1076del. We hypothesized that these mutations would exert 

a loss-of-function effect and sought to explore the pathogenic mechanisms of the compound 

heterozygous mutation in podocytes using an in vitro model of CRB2 deficiency combined 

with extensive measurements of the mechanical activity of podocytes.     

Despite a growing body of evidence demonstrating the essential role of CRB2 in 

podocyte function and viability, few mechanistic insights into the pathobiology of CRB2 

deficiency have been defined. To date, truncating CRB2 mutations have been associated with 

reduced SD protein expression, increased apoptotic signaling, impaired adhesion, and 

dysregulated sphingosine 1-phosphate receptor (S1PR1) expression/phosphorylation in 

podocytes (23, 27, 32). CRB2 is widely recognized as a critical upstream regulator of Hippo 

pathway signaling in epithelial cells and dysregulated Hippo signaling in podocytes has been 

implicated in the pathogenesis of glomerular disease (37–39). Several studies have identified 

the Yes-associated Protein (YAP) as a critical downstream mediator of Hippo signaling in 

podocyte health and disease (40). YAP is an inducible transcriptional co-activator that has been 

shown to regulate podocyte apoptosis, actin cytoskeletal dynamics, adhesion and 

mechanotransduction (40–42). While the role of YAP in these processes is well established in 

podocytes, the influence of CRB2 on YAP activity remains unclear.  

In the present study, we sought to clarify the role of CRB2 as an upstream regulator of 

YAP mechanosignaling in podocytes. Using siRNA-mediated CRB2 knockdown in 

conditionally immortalized human podocytes, we demonstrate that YAP target gene and 

protein expression, focal adhesion density and mechanosignaling are significantly increased. 

Using Elastic Resonator Interference Stress Microscopy (ERISM), a recently developed force 

microscopy modality for long-term mapping of mechanical activity of cells (43, 44), we 

demonstrate that contractile force development is significantly increased in CRB2 knockdown 

podocytes. In addition, CRB2 knockdown podocytes exhibit a higher F-actin density and 

paxillin expression and phosphorylation while their cell area is significantly decreased. In order 

to examine if CRB2 knockdown has an impact on how podocytes adjust contractile forces to 
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the mechanical properties of the micro-environment (mechanosensing), we performed a 

detailed characterization of podocyte force development over a range of substrate stiffnesses 

throughout differentiation. In line with the proposed function of CRB2 being an upstream 

regulator of YAP activation, we found that the relative effect of CRB2 knockdown on cell 

contractility decreases with substrate stiffness. Interestingly, treatment of CRB2 knockdown 

podocytes with the YAP inhibitors verteporfin and K-975 did not reduce podocyte contractile 

force development relative to controls, suggesting that other pathways than YAP signaling may 

also contribute to mechanosignaling downstream of CRB2. Taken together, these findings 

provide the first evidence that CRB2 deficiency may impair podocyte mechanotransduction via 

disruption of YAP signaling in podocytes.  

  

MATERIALS AND METHODS 

Genome sequencing 

Proband blood DNA was subjected to targeted gene capture and sequencing to a mean > 80-

100X coverage on the Illumina sequencing platform through MedGenome Labs Pvt. Ltd, 

Bangalore, India. The sequences obtained were aligned to the human reference genome 

(GRCh37/hg19) using the Burrows-Wheeler Alignment (BWA) program (45, 46) and were 

analyzed using Picard and the Genome Analysis Toolkit (GATK) version 3.6 (47, 48) to 

identify variants relevant to the clinical indication. Gene annotation of the variants was 

performed using the Variant Effect Predictor program (49) against the Ensembl release 87 

human gene model (http://www.ensembl.org/). Clinically relevant mutations were annotated 

using published variants in literature and the ClinVaar, OMIM, GWAS, HGMD and SwissVar 

disease databases (50–54). Common variants were filtered based on allele frequency in 1000 

Genome Phase 3, ExAC, EVS, dbSNP147, 1000 Japanese Genome and regional Indian 

population database (55–57). Only non-synonymous and splice-variants found in the exome 

panel consisting of 8,322 genes were used for clinical interpretation. 

 

CRB2 Primers and Direct Sequencing 

CRB2 Family PCR 

CRB2_Nested2_F: AGATTCTGCCAGGAGTTGCT 

CRB2_Nested2_R: AACACAACGCCTGGACATTC 
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Chr19:123372844+123374338 1495bp 

PCR was performed on previously extracted samples from blood using the PrimeStar GXL 

Polymerase kit, with final concentrations of 1x PrimerStar GXL Buffer, 200 µM each dNTP, 

0.1µM each primer, 1.25 U/50ml PrimeStar GXL Polymerase, and 0.5 M betaine. PCR 

amplification was performed using a thermocycler (GeneAmp 9700) with 30 cycles of 98 °C 

for 10 s, 67 °C for 15 s, and 68 °C for 15 s using the following primers, CRB2_Nested2_F: 

AGATTCTGCCAGGAGTTGCT and CRB2_Nested2_R: AACACAACGCCTGGACATTC. 

Products were then confirmed via a 1% agarose gel run at 100 V for 30 min and Sanger 

Sequenced using both forward and reverse primers at GeneWiz. Sequencing files were 

uploaded to Sequencher, trimmed, and assembled to the reference sequence. Heterozygous 

bases were called using the internal software, and all mismatches to the reference sequence 

were visually checked for accuracy using the chromatogram sequences. 

 

Protein structure modelling 

In silico modeling of the CRB2 p.Leu1074_Asp1076del variant was performed using the I-

TASSER protein structure prediction software (http://zhanglab.ccmb.med.umich.edu/I-

TASSER/) (58, 59). Structural renderings were generated using the PyMOL molecular 

graphics program. 

 

Lentiviral Vector production and transduction of siScr and siCRB2 Lines 

Lentiviral vectors were generated using the transient infection protocol described in (60). 

Briefly, 15 μg of vector plasmid, 10 μg of psPAX2 packaging plasmid (Addgene #12260 

generated in Dr Didier Trono’s lab, EPFL, Switzerland), 5 μg of pMD2.G envelope plasmid 

(Addgene #12259, generated in Dr Trono’s lab) and 2.5 μg of pRSV-Rev plasmid (Addgene 

#12253, generated in Dr Trono’s lab) were transfected into 293 T cells. Vector particles were 

collected from the filtered conditioned medium at 72 h post-transfection. The particles were 

purified using the sucrose-gradient method and concentrated > 250-fold by ultracentrifugation 

(2 h at 20 000 rpm). Vector and viral stocks were aliquoted and stored at −80 °C. Conditionally 

immortalized podocytes were plated on collagen I-coated 6-well flasks and maintained under 

growth-permissive conditions until 70% confluence was achieved. Cells were then transduced 

with 4 µL of siScr and siCRB2 lentiviruses at a concentration of 1.0 x 105 particles/µL in 

serum-free media. Cells were incubated overnight before washing with complete media and 
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further incubation for 48 hours. At confluence, antibiotic selection was initiated for 5-7 days. 

Surviving cells were expanded in complete media prior to transition to growth-restrictive 

conditions at confluence. After 12 days of differentiation, cells were harvested and assayed for 

CRB2 mRNA expression as described below.  

 

Molecular cloning of luciferase reporter lines 

The 8x GTIIC-luciferase plasmid was obtained from Addgene (#34615; gift of Dr. Stefano 

Piccolo). The following primers were used to amplify the 8x GTIIC-luciferase region: 

Forward- CCGACTCGAGAATTACACGGC; Reverse- 

CTATCGATATCTACCGAGCTCTTACGC. The XhoI and EcoRV restriction sites were 

added at the 5’ and 3’ ends, respectively. The fragment was cloned into a standard SIN-LTR 

lentiviral vector cassette. Plasmid #1773 (Addgene, gift of Dr. Bob Weinberg) was then 

amplified using the following primers: Forward- TGGACTCGAGTCGACCCTGT and 

Reverse- GATCCCGCTCGAGATCTACTCTATTCC. The fragment carrying SV40- 

promoter Hygromycin resistant gene flanked by XhoI restriction sites was cloned into an 

intermediate vector to create the final pBK909 plasmid used for cell transfection. All vectors 

were validated by direct Sanger sequencing and by digestion. The final plasmid was amplified 

and prepared for transfection as described in (61). Once siScr and siCRB2 lines were 

established, cells were plated on collagen I-coated 6-well flasks and maintained under growth-

permissive conditions until 70% confluence was achieved. Cells were then transduced with 

4 µl of the 8x GTIIC lentivirus at a concentration of 1.0 x 105 particles/µl in serum-free media. 

Cells were then incubated overnight before washing with complete media and further 

incubation for 48 hours. At confluence, antibiotic selection was initiated for 5-7 days. 

Surviving cells were expanded in complete media. 

 

Cell culture 

Human conditionally immortalized podocytes contained human telomerase reverse 

transcriptase (hTERT). The thermosensitive SV40 large T antigen was kindly provided by 

J. Kopp (Bethesda, MD, USA). Both siScr and siCRB2 podocytes were established through 

lentiviral transduction with scrambled and CRB2 siRNA (Applied Biological Materials), 

respectively. Podocytes were incubated on collagen-I-coated flasks (Corning) under permissive 

temperature (33 °C) and 5% CO2 and in RPMI 1640 (R8758, Gibco) supplemented with 10% 

of fetal bovine serum (FBS) (A5209402, Gibco), 1% of penicillin-streptomycin (15140122, 
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Gibco) and 1% of insulin-transferrin-selenium (ITS) (354351, Corning). Podocytes were split 

at a confluency around 90%. Both cell lines were seeded onto an ERISM substrate before 

performing the thermoswitch to the differentiation conditions at 37 °C, 5% CO2 for 12 days. 

Culture medium was refreshed every 2 to 3 days. Podocytes were exposed to the YAP-

transcriptional inhibitors verteporfin (Sigma-Aldrich) and K-975 (MedChemExpress) and to 

the mTOR inhibitor rapamycin (MedChemExpress) for 24 hours using the concentrations 

indicated in Figure 7. All groups of the inhibitor study were treated with 0.2% (v/v) of DMSO. 

 

RNA Extraction and qPCR 

Cells were grown to 95% confluency in a T75 collagen coated flask, rinsed with 1xPBS, and 

incubated for 5 min at room temperature in 5 ml of trypsin. Media was added to each sample 

to neutralize the trypsin, and all flask contents were transferred to a 15 ml conical tube. The 

conicals were centrifuged at 1500 RPM for 5 min with 2 washes of 1xPBS. RNA was extracted 

using the Qiagen RNeasy miniprep kit according to manufacturer’s instructions. RNA eluates 

were quantified using Nanodrop and normalized to 500 ng/µl. cDNA was generated using the 

BioRad iScript cDNA synthesis kit in 2 μg of RNA input in a 40 μl reaction volume according 

to manufacturer’s instructions. Taqman Gene Expression Assays (Invitrogen) were used in 

conjunction with Taqman Fast Advanced Master Mix (Invitrogen) using 0.5 μl of Assay mix, 

5 μl of Master Mix, 3.5μl of nuclease-free water, and 1µl of cDNA per reaction. The assays 

were run on a ViiA7 with manufacturer’s cycling parameters. All samples were run in triplicate 

along with no-template controls. β-Actin was used as the internal control gene and the relative 

quantification was calculated using the ViiA7 software. 

 

Immunohistochemistry 

The immunofluorescence staining of human kidney biopsy specimen was performed as 

previously described (62). Briefly, 4 µm sections of paraffin-embedded human kidney tissues 

were deparaffinized with xylene, followed by hydration using a gradient of ethanol 

concentrations at room temperature. Antigen epitope retrieval was performed by incubating the 

kidney sections in 10 mM sodium citrate buffer with 0.05% Tween 20 (pH = 6.0) for 10 min. 

Subsequently, the sections were blocked with 3% BSA in 1x PBS buffer for 1 hour at room 

temperature. The sections were then incubated overnight at 4 °C with CRB2 rabbit polyclonal 

antibody (1:100, VWR, AP5724B) and nephrin guinea pig polyclonal antibody (1:200, Progen, 

GP-N2). Following the incubation, the slides were washed three times with 1x PBS and 
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incubated with Alexa Fluor 488 goat anti-rabbit antibody (1:200, Invitrogen, A11034) and 

Alexa Fluor 594 goat anti-guinea pig antibody (1:200, Invitrogen, A11076) at room 

temperature for 1 hour in the dark. After three additional washes with 1x PBS, the sections 

were mounted with DAPI Slowfade (Invitrogen, S36938). Images were acquired using an 

Andor CSU-WDi spinning disk confocal microscope equipped with a Nikon Ti-E CFI Plan 

Apochromat Lambda 60× oil immersion objective. 

 

Immunocytochemistry 

Podocytes were seeded either in petri dishes (80416, Ibidi) for nephrin and synaptopodin, on 

glass coverslips for FAK1, CRB2 and TRPC6, or on ERISM substrates for paxillin 

immunocytochemistry. The latter was combined with ERISM measurements; for this, a 

coordinate array of 5 cells per chamber were recorded before taking a full-range ERISM scan 

of the array to yield the reference local thickness of the field of view and further fast one-

minimum ERISM scans (63) were performed prior to the fixation (see below).  

Cells were fixed with 4% paraformaldehyde (PFA) at room temperature for 15 min 

(petri dishes and ERISM substrates), or 20 min (glass coverslips), and were washed three times 

in 1x PBS with 5 min of incubation. Except for membrane staining, cells were permeabilized 

using 0.1% or 0.2% Triton X-100 in 1x PBST (1xPBS + 0.2% Tween 20) for 5 min, after which 

cells were blocked with 1% or 2% BSA for 30 min and then rinsed with 1x PBST. After 

washing the cells for 5 min twice, they were incubated with the following primary antibodies 

at 4°C overnight: nephrin rabbit polyclonal antibody (1:200, Thermo Fisher Scientific, PA5-

20330), synaptopodin mouse monoclonal antibody (1:200, Progen Biotechnik, 61094), 

FAK1mouse monoclonal antibody (1:100, Millipore Sigma, 05-537), CRB2 rabbit polyclonal 

antibody (1:100, BIOSS, BS-14046R), TRPC6 mouse monoclonal antibody (1:100, Abcam, 

105845), and at room temperature for one hour: paxillin rabbit monoclonal antibody (1:1200, 

Cell Signaling, 50195) in 1% BSA. After washing 3 to 5 times with 1X PBS or 1X PBST, cells 

were incubated in the following secondary antibodies for one hour at room temperature in dark: 

Alexa Fluor Plus 647 donkey anti-mouse (1:800) (Thermo Fisher, A32787), Cy5 donkey anti-

rabbit (1:400, Jackson ImmunoResearch, 711-175-152), Alexa Fluor 555/488 donkey anti-

mouse and donkey anti-rabbit (1:1000, ThermoFisher, A-31570 and A-21206), TRITC-

phalloidin (1:500, Sigma Aldrich, FAK100), Alexa Fluor 488/555-phalloidin (1:1000, 

ThermoFisher, A12379 and A30106) and DAPI (1:800 or 1:2000). The stained cells were 

washed 3 to 5 times in 1xPBS or 1xPBST. Cells on glass coverslips were placed on 
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ProLongTM Gold Antifade Mountant (ThermoFisher); the other samples were imaged in 

1x PBS. 

For nephrin/ or synaptopodin/DAPI staining in petri dishes, cells were imaged under a Leica 

Stellaris 8 confocal microscope at HCNB; for phalloidin/CRB2/TRPC6 and FAK1/DAPI on 

glass coverslips a Leica SP8-confocal microscope at the Duke Light Microscopy core facility; 

and for phalloidin/paxillin/DAPI on ERISM substrates a Nikon Eclipse Ti2 epi fluorescence 

microscope. 

 

Quantification of immunofluorescence images  

Fluorescence intensity was quantified via the ImageJ software. For the intensity of actin and 

paxillin, a 50 pixel of rolling ball radius background was subtracted. The actin intensity was 

normalized to the used exposure time (1 - 2 s for siScr and 1 s for siCRB2). 

The calculation of the actin orientation order parameter was adapted from Ref. (64). 

The quantification of counts and mean size of paxillin stains was adapted from Ref. (65). In 

brief, background subtraction was performed as described above. The local contrast of the 

images was enhanced by the CLAHE (Contrast Limited Adaptive Histogram Equalization) 

plug-in using (“block size” = 19, “histogram bins” = 256, “maximum slope” s= 6, “no mask 

and fast”). The background was minimized by the “Exponential” command. After auto-

adjusting brightness and contrast, the Mexican Hat Filter plug-in was used with radius = 3.5. 

Next, a threshold of 0 - 255 was applied on the images with the “Default” method and with 

selecting “Calculate threshold for each image”. Finally, the “Analyze Particles” command was 

executed with a “size (μm2)” parameter of 0.01 - 15.  

 

Western blot analysis 

Following treatment, mature immortalized murine podocyte cultures were washed once with 

ice cold PBS. Cells were then harvested in loading buffer (Cell Signaling Technologies; Boston, 

MA, USA) supplemented with 1 µM Calyculin A (EMD Chemicals; Billerica, MA, USA) and 

protease inhibitor cocktail, 1:400 dilution (Sigma). Whole cell extracts were passed through a 

1cc syringe (BD Biosciences; San Jose, CA, USA) ten times. Cell lysates were then subjected 

to SDS-polyacrylamide gel electrophoresis using NuPAGE 10% Bis-Tris pre-cast gels 

(Invitrogen), followed by transfer to 0.2 µM pore size PVDF membrane (Millipore; Billerica, 

MA, USA). Membranes were blocked with 1 hour incubation in 5% milk in PBS. Protein 

immunoblotting was performed using phospho-paxillin (Y118) rabbit polyclonal antibody 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 26, 2024. ; https://doi.org/10.1101/2024.10.22.619513doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619513
http://creativecommons.org/licenses/by-nc/4.0/


(1:1000, Cell Signaling Technologies, 2541), phospho-FAK (Y397) rabbit monoclonal 

(D20B1) antibody (1:1000, Cell Signaling Technologies, 8556) and total FAK rabbit 

monoclonal antibody (1:1000, Cell Signaling Technologies, 71433). Membranes were washed 

once with PBS and incubated for 1 hour with horse radish peroxidase-conjugated goat anti-

rabbit polyclonal secondary antibody at 1:10,000 dilution (Invitrogen). Immuno-labeled 

proteins were detected using a chemiluminescence detection system (Pierce Biotechnology; 

Rockford, IL, USA) on Kodak Biomax film (VWR Scientific; Radnor, PA, USA).   

 

Luciferase reporter assay 

Cells were plated in triplicate at 2 x 105 cells/ml in 2 ml on 6-well collagen coated plates. The 

plates were incubated at 33 °C and 5% CO2 until 95% confluency was reached. Protein lysates 

were obtained by removing the media and rinsing cells twice with 1 ml 1xPBS. Cells were then 

incubated in 200 µl of 1x Passive Lysis Buffer (PLB, Promega E1500) on a 150 RPM orbital 

shaker for 45 min. Lysates were collected in a microcentrifuge tube and centrifuged at 

800 RPM for 5 min at 4 °C. The supernatant was transferred to a clean microcentrifuge tube 

and stored on ice. Quantification of the whole protein lysates was performed using the BioRad 

Protein Assay (cat. #5000001) using 0.5 mg/ml to 0.05 mg/ml of BSA standards and the 

Microtiter Plate protocol. Each standard sample was run in triplicate with 10 µl of each pipetted 

into 200 µl of diluted 1x Dye Reagent. The plate was incubated for 50 min at room temperature 

and then the absorbance at 595 nm was read using a microplate reader (M200Pro, Tecan). The 

absorbance of the samples was plotted against the standard curve with an R2 value of > 0.98 to 

measure the concentration of each protein sample. Each sample was diluted to 0.35 mg/ml to 

perform the Luciferase Assay (Promega E1500). Luciferase were thawed in a room temperature 

water bath, and the Luciferase Assay Buffer was added to the lyophilized Luciferase Assay 

Substrate. Each sample was plated in triplicate, along with No Template Controls containing 

only 1x PLB in a 3990 Costar Plate. 20 µl of normalized protein lysate was added to the plate, 

and 100 µl of diluted Luciferase Assay Reagent were added immediately before loading 

samples into the microplate reader to measure luminescence (integration time, 10 s).  

 

ELISA assay 

Immunoassays were used to quantify concentrations of connective tissue growth factor (CTGF) 

(Abcam, ab261851), Thrombospondin-1, Endothelin-1, Cyr61/CCN1 (R&D Systems; 

DTSP10, DET100, DCYR10, respectively), and transforming growth factor-beta 1 and 2 
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(TGF-β1, -2, and -3) (MesoScale Discovery, K15241K), in cell culture supernatants. Due to 

all samples having concentrations below the lowest limit of detection for the assay, TGF-β3 

was excluded from the analysis. CTGF required a 10-fold dilution of supernatant and had a 

mean intra-assay CV of 1.6%. Thrombospondin (diluted 2-fold), Endothelin-1 (diluted 10-fold), 

and Cyr61 (undiluted) had mean intra-assay CVs of 1.3%, 2.1%, and 3.1%, respectively. All 

samples required acid treatment for the TGF-β assay. Ten microliters of 1 M HCl was added 

to 50 µl of sample and incubated for 10 minutes after which 7 µl of 1.2 M NaOH was added 

before vortexing the sample and loading onto the plate. All assays were performed according 

to manufacturer’s instructions. 

 
Elastic resonator interference stress microscopy 

ERISM substrates were fabricated as described earlier (43). In brief, a bottom mirror, 

consisting of a 0.5-nm-thick Cr adhesive layer, a 10-nm-thick Au mirror layer and a 50-nm-

thick Ta2O5 protective layer, were deposited on clean glass coverslips (No.5) by electron beam 

evaporation, thermal evaporation and sputtering, respectively. The siloxane-based elastomer 

(GEL8100, Nusil) was prepared in a 1:1 mass ratio and spin-coated onto the bottom mirror. 

The top surface of the elastomer was treated with 2.5 – 15% power of oxygen plasma (max. 

power, 600 W; duration, 10 s) to reduce its surface energy and improve the quality of the 15-

nm-thick Au mirror deposited on top.  

A set of 4 silicon chambers (surface area each, 0.75 × 0.75 cm2; 81201, Ibidi) were 

applied on the substrate. The chip surface was coated with 8 μg/cm2 of type I collagen (Rat 

Tail, A10483-01, Gibco) for one hour at room temperature. Chambers were washed three times 

with 1xPBS and three times with fresh cell medium (RPMI 1640/ 10% FBS/ 1% PS/ 1% ITS), 

and then incubated at 33 °C, 5% CO2 for 30 min. Trypsinized podocytes were seeded at a 

density of 1000 cells per chamber. Podocytes were incubated at 33 °C, 5% CO2 for 24 h before 

transfer to 37 °C, 5% CO2 for the 12-day differentiation. For the maintenance of cell culture 

on ERISM substrates, the cell medium was exchanged daily by washing each chamber three 

times with pre-warmed fresh cell medium.  

For ERISM measurements, the podocyte cultures were placed in a microscope on-stage 

incubator (Okolab) and maintained at 37 °C, 5% CO2. The incubator was mounted on a 

modified inverted fluorescence microscope (Nikon Ti2). Monochromatic probe light with 

wavelengths ranging from 550 to 750 nm was provided by a halogen lamp (ASBN Series, 

Oceanhood) filtered by a ⅛	m	monochromator (CM110, Spectral Products). The probe light 

was coupled to the microscope and projected onto the substrate with either a 20×/0.45 NA or 
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40×/0.60 NA objective (Nikon S Plan Fluor) depending on the required field of view and 

magnification. Reflection and phase contrast images of the sample were detected by an sCMOS 

camera (0.05 s exposure time; Zyla, Andor Technology) and a standard CMOS camera (iCube 

C-NS4133BU, NET GmbH), respectively. The local resonance wavelengths of the sensor for 

each cell were measured by recording wide-field reflectance images for a series of illumination 

wavelengths. The wavelength selection and image capturing were controlled by an in-house 

developed software (LabView, NI) written by Phillip Liehm.  

Reflectance images were converted into local displacement maps by comparing the 

local resonance wavelengths against the predictions of an optical model of the ERISM substrate 

for different elastomer thicknesses as described previously (43, 63). The Fourier-filtered 

ERISM displacement maps were obtained by targeting spatial frequencies in the range of 

0.016 – 1.007 µm⁻¹ in the obtained displacement maps using the FFT plugin of the ImageJ 

software. 

 
Statistical analysis 

Data groups for both cell lines were compared using two sample or paired-sample student t-

test (equal variance not assumed). P-values of statistical significance are represented as: n.s.:	

𝑝	>	0.05,	∗:	𝑝	≤	0.05,	∗∗:	𝑝	≤	0.01,	∗∗∗:	𝑝	≤	0.001.		
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RESULTS 

Family Clinical Characteristics 

Family DUK40595 is a 2-generation East Asian kindred from India with two affected offspring 

from a non-consanguineous marriage (Figure 1a). A summary of all relevant clinical 

information for the family is provided in Table 1. The proband (DUK40595 – 1) and her 

affected male sibling (DUK40595 – 100) developed SRNS in their first decade of life (Table 1). 

The parents are healthy with no evidence of kidney disease. The female sibling was the only 

member of the family to undergo kidney biopsy which was diagnostic for SRNS/FSGS (Table 

1). Subsequent clinical genetic testing of the proband revealed a compound heterozygous 

mutation of CRB2 comprised of the previously reported 16-bp duplication 

p.Gly1036_Alafs*43 mutation (23) and a rare in-frame, 9-bp deletion mutation 

(c.3220_3228del (p.Leu1074_Asp1076del); minor allele frequency - 0.00004). The duplication 

results in a frameshift and premature truncation of the protein 43 amino acids downstream of 

codon 1036 within the third Laminin G domain (p.Gly1036Ala*43; ENST00000373631) 

(Figure 1b). In addition, a second rare, heterozygous 9-bp deletion in exon 10 of CRB2 

(chr9:126136027_126136035del; Depth - 167x) was identified. The 9-bp deletion results in the 

loss of three highly conserved amino acid residues in the 12th EGF-binding domain (Figure 1b). 

The Asp-Leu-Phe residues are conserved to zebrafish (Figure 1c) and their deletion is predicted 

to disrupt the secondary structure of the 12th EGF-binding domain (Figures 1b and d). 

Direct sequencing of all family members confirmed the compound heterozygous CRB2 

mutation in the proband and her male sibling. The father (DUK40595 – 1001) was found to be 

heterozygous for the p.Gly1036-Alafs*43 mutation and the mother (DUK40595 – 1000) was 

heterozygous for the p.Leu1074_Asp1076del mutation (Table 1 and Figure 1). The male 

sibling eventually progressed to ESKD at age 17 and received a kidney transplant without 

recurrence of disease in his allograft.  

 

CRB2 Knockdown Alters Podocyte Spreading Area and Maturity Marker Expression 

Prior studies of the p.Gly1036Alafs*43 mutation have shown that it functionally eliminates the 

CRB2 transmembrane domain and markedly reduces glomerular CRB2 expression 

(Figure S2) (23). To evaluate the effects of CRB2-deficiency on podocyte mechanosignaling, 

we generated conditionally immortalized human podocytes stably-expressing CRB2 siRNA 

(siCRB2) and compared them to controls expressing a scrambled RNA segment of equivalent 
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length (siScr) (66). Both cell lines contained human telomerase reverse transcriptase (hTERT) 

and a temperature-sensitive SV40 transgene. The podocytes were initially cultured under 

growth-permissive conditions and then differentiated over the course of 12 days under growth 

restrictive conditions. In differentiated podocytes, we achieved an ~80% reduction in CRB2 

mRNA expression in the siCRB2 line relative to controls (siScr), as shown in Figure 2a.  

Figure 2b shows phase contrast images of siScr and siCRB2 podocytes under growth-

permissive and growth-restrictive conditions. The quantification of cell area in Figure 2c 

indicates that both cell lines increased their spreading area during differentiation. However, the 

spreading area was roughly half as much for the CRB2 knockdown podocytes compared to the 

siScr cells (siScr: mean cell spreading area: proliferating - 3,032 µm2, differentiated - 

14,638 µm2; siCRB2: mean cell area: proliferating - 2,862 µm2, differentiated - 6,397 µm2).  

We further assessed differentiated podocytes for expression and localization of the slit 

diaphragm protein nephrin and the foot process protein synaptopodin looking at both 

proliferating and differentiated podocytes (Figure 2b). Confocal imaging of podocytes revealed 

a marked increase in both nephrin and synaptopodin expression in differentiated cells for both 

lines. However, nephrin staining appeared to be reduced in siCRB2 podocytes relative to 

controls, consistent with prior observations (26, 32).  

Taken together, CRB2 knockdown reduces the podocyte spreading area in 

differentiated cells and alters the expression of nephrin. 

 

CRB2 Knockdown Induces YAP Target Gene and Protein Expression in Immortalized 

Podocytes 

In order to investigate if CRB2 knockdown alters YAP activity in differentiated podocytes, we 

performed Transcriptional Enhance Associate Domains (TEAD) luciferase reporter assays 

using the well-validated 8xGTIIC-luciferase reporter (67). We detected high YAP activity in 

both lines; however, TEAD reporter activation was significantly increased in siCRB2 

podocytes relative to control (Figure 3a). Additionally, we performed Western Blot analyses 

to evaluate YAP phosphorylation at serine 127 (Ser127). Phosphorylation of YAP at Ser127 

promotes its degradation or cytoplasmic sequestration through binding with 14-3-3 family 

proteins. Cytosolic retention of the co-transcriptional regulator renders it inactive and prevents 

target gene activation (68). Conversely, when YAP is not phosphorylated at serine 127, it 

correlates with increased nuclear translocation and transcriptional activity. In Figures 3b and 

3c, we show that transcriptionally active non-phosphorylated YAP (np-YAP) is significantly 
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upregulated in the siCRB2 line relative to controls, which correlates with a marked 

enhancement of thrombospondin-1 (THBS-1, Figure 3d), a YAP target gene known to drive 

mechanosignaling via direct stimulation of the integrin receptor (69, 70). Finally, to more 

broadly assess the effects of CRB2 deficiency on YAP mechanosignaling target gene 

expression, we performed ELISA assays and demonstrate significantly increased release of  the 

YAP target genes Transforming Growth Factor-b1 (TGF-b1), Transforming Growth Factor-

b2 (TGF-b2), THBS-1, Connective Tissue Growth Factor/CCN Family Member 2 

(CTGF/CCN2), Cysteine-rich Angiogenic Inducer 61/CCN Family Member 1 (Cyr61/CCN1) 

and Endothelin-1 (EN1) from siCRB2 podocytes relative to controls (Figure 3e).  

Taken together, these data suggest that CRB2 knockdown induces YAP 

dephosphorylation/activation and mechanotransduction gene expression in podocytes.  

 

CRB2 Knockdown Enhances Podocyte Contractile Force Development and Contractility 

in vitro 

YAP is a key regulator of cellular mechanotransduction in multiple cell types (67, 71). Prior 

studies have shown that the YAP target genes CTGF/CCN2, Cyr61/CCN1 and THBS-1 are all 

direct activators of mechanosignaling through integrin receptors (72–75). Downstream 

effectors of integrin receptor signaling, such as focal adhesion kinase (FAK) and the adaptor 

protein paxillin, populate focal adhesions and transmit outside-to-inside signals to direct 

various aspects of cellular motility and attachment (76, 77). Since CRB2 knockdown induces 

YAP activity and the expression of YAP mechanotransduction target genes, we next explored 

the effect of CRB2 knockdown on podocyte contractile force development using ERISM.  

ERISM detects cell-induced deformations of an elastic, optical micro-cavity by 

detecting and analyzing the interference of monochromatic probe light across a field of view 

captured by a modified inverted microscope (43, 47). We have previously utilized ERISM to 

observe the near-complete loss of immortalized human podocyte forces in a puromycin amino 

nucleoside (PAN) injury model (78).  

To characterize the effects of CRB2 knockdown on podocyte force development, 

isolated siScr and siCRB2 podocytes were seeded on collagen-I-coated ERISM substrates with 

an apparent stiffness ranging from 11 – 142 kPa, and ERISM measurements for n ≥ 14 cells 

were performed on 4 or 5 non-consecutive days during the 12 days of podocyte differentiation. 

Figures 4a and 4b show representative phase-contrast and ERISM displacement images of both 

cell lines when using a substrate with an apparent mechanical stiffness of 74 kPa. Contractile 
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forces generated inside the cell result in an expansion of the elastomer at the position of focal 

adhesions (FA; indicated by bright areas at the cell periphery) (44). At the same time, cell 

contraction also leads to a compression of the elastomer underneath the cell body (indicated by 

the dark regions). These vertical deformation patterns are a response of the deformable 

substrate to predominantly horizontally directed cellular forces (43). (For a more-detailed 

discussion of force transmission in podocytes, see Figure 6 below and Ref. (78).)  

The magnitude of the exerted contractile podocyte forces was quantified by calculating 

the total volume of downward sensor deformation underneath the cell soma, referred to as the 

indented volume (IV) in the following. Figure 4c-f show the IV for siCRB2 and siScr podocytes 

during the differentiation period when cultured on substrates with different mechanical 

stiffnesses and demonstrate that cell contractility generally increases during differentiation. 

From Day 4 of the differentiation onwards, the contractility of siCRB2 podocytes proved 

significantly higher than that of siScr controls, regardless of substrate stiffness. These findings 

suggest that CRB2 knockdown significantly enhances podocyte contractility during 

differentiation. 

Next, we calculated the relative change in IV during differentiation, i.e., between Day 

12 and Day 1 or 2 of the differentiation, for all tested substrates (Figure 4g), and found that it 

increases with substrate stiffness for both cell lines. In order to evaluate, if the mechanosensing 

capability of CRB2 knockdown cells is changed, we normalized the relative change in IV 

during differentiation of siCRB2 podocytes to the value of siScr controls (‘relative knockdown 

effect’ in Figure 4g). Strikingly, the relative effect of CRB2 knockdown is largest for the softest 

substrate and decreases with increasing substrate stiffness. This indicates that the contractility 

of CRB2 knockdown cells remains high on soft substrates compared to control cells, which 

implies that mechanosensing might be impaired in CRB2 knockdown cells, rendering them 

unable to reduce contractility on highly compliant substrates. This finding is in line with the 

suggested role of CRB2 as an upstream regulator of YAP activity. 

Collectively, our data from this series of experiments show that CRB2 knockdown 

increases force generation in human podocytes. Since this effect is the highest on soft substrates, 

CRB2 may function as an upstream regulator of YAP-induced mechanoactivation. 
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CRB2 Knockdown Enhances Filamentous Actin and Mechanosensitive Protein 

Expression in Podocytes 

Because CRB2 knockdown increases podocyte force development, we wanted to determine 

whether this enhancement in force is associated with an increase in the expression of 

mechanosensitive proteins. To evaluate this, we performed immunocytochemistry in siCRB2 

and siScr podocytes fixed on ERISM substrates with an apparent stiffness of 74 kPa. First, we 

explored the expression and localization of F-actin and the FA adaptor protein 

paxillin (Figure 5a). While actin stress fibers are visible in both cell lines, quantifying the mean 

fluorescent intensity of F-actin shows a significant increase of F-actin in differentiated siCRB2 

podocytes as compared to the siScr control group (Figure 5c). This finding is in contrast to 

results from an earlier study that found a reduction in F-actin formation for CRB2 knockout 

podocytes (27). Additionally, to test if the CRB2 knockdown leads to a rearrangement of the 

actin cytoskeleton, we calculated the orientation order parameter S of actin fibers (Figure 5a; 

S = 0 for isotropic, non-polarized; S = 1 for perfectly linearly polarized actin cytoskeleton) (64). 

The orientation order of siCRB2 podocytes displayed a slight increase compared to siScr 

controls, yet with no statistical significance (Figure 5d). 

In both cell lines, paxillin showed a pronounced dotted/punctuate expression pattern 

along the cell periphery (Figure 5a), consistent with its position within the FAs of cells (79, 

80). No difference in the distribution of paxillin was observed between the cell lines. However, 

western blotting of phosphorylated paxillin (p-paxillin) and focal adhesion kinase (p-FAK, 

Figure 5b), as well as the immunolabelling of FAK (Figure S3) suggest the presence of 

enhanced paxillin and FAK activity in CRB2 deficient cells. Assuming that each paxillin dot 

in the immunofluorescence images corresponds to a FA, we quantified the number of FAs per 

cell; on average 150 and 85 FAs were found in siScr and siCRB2 podocytes, respectively 

(Figure 5f). The average size of individual FAs, approximately 1.7 µm² (Figure 5g), was 

independent of cell type and consistent with earlier measurements of FA size (80, 81). However, 

due to the smaller cell area of knockdown cells, the ratio of total FA area to cell area was 

significantly higher in siCRB2 podocytes relative to siScr controls (Figure 5h). Since FAs grow 

in response to increased cell contractility (82), these data suggest that CRB2 knockdown 

enhances formation of F-actin fibers, FAK and paxillin activation, FA density and contractility 

in podocytes, probably downstream of YAP target gene expression.  
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Figure 5a shows that paxillin localizes at the terminus of actin fibers in both cell lines. 

In order to investigate how contractile forces are transmitted to the substrate at the FA sites in 

podocytes, we employed Fourier filtering of the ERISM displacement maps. This procedure 

filters out any broad substrate deformations and thus provides a more detailed view of subtle 

and localized deformations (Figure 6c). The Fourier-filtered displacement maps show a series 

of clearly distinguishable push/pull features (shown in red/blue) at the periphery of the cell. 

This twisting behavior is consistent with earlier observations of the torque being applied by 

FAs (43). Areas of high paxillin expression are located at the center of these features, 

confirming that they are associated with FAs transferring traction forces horizontally to the 

substrate. This twisting is more pronounced in the siCRB2 cell than the siScr cell, which is in 

line with the higher overall contractility of the latter (Figure 4) (44, 83). 

 

Force Development in CRB2 Knockdown Podocytes is not Significantly Altered by YAP 

inhibitors or Rapamycin 

So far, we have established that CRB2 knockdown leads to upregulation of YAP activity and 

YAP target gene expression, as well as to an increase in cell forces and an impairment of 

mechanosensing at low substrate stiffnesses. Next, we asked if the observed mechanical 

phenotype of CRB2 knockdown cells is lost when the transcriptional activity of YAP is 

inhibited. To this end we treated differentiated podocytes of both the siScr and siCRB2 lines 

with either K-975 (100 nM) or verteporfin (72 – 359 nM; equivalent to 50-250 ng/mL). Both 

reagents inhibit the interaction between YAP and TEAD (84). However, no significant 

reduction in cellular forces was observed after treating the cells with either of the two drugs for 

24 h; there was also no difference in response between the two cell lines (Figure 7b and 7c). 

Higher concentrations of verteporfin (1.5 and 5 µM, equivalent to 1.0 and 3.5 µg/mL) did not 

result in a reduction of the contractility of CBR2 knockdown cells either (Figure S4). 

We also investigated the effect of the mTOR inhibitor rapamycin on the contractility of 

matured siCRB2 and siScr podocytes as rapamycin might enhance the autophagy-mediated 

degradation of YAP (85, 86). Again, no effect on the contractility of either cell line was found 

after 24 h of treatment (Figure 7d). 

The findings of the experiments with YAP-inhibitors suggest that the increase in 

contractility of CRB2 knockdown cells may not be exclusively a result of YAP activation, but 

that other pathways may also play a role or that cells can activate compensation pathways if 

YAP is inhibited via drugs.   
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DISCUSSION 

In this study, we report the identification of a rare compound heterozygous mutation in Crumbs 

homolog 2 (CRB2; FSGS9) in an East Asian kindred with early-onset FSGS/SRNS. To model 

the effects of the disease-causing compound heterozygous mutation in Family DUK40595, we 

established stably-expressing scrambled (siScr) and CRB2 (siCRB2) siRNA lines to determine 

if CRB2 functions upstream of YAP regulate podocyte mechanotransduction signaling. We 

showed that CRB2 knockdown significantly enhanced YAP/TEAD reporter activity, YAP 

target gene expression, and mechanotranductory signaling. CRB2 knockdown also 

significantly reduces podocyte cell area, upregulates F-actin and mechanosensitive protein 

expression and increases focal adhesion (FA) density. Additionally, we employed ERISM at 

various substrate stiffnesses to measure the effects of CRB2 knockdown on podocyte force 

development during differentiation. siScr and siCRB2 podocytes demonstrated contractile 

forces transmitted at FA sites that were primarily distributed along the cell periphery. We found 

that CRB2 knockdown increases podocyte contractility in a substrate stiffness-dependent 

manner. The knockdown effect decreased with increasing substrate stiffness, indicating 

impaired mechanosensing in CRB2 knockdown cells at low substrate stiffness.  

Together, these results strongly suggest a role of CRB2 as upstream activator of YAP 

activity. In siScr cells, we hypothesize that YAP is deactivated by phosphorylation through 

CRB2-MST1/2-LATS-mediated Hippo pathway signaling (Figure 8a). This posttranslational 

modification prevents YAP from entering the nucleus and can lead to its cytoplasmic 

sequestration with 14-3-3 protein or degradation (Figure 8a). In contrast, CRB2 knockdown 

may promote the downregulation of Hippo pathway signaling in podocytes, leading to an 

inappropriate upregulation of YAP activity and target gene expression (Figure 8b). 

Inappropriate upregulation of gene targets such as THBS-1 could then lead to hyperactivation 

of integrin signaling, FAK activation, and FA growth (87) (Figure 8b). Increased YAP activity 

is also known to activate TGF-β/RhoA/ROCK signaling and myosin II activity (88). Both 

activation pathways could promote an increase in cell contractility (89, 90) (Figure 8b). 

Mechanical compression of the nucleus as a result of the increased cell contractility has been 

shown to directly lead to further nuclear translocation of YAP (91). Moreover, RhoA (via 

actomyosin) and FAK activity are also known to inhibit LATS1/2, which can lead to a further 

activation of YAP (92).  

Interestingly, we did not find evidence that the increased cell contractility of CRB2 

knockdown cells was significantly reduced when cells were treated with the YAP inhibitors K-
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975 and verteporfin (84, 93). This might suggest that the increase in contractility of CRB2 

knockdown cells is not only a direct result of YAP activation, but that other pathways also play 

a role. A possible alternative activation path is that the association of the PAR complex to 

PALS1 in the crumbs complex is disrupted upon CRB2 knockdown (94–96) (Figure 8). This 

might lead to reduced activation of Rac1 downstream of the PAR complex, resulting in the 

observed reduction in cell area (97), as well as to increased RhoA activity and thus the observed 

increase in cell contractility (81, 98).  

It is important to point out that K-975 has not been applied in podocytes before. Based 

on prior work by Kaneda et al., we selected a treatment dose of 100 nM, which was sufficient 

to reduce YAP target gene expression in multiple mesothelioma cell lines. Yet, in in vitro 

studies, dosing ranges up to 10 µM were evaluated with similar effects on gene expression (99). 

Similarly, with verteporfin, prior studies of the molecule in immortalized podocytes saw 

effective inhibition of YAP activity and gene expression with doses used as high as 

5 µg/mL (100). However, in our study, doses higher than 1.0 µg/mL (1.5 µM) significantly 

reduced cell viability for both cell lines. With respect to rapamycin, the persistent activation of 

YAP in siCRB2 podocytes may have limited the possibility of autophagic degradation in the 

absence of regular nuclear-to-cytoplasmic shuttling.  

Significant progress has been made over the past decade in our understanding of 

disease-causing CRB2 mutations in SRNS/FSGS. The first description by Ebrasi et al. clearly 

established CRB2 mutations as a cause of autosomal recessive podocyte injury and impaired 

glomerular integrity (23). Moreover, using a crb2-deficient zebrafish model, they demonstrated 

that crb2 loss impaired apical basal polarity of podocytes, disrupted foot process morphology 

and arborization, altered trafficking of SD proteins such as nephrin, podocalyxin and ZO-1, 

disrupted slit diaphragm formation and compromised glomerular filtration barrier integrity (23). 

Since then, several studies have confirmed and expanded upon these findings documenting ~30 

human disease-causing CRB2 mutations (27, 31, 32). Nonetheless, insight into the pathogenic 

mechanisms of CRB2-mediated podocyte injury remain limited. A recent report by Yang et al. 

suggested that novel pathogenic CRB2 mutations reduce sphingosine-1-phosphate receptor 1 

(S1PR1) expression/phosphorylation and that S1PR1-deficiency disrupts SD protein 

expression (32). This mechanism is plausible as S1PR1 signaling has been shown to be 

cytoprotective against podocyte injury in diabetic nephropathy, and disruption of this 

protection mechanism could predispose podocytes to dysfunction and loss (101, 102). Prior 

studies by Möller-Kerutt et al. showed that CRB2 is an essential SD protein that organizes in 

adjacent clusters with nephrin and that pathogenic mutations in CRB2 may promote defective 
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posttranslational modification and inappropriate retention in the endoplasmic reticulum (ER) 

leading to podocyte injury or loss by ER stress (26, 30). Additionally, Hamano et al. 

demonstrated that CRB2 associates with mTORC1 in developing podocytes and may influence 

mTORC1-mediated management of cellular energy resources (103). The changes in YAP 

activity in CRB2 knockdown podocytes presented by our data may be linked to Hippo pathway 

signaling. Prior studies of Hippo signaling in podocytes have shown that YAP activity is 

cytoprotective and that nuclear exclusion of the transcriptional co-regulator drives podocyte 

injury (37–39, 104, 105). Because YAP is recognized as a universal mechanotransducer (106), 

we focused on understanding the potential contribution of CRB2 to regulation of YAP-

mediated mechanosignaling in podocytes. A prior study by Rinschen et al. showed that 

puromycin aminonucleoside (PAN)-induced glomerular injury in rats increased YAP activity 

and target gene expression (i.e. Cyr61/CCN1, CTGF/CCN2 and Ankrd1) and that inhibition of 

Hippo signaling with verteporfin reduced YAP activation and proteinuria. Additionally, they 

showed that podocyte YAP activity was influenced by substrate rigidity and F-actin (42). 

Although the Rinschen study did not address the role of CRB2, our findings related to YAP 

activation and mechanosignaling in podocytes were consistent.  

While the majority of our results suggests a link between CRB2 and YAP activity, our 

data does not prove whether this link is made through Hippo pathway signaling, e.g. via the 

activation of MST1/2 and LATS1/2 (Figure 8a). It has been reported in the literature that YAP 

also directly associates with the crumbs complex (Figure 8a). This association could potentially 

promote cytoplasmic retention/degradation of YAP without the involvement of the Hippo 

pathway (107). 

 

In conclusion, we identified a novel human CRB2 gene variant contributing to familial 

FSGS in combination with a known variant. CRB2 knockdown in human urinary podocytes 

resulted in increased YAP and TEAD gene expression, enhanced YAP and YAP-target protein 

levels, and higher cell contractility. In addition, CRB2 knockdown reduces the ability of 

podocytes to adapt their contractile force to the stiffness of their substrate 

(mechanotransduction). We also noted elevated F-actin, paxillin, and FAK protein expression 

induced in CRB2 deficient podocytes. Our results suggest that CRB2 is an upstream regulator 

of YAP-mediated mechanotransduction signaling in podocytes, even though other pathways 

may also play a role in mechanosignaling downstream of CRB2. These findings provide crucial 

mechanical insights for understanding CRB2 mutation-induced podocytopathy. 

 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 26, 2024. ; https://doi.org/10.1101/2024.10.22.619513doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619513
http://creativecommons.org/licenses/by-nc/4.0/


DATA AVAILABILITY 
The data sets supporting this publication can be accessed via the PURE repository of the 

University of St Andrews at <DOI to be assigned upon acceptance>.  

SUPPLEMENTAL MATERIAL 
Supplementary Figures S1 – S4 accompany this submission.  

ACKNOWLEDGEMENTS 
The authors thank Dr. Rasheed A. Gbadegesin and Megan Chryst-Stangl of the Duke Genetics 

of Kidney Disease Study and the families of the Duke FSGS Study. Viral Vectors were 

provided by Duke University Viral (https://sites.duke.edu/dvvc/). Immunoassays were 

performed in the Biomarkers Core Facility at the Duke Molecular Physiology Institute.  

GRANTS 
Alexander von Humboldt Foundation: Humboldt Professorship (to MCG); European Research 

Council (ERC) under the European Union's Horizon Europe research and innovation program: 

CELL-FORCE, Grant Agreement No. 101113162 (to MCG); Duke Claude D. Pepper Older 

Americans Independence Center Pilot Award (G.H.) and NIH/NIDDK - K08DK111940 (G.H.). 

DISCLOSURES 
NMK and MCG are inventors on patent US20170322193A1 which describes the ERISM 

method. GH is a consultant for Travere Therapeutics, Otsuka Pharmaceuticals and Health 

Monitor Network. GH is also a speaker and writer for Otsuka Pharmaceuticals, Inside Edge 

Consulting, and Health Monitor Network.  

DISCLAIMERS 
None. 

AUTHOR CONTRIBUTIONS 
M.C.G, N.M.K. and G.H. conceived and designed research; G.H., S.S., R.R., C.J.S., and S.I. 

secured patient samples and performed diagnostic analyses; Y.S., S.S., M.E.K., B.S., S.I., X.T. 

and S.N.D. performed experiments; Y.S., N.M.K. and G.H. analyzed data; Y.S., N.M.K., 

M.C.G. and G.H. interpreted results of experiments; Y.S., N.M.K. and G.H. prepared figures, 

Y.S. drafted manuscript, All authors contributed substantively to the editing and revised 

manuscript, M.C.G. and G.H. approved the final version of the manuscript.  

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 26, 2024. ; https://doi.org/10.1101/2024.10.22.619513doi: bioRxiv preprint 

https://sites.duke.edu/dvvc/
https://doi.org/10.1101/2024.10.22.619513
http://creativecommons.org/licenses/by-nc/4.0/


REFERENCES 

1.  Hall G. Genetic Causes of Chronic Kidney Disease. In: Chronic Kidney Disease, Dialysis, 
and Transplantation: A Companion to Brenner and Rector’s the Kidney. Philadelphia, 
PA: Elsevier, 2019, p. 105–119. 

2.  Freedman BI, Hicks PJ, Bostrom MA, Cunningham ME, Liu Y, Divers J, Kopp JB, 
Winkler CA, Nelson GW, Langefeld CD, Bowden DW. Polymorphisms in the non-
muscle myosin heavy chain 9 gene (MYH9) are strongly associated with end-stage 
renal disease historically attributed to hypertension in African Americans. Kidney Int 
75: 736–745, 2009. doi: 10.1038/KI.2008.701. 

3.  Kitiyakara C, Eggers P, Kopp JB. Twenty-one-year trend in ESRD due to focal 
segmental glomerulosclerosis in the United States. American Journal of Kidney 
Diseases 44: 815–825, 2004. doi: 10.1053/J.AJKD.2004.07.008. 

4.  Yang HC, Fogo AB. ‘Idiopathic’ FSGS: an increasingly obsolete diagnosis? Nephrology 
Dialysis Transplantation 25: 654–656, 2010. doi: 10.1093/NDT/GFP750. 

5.  Winn MP, Conlon PJ, Lynn KL, Farrington MK, Creazzo T, Hawkins AF, Daskalakis N, 
Kwan SY, Ebersviller S, Burchette JL, Pericak-Vance MA, Howell DN, Vance JM, 
Rosenberg PB. A mutation in the TRPC6 cation channel causes familial focal segmental 
glomerulosclerosis. Science (1979) 308: 1801–1804, 2005. doi: 
10.1126/science.1106215. 

6.  Korbet SM. Treatment of primary FSGS in adults. Journal of the American Society of 
Nephrology 23: 1769–1776, 2012. doi: 10.1681/ASN.2012040389. 

7.  Jacobs-Cachá C, Vergara A, García-Carro C, Agraz I, Toapantagaibor N, Ariceta G, 
Moreso F, Serón D, López-Hellín J. Challenges in primary focal segmental 
glomerulosclerosis diagnosis: from the diagnostic algorithm to novel biomarkers. Clin 
Kidney J 14: 482–491, 2021. doi: 10.1093/CKJ/SFAA110. 

8.  Kalantar-Zadeh K, Baker CL, Copley JB, Levy DI, Berasi S, Tamimi N, Alvir J, Udani SM. 
A Retrospective Study of Clinical and Economic Burden of Focal Segmental 
Glomerulosclerosis (FSGS) in the United States. Kidney Int Rep 6: 2679–2688, 2021. 
doi: 10.1016/J.EKIR.2021.07.030. 

9.  Hommos MS, De Vriese AS, Alexander MP, Sethi S, Vaughan L, Zand L, Bharucha K, 
Lepori N, Rule AD, Fervenza FC. The Incidence of Primary vs Secondary Focal 
Segmental Glomerulosclerosis: A Clinicopathologic Study. Mayo Clin Proc 92: 1772–
1781, 2017. doi: 10.1016/J.MAYOCP.2017.09.011. 

10.  D’Agati VD, Kaskel FJ, Falk RJ. Focal Segmental Glomerulosclerosis. New England 
Journal of Medicine 365: 2398–2411, 2011. doi: 10.1056/NEJMRA1106556. 

11.  Sim JJ, Batech M, Hever A, Harrison TN, Avelar T, Kanter MH, Jacobsen SJ. 
Distribution of Biopsy-Proven Presumed Primary Glomerulonephropathies in 2000-
2011 Among a Racially and Ethnically Diverse US Population. Am J Kidney Dis 68: 533–
544, 2016. doi: 10.1053/J.AJKD.2016.03.416. 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 26, 2024. ; https://doi.org/10.1101/2024.10.22.619513doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619513
http://creativecommons.org/licenses/by-nc/4.0/


12.  Fogo AB. Causes and pathogenesis of focal segmental glomerulosclerosis. Nat Rev 
Nephrol 11: 76–87, 2015. doi: 10.1038/NRNEPH.2014.216. 

13.  Kim JS, Han BG, Choi SO, Cha SK. Secondary Focal Segmental Glomerulosclerosis: 
From Podocyte Injury to Glomerulosclerosis. Biomed Res Int 2016, 2016. doi: 
10.1155/2016/1630365. 

14.  Hall G, Gbadegesin RA. Translating genetic findings in hereditary nephrotic syndrome: 
the missing loops. Am J Physiol Renal Physiol 309: F24–F28, 2015. doi: 
10.1152/AJPRENAL.00683.2014. 

15.  Daehn IS, Duffield JS. The glomerular filtration barrier: a structural target for novel 
kidney therapies. Nat Rev Drug Discov 20: 770–788, 2021. doi: 10.1038/S41573-021-
00242-0. 

16.  Martin CE, Jones N. Nephrin Signaling in the Podocyte: An Updated View of Signal 
Regulation at the Slit Diaphragm and Beyond. Front Endocrinol (Lausanne) 9, 2018. 
doi: 10.3389/FENDO.2018.00302. 

17.  YAMADA E. The fine structure of the renal glomerulus of the mouse. J Biophys 
Biochem Cytol 1: 551–566, 1955. doi: 10.1083/JCB.1.6.551. 

18.  Grahammer F, Schell C, Huber TB. The podocyte slit diaphragm--from a thin grey line 
to a complex signalling hub. Nat Rev Nephrol 9: 587–598, 2013. doi: 
10.1038/NRNEPH.2013.169. 

19.  Yamaguchi M, Takahashi-Nakaguchi A, Uematsu K, Yamada H, Sato-Okamoto M, 
Chibana H. Ultrastructural examination of mouse kidney glomerular capillary loop by 
sandwich freezing and freeze-substitution. Microscopy (Oxf) 71: 289–296, 2022. doi: 
10.1093/JMICRO/DFAC031. 

20.  Lovric S, Ashraf S, Tan W, Hildebrandt F. Genetic testing in steroid-resistant nephrotic 
syndrome: when and how? Nephrol Dial Transplant 31: 1802–1813, 2016. doi: 
10.1093/NDT/GFV355. 

21.  Vivante A, Hildebrandt F. Exploring the genetic basis of early-onset chronic kidney 
disease. Nat Rev Nephrol 12: 133–146, 2016. doi: 10.1038/NRNEPH.2015.205. 

22.  Meliambro K, He JC, Campbell KN. Podocyte-targeted therapies - progress and future 
directions. 

23.  Ebarasi L, Ashraf S, Bierzynska A, Gee HY, McCarthy HJ, Lovric S, Sadowski CE, Pabst 
W, Vega-Warner V, Fang H, Koziell A, Simpson MA, Dursun I, Serdaroglu E, Levy S, 
Saleem MA, Hildebrandt F, Majumdar A. Defects of CRB2 cause steroid-resistant 
nephrotic syndrome. Am J Hum Genet 96: 153–161, 2015. doi: 
10.1016/J.AJHG.2014.11.014. 

24.  Slavotinek A, Kaylor J, Pierce H, Cahr M, Deward SJ, Schneidman-Duhovny D, 
Alsadah A, Salem F, Schmajuk G, Mehta L. CRB2 mutations produce a phenotype 
resembling congenital nephrosis, Finnish type, with cerebral ventriculomegaly and 
raised alpha-fetoprotein. Am J Hum Genet 96: 162–169, 2015. doi: 
10.1016/J.AJHG.2014.11.013. 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 26, 2024. ; https://doi.org/10.1101/2024.10.22.619513doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619513
http://creativecommons.org/licenses/by-nc/4.0/


25.  Udagawa T, Jo T, Yanagihara T, Shimizu A, Mitsui J, Tsuji S, Morishita S, Onai R, 
Miura K, Kanda S, Kajiho Y, Tsurumi H, Oka A, Hattori M, Harita Y. Altered expression 
of Crb2 in podocytes expands a variation of CRB2 mutations in steroid-resistant 
nephrotic syndrome. Pediatr Nephrol 32: 801–809, 2017. doi: 10.1007/S00467-016-
3549-4. 

26.  Möller-Kerutt A, Rodriguez-Gatica JE, Wacker K, Bhatia R, Siebrasse JP, Boon N, van 
Marck V, Boor P, Kubitscheck U, Wijnholds J, Pavenstädt H, Weide T. Crumbs2 is an 
essential slit diaphragm protein of the renal filtration barrier. Journal of the American 
Society of Nephrology 32: 1053–1070, 2021. doi: 10.1681/ASN.2020040501. 

27.  Tanoue A, Katayama K, Ito Y, Joh K, Toda M, Yasuma T, D’Alessandro-Gabazza CN, 
Kawachi H, Yan K, Ito M, Gabazza EC, Tryggvason K, Dohi K. Podocyte-specific Crb2 
knockout mice develop focal segmental glomerulosclerosis. Sci Rep 11, 2021. doi: 
10.1038/S41598-021-00159-Z. 

28.  Simaab A, Krishin J, Alaradi SR, Haider N, Shah M, Ullah A, Abdullah A, Ahmad W, 
Hansen T, Basit S. Exome Sequencing Revealed a Novel Splice Site Variant in the CRB2 
Gene Underlying Nephrotic Syndrome. Medicina (Kaunas) 58, 2022. doi: 
10.3390/MEDICINA58121784. 

29.  Hada I, Shimizu A, Takematsu H, Nishibori Y, Kimura T, Fukutomi T, Kudo A, Ito-Nitta 
N, Kiuchi Z, Patrakka J, Mikami N, Leclerc S, Akimoto Y, Hirayama Y, Mori S, Takano 
T, Yan K. A Novel Mouse Model of Idiopathic Nephrotic Syndrome Induced by 
Immunization with the Podocyte Protein Crb2. J Am Soc Nephrol 33: 2008–2025, 2022. 
doi: 10.1681/ASN.2022010070. 

30.  Möller-Kerutt A, Schönhoff B, Rellmann Y, George B, Braun DA, Pavenstädt H, Weide 
T. Loss of surface transport is a main cellular pathomechanism of CRB2 variants 
causing podocytopathies. Life Sci Alliance 6, 2022. doi: 10.26508/LSA.202201649. 

31.  Adutwum M, Hurst A, Mirzaa G, Kushner JD, Rogers C, Khalek N, Cristancho AG, 
Burrill N, Seifert ME, Scarano MI, Schnur RE, Slavotinek A. Six new cases of CRB2-
related syndrome and a review of clinical findings in 28 reported patients. Clin Genet 
103: 97–102, 2023. doi: 10.1111/CGE.14222. 

32.  Yang Q, Tang D, Gan C, Bai M, Song X, Jiang W, Li Q, Chen Y, Zhang A, Wang M. Novel 
variants in CRB2 targeting the malfunction of slit diaphragm related to focal segmental 
glomerulosclerosis. Pediatric Nephrology 39: 149–165, 2024. doi: 10.1007/S00467-
023-06087-6. 

33.  Bulgakova NA, Knust E. The Crumbs complex: from epithelial-cell polarity to retinal 
degeneration. J Cell Sci 122: 2587–2596, 2009. doi: 10.1242/JCS.023648. 

34.  Slavotinek AM. The Family of Crumbs Genes and Human Disease. Mol Syndromol 7: 
274–281, 2016. doi: 10.1159/000448109. 

35.  Hochapfel F, Denk L, Mendl G, Schulze U, Maaßen C, Zaytseva Y, Pavenstädt H, 
Weide T, Rachel R, Witzgall R, Krahn MP. Distinct functions of Crumbs regulating slit 
diaphragms and endocytosis in Drosophila nephrocytes. Cell Mol Life Sci 74: 4573–
4586, 2017. doi: 10.1007/S00018-017-2593-Y. 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 26, 2024. ; https://doi.org/10.1101/2024.10.22.619513doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619513
http://creativecommons.org/licenses/by-nc/4.0/


36.  Zhou X, Zhao L, Wang C, Sun W, Jia B, Li D, Fu J. Diverse functions and pathogenetic 
role of Crumbs in retinopathy. Cell Communication and Signaling 2024 22:1 22: 1–18, 
2024. doi: 10.1186/S12964-024-01673-Z. 

37.  Meliambro K, Wong JS, Ray J, Calizo RC, Towne S, Cole B, Salem F El, Gordon RE, 
Kaufman L, He JC, Azeloglu EU, Campbell KN. The Hippo pathway regulator KIBRA 
promotes podocyte injury by inhibiting YAP signaling and disrupting actin cytoskeletal 
dynamics. J Biol Chem 292: 21137–21148, 2017. doi: 10.1074/JBC.M117.819029. 

38.  Bonse J, Wennmann DO, Kremerskothen J, Weide T, Michgehl U, Pavenstädt H, 
Vollenbröker B. Nuclear YAP localization as a key regulator of podocyte function. Cell 
Death Dis 9, 2018. doi: 10.1038/S41419-018-0878-1. 

39.  Gilhaus K, Cepok C, Kamm D, Surmann B, Nedvetsky PI, Emich J, Sundukova A, 
Saatkamp K, Nüsse H, Klingauf J, Wennmann DO, George B, Krahn MP, Pavenstädt 
HJ, Vollenbröker BA. Activation of Hippo Pathway Damages Slit Diaphragm by 
Deprivation of Ajuba Proteins. J Am Soc Nephrol 34: 1039–1055, 2023. doi: 
10.1681/ASN.0000000000000107. 

40.  Rogg M, Maier JI, Helmstädter M, Sammarco A, Kliewe F, Kretz O, Weißer L, Van 
Wymersch C, Findeisen K, Koessinger AL, Tsoy O, Baumbach J, Grabbert M, Werner 
M, Huber TB, Endlich N, Schilling O, Schell C. A YAP/TAZ-ARHGAP29-RhoA Signaling 
Axis Regulates Podocyte Protrusions and Integrin Adhesions. Cells 12, 2023. doi: 
10.3390/CELLS12131795. 

41.  Huang Z, Zhang L, Chen Y, Zhang H, Zhang Q, Li R, Ma J, Li Z, Yu C, Lai Y, Lin T, Zhao X, 
Zhang B, Ye Z, Liu S, Wang W, Liang X, Liao R, Shi W. Cdc42 deficiency induces 
podocyte apoptosis by inhibiting the Nwasp/stress fibers/YAP pathway. Cell Death Dis 
7, 2016. doi: 10.1038/CDDIS.2016.51. 

42.  Rinschen MM, Grahammer F, Hoppe AK, Kohli P, Hagmann H, Kretz O, Bertsch S, 
Höhne M, Göbel H, Bartram MP, Gandhirajan RK, Krüger M, Brinkkoetter PT, Huber 
TB, Kann M, Wickström SA, Benzing T, Schermer B. YAP-mediated 
mechanotransduction determines the podocyte’s response to damage. Sci Signal 10, 
2017. doi: 10.1126/SCISIGNAL.AAF8165. 

43.  Kronenberg NM, Liehm P, Steude A, Knipper JA, Borger JG, Scarcelli G, Franze K, 
Powis SJ, Gather MC. Long-term imaging of cellular forces with high precision by 
elastic resonator interference stress microscopy. Nat Cell Biol 19: 864–872, 2017. doi: 
10.1038/NCB3561. 

44.  Haley KE, Kronenberg NM, Liehm P, Elshani M, Bell C, Harrison DJ, Gather MC, 
Reynolds PA. Podocyte injury elicits loss and recovery of cellular forces. Sci Adv 4, 
2018. doi: 10.1126/SCIADV.AAP8030. 

45.  Li H, Durbin R. Fast and accurate long-read alignment with Burrows-Wheeler 
transform. Bioinformatics 26: 589–595, 2010. doi: 10.1093/BIOINFORMATICS/BTP698. 

46.  Meyer LR, Zweig AS, Hinrichs AS, Karolchik D, Kuhn RM, Wong M, Sloan CA, 
Rosenbloom KR, Roe G, Rhead B, Raney BJ, Pohl A, Malladi VS, Li CH, Lee BT, Learned 
K, Kirkup V, Hsu F, Heitner S, Harte RA, Haeussler M, Guruvadoo L, Goldman M, 
Giardine BM, Fujita PA, Dreszer TR, Diekhans M, Cline MS, Clawson H, Barber GP, 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 26, 2024. ; https://doi.org/10.1101/2024.10.22.619513doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619513
http://creativecommons.org/licenses/by-nc/4.0/


Haussler D, Kent WJ. The UCSC Genome Browser database: extensions and updates 
2013. Nucleic Acids Res 41, 2013. doi: 10.1093/NAR/GKS1048. 

47.  McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A, Garimella K, 
Altshuler D, Gabriel S, Daly M, DePristo MA. The Genome Analysis Toolkit: a 
MapReduce framework for analyzing next-generation DNA sequencing data. Genome 
Res 20: 1297–1303, 2010. doi: 10.1101/GR.107524.110. 

48.  Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G, Abecasis G, 
Durbin R. The Sequence Alignment/Map format and SAMtools. Bioinformatics 25: 
2078–2079, 2009. doi: 10.1093/BIOINFORMATICS/BTP352. 

49.  McLaren W, Pritchard B, Rios D, Chen Y, Flicek P, Cunningham F. Deriving the 
consequences of genomic variants with the Ensembl API and SNP Effect Predictor. 
Bioinformatics 26: 2069, 2010. doi: 10.1093/BIOINFORMATICS/BTQ330. 

50.  Landrum MJ, Lee JM, Benson M, Brown G, Chao C, Chitipiralla S, Gu B, Hart J, 
Hoffman D, Hoover J, Jang W, Katz K, Ovetsky M, Riley G, Sethi A, Tully R, Villamarin-
Salomon R, Rubinstein W, Maglott DR. ClinVar: public archive of interpretations of 
clinically relevant variants. Nucleic Acids Res 44: D862–D868, 2016. doi: 
10.1093/NAR/GKV1222. 

51.  Welter D, MacArthur J, Morales J, Burdett T, Hall P, Junkins H, Klemm A, Flicek P, 
Manolio T, Hindorff L, Parkinson H. The NHGRI GWAS Catalog, a curated resource of 
SNP-trait associations. Nucleic Acids Res 42, 2014. doi: 10.1093/NAR/GKT1229. 

52.  Stenson PD, Ball E V., Mort M, Phillips AD, Shiel JA, Thomas NST, Abeysinghe S, 
Krawczak M, Cooper DN. Human Gene Mutation Database (HGMD): 2003 update. 
Hum Mutat 21: 577–581, 2003. doi: 10.1002/HUMU.10212. 

53.  Mottaz A, David FPA, Veuthey AL, Yip YL. Easy retrieval of single amino-acid 
polymorphisms and phenotype information using SwissVar. Bioinformatics 26: 851–
852, 2010. doi: 10.1093/BIOINFORMATICS/BTQ028. 

54.  Hamosh A, Scott AF, Amberger JS, Bocchini CA, McKusick VA. Online Mendelian 
Inheritance in Man (OMIM), a knowledgebase of human genes and genetic disorders. 
Nucleic Acids Res 33, 2005. doi: 10.1093/NAR/GKI033. 

55.  Lek M, Karczewski KJ, Minikel E V., Samocha KE, Banks E, Fennell T, O’Donnell-Luria 
AH, Ware JS, Hill AJ, Cummings BB, Tukiainen T, Birnbaum DP, Kosmicki JA, Duncan 
LE, Estrada K, Zhao F, Zou J, Pierce-Hoffman E, Berghout J, Cooper DN, Deflaux N, 
DePristo M, Do R, Flannick J, Fromer M, Gauthier L, Goldstein J, Gupta N, Howrigan 
D, Kiezun A, Kurki MI, Moonshine AL, Natarajan P, Orozco L, Peloso GM, Poplin R, 
Rivas MA, Ruano-Rubio V, Rose SA, Ruderfer DM, Shakir K, Stenson PD, Stevens C, 
Thomas BP, Tiao G, Tusie-Luna MT, Weisburd B, Won HH, Yu D, Altshuler DM, 
Ardissino D, Boehnke M, Danesh J, Donnelly S, Elosua R, Florez JC, Gabriel SB, Getz 
G, Glatt SJ, Hultman CM, Kathiresan S, Laakso M, McCarroll S, McCarthy MI, 
McGovern D, McPherson R, Neale BM, Palotie A, Purcell SM, Saleheen D, Scharf JM, 
Sklar P, Sullivan PF, Tuomilehto J, Tsuang MT, Watkins HC, Wilson JG, Daly MJ, 
MacArthur DG, Abboud HE, Abecasis G, Aguilar-Salinas CA, Arellano-Campos O, 
Atzmon G, Aukrust I, Barr CL, Bell GI, Bergen S, Bjørkhaug L, Blangero J, Bowden DW, 
Budman CL, Burtt NP, Centeno-Cruz F, Chambers JC, Chambert K, Clarke R, Collins R, 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 26, 2024. ; https://doi.org/10.1101/2024.10.22.619513doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619513
http://creativecommons.org/licenses/by-nc/4.0/


Coppola G, Córdova EJ, Cortes ML, Cox NJ, Duggirala R, Farrall M, Fernandez-Lopez 
JC, Fontanillas P, Frayling TM, Freimer NB, Fuchsberger C, García-Ortiz H, Goel A, 
Gómez-Vázquez MJ, González-Villalpando ME, González-Villalpando C, Grados MA, 
Groop L, Haiman CA, Hanis CL, Hattersley AT, Henderson BE, Hopewell JC, Huerta-
Chagoya A, Islas-Andrade S, Jacobs SB, Jalilzadeh S, Jenkinson CP, Moran J, Jiménez-
Morale S, Kähler A, King RA, Kirov G, Kooner JS, Kyriakou T, Lee JY, Lehman DM, Lyon 
G, MacMahon W, Magnusson PK, Mahajan A, Marrugat J, Martínez-Hernández A, 
Mathews CA, McVean G, Meigs JB, Meitinger T, Mendoza-Caamal E, Mercader JM, 
Mohlke KL, Moreno-Macías H, Morris AP, Najmi LA, Njølstad PR, O’Donovan MC, 
Ordóñez-Sánchez ML, Owen MJ, Park T, Pauls DL, Posthuma D, Revilla-Monsalve C, 
Riba L, Ripke S, Rodríguez-Guillén R, Rodríguez-Torres M, Sandor P, Seielstad M, 
Sladek R, Soberón X, Spector TD, Tai SE, Teslovich TM, Walford G, Wilkens LR, 
Williams AL. Analysis of protein-coding genetic variation in 60,706 humans. Nature 
536: 285–291, 2016. doi: 10.1038/NATURE19057. 

56.  Nagasaki M, Yasuda J, Katsuoka F, Nariai N, Kojima K, Kawai Y, Yamaguchi-Kabata Y, 
Yokozawa J, Danjoh I, Saito S, Sato Y, Mimori T, Tsuda K, Saito R, Pan X, Nishikawa S, 
Ito S, Kuroki Y, Tanabe O, Fuse N, Kuriyama S, Kiyomoto H, Hozawa A, Minegishi N, 
Engel JD, Kinoshita K, Kure S, Yaegashi N, Yamamoto M, Tsuboi A, Nagami F, 
Kawame H, Tomita H, Tsuji I, Nakaya J, Sugawara J, Suzuki K, Kikuya M, Abe M, 
Nakaya N, Osumi N, Yamashita R, Ogishima S, Takai T, Tominaga T, Taki Y, Suzuki Y. 
Rare variant discovery by deep whole-genome sequencing of 1,070 Japanese 
individuals. Nat Commun 6, 2015. doi: 10.1038/NCOMMS9018. 

57.  The 1000 Genomes Project Consortium. A global reference for human genetic 
variation. Nature 2015 526:7571 526: 68–74, 2015. doi: 10.1038/nature15393. 

58.  Yang J, Yan R, Roy A, Xu D, Poisson J, Zhang Y. The I-TASSER Suite: protein structure 
and function prediction. Nat Methods 12: 7–8, 2015. doi: 10.1038/NMETH.3213. 

59.  Yang J, Zhang Y. Protein Structure and Function Prediction Using I-TASSER. Curr Protoc 
Bioinformatics 52: 5.8.1-5.8.15, 2015. doi: 10.1002/0471250953.BI0508S52. 

60.  Tagliafierro L, Ilich E, Moncalvo M, Gu J, Sriskanda A, Grenier C, Murphy SK, Chiba-
Falek O, Kantor B. Lentiviral Vector Platform for the Efficient Delivery of Epigenome-
editing Tools into Human Induced Pluripotent Stem Cell-derived Disease Models. 
Journal of Visualized Experiments 2019, 2019. doi: 10.3791/59241. 

61.  Brown LY, Dong W, Kantor B. An Improved Protocol for the Production of Lentiviral 
Vectors. STAR Protoc 1, 2020. doi: 10.1016/J.XPRO.2020.100152. 

62.  Tian X, Pedigo CE, Li K, Ma X, Bunda P, Pell J, Lek A, Gu J, Zhang Y, Medina Rangel PX, 
Li W, Schwartze E, Nagata S, Lerner G, Perincheri S, Priyadarshini A, Zhao H, Lek M, 
Menon MC, Fu R, Ishibe S. Profilin1 is required for prevention of mitotic catastrophe 
in murine and human glomerular diseases. J Clin Invest 133, 2023. doi: 
10.1172/JCI171237. 

63.  Liehm P, Kronenberg NM, Gather MC. Analysis of the Precision, Robustness, and 
Speed of Elastic Resonator Interference Stress Microscopy. Biophys J 114: 2180–2193, 
2018. doi: 10.1016/j.bpj.2018.03.034. 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 26, 2024. ; https://doi.org/10.1101/2024.10.22.619513doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619513
http://creativecommons.org/licenses/by-nc/4.0/


64.  Doss BL, Pan M, Gupta M, Grenci G, Mège RM, Lim CT, Sheetz MP, Voituriez R, 
Ladoux B. Cell response to substrate rigidity is regulated by active and passive 
cytoskeletal stress. Proc Natl Acad Sci U S A 117: 12817–12825, 2020. doi: 
10.1073/PNAS.1917555117. 

65.  Horzum U, Ozdil B, Pesen-Okvur D. Step-by-step quantitative analysis of focal 
adhesions. MethodsX 1: 56–59, 2014. doi: 10.1016/J.MEX.2014.06.004. 

66.  Sakairi T, Abe Y, Kajiyama H, Bartlett LD, Howard L V., Jat PS, Kopp JB. Conditionally 
immortalized human podocyte cell lines established from urine. Am J Physiol Renal 
Physiol 298, 2010. doi: 10.1152/AJPRENAL.00509.2009. 

67.  Dupont S, Morsut L, Aragona M, Enzo E, Giulitti S, Cordenonsi M, Zanconato F, Le 
Digabel J, Forcato M, Bicciato S, Elvassore N, Piccolo S. Role of YAP/TAZ in 
mechanotransduction. Nature 474: 179–184, 2011. doi: 10.1038/NATURE10137. 

68.  Zhao B, Wei X, Li W, Udan RS, Yang Q, Kim J, Xie J, Ikenoue T, Yu J, Li L, Zheng P, Ye K, 
Chinnaiyan A, Halder G, Lai ZC, Guan KL. Inactivation of YAP oncoprotein by the Hippo 
pathway is involved in cell contact inhibition and tissue growth control. Genes Dev 21: 
2747–2761, 2007. doi: 10.1101/GAD.1602907. 

69.  Shen J, Cao B, Wang Y, Ma C, Zeng Z, Liu L, Li X, Tao D, Gong J, Xie D. Hippo 
component YAP promotes focal adhesion and tumour aggressiveness via 
transcriptionally activating THBS1/FAK signalling in breast cancer. J Exp Clin Cancer Res 
37, 2018. doi: 10.1186/S13046-018-0850-Z. 

70.  Isenberg JS, Roberts DD. THBS1 (thrombospondin-1). Atlas Genet Cytogenet Oncol 
Haematol 24: 291–299, 2020. doi: 10.4267/2042/70774. 

71.  Mohri Z, Rio Hernandez A Del, Krams R. The emerging role of YAP/TAZ in 
mechanotransduction. J Thorac Dis 9: E507–E509, 2017. doi: 
10.21037/JTD.2017.03.179. 

72.  Kim H, Son S, Ko Y, Shin I. CTGF regulates cell proliferation, migration, and glucose 
metabolism through activation of FAK signaling in triple-negative breast cancer. 
Oncogene 40: 2667–2681, 2021. doi: 10.1038/S41388-021-01731-7. 

73.  Leu SJ, Lam SCT, Lau LF. Pro-angiogenic activities of CYR61 (CCN1) mediated through 
integrins alphavbeta3 and alpha6beta1 in human umbilical vein endothelial cells. J Biol 
Chem 277: 46248–46255, 2002. doi: 10.1074/JBC.M209288200. 

74.  Espinoza I, Yang L, Steen T Vander, Vellon L, Cuyàs E, Verdura S, Lau L, Menendez JA, 
Lupu R. Binding of the angiogenic/senescence inducer CCN1/CYR61 to integrin α6β1 
drives endocrine resistance in breast cancer cells. Aging 14: 1200–1213, 2022. doi: 
10.18632/AGING.203882. 

75.  Yamashiro Y, Thang BQ, Ramirez K, Shin SJ, Kohata T, Ohata S, Vu Nguyen TA, 
Ohtsuki S, Nagayama K, Yanagisawa H. Matrix mechanotransduction mediated by 
thrombospondin-1/integrin/YAP in the vascular remodeling. Proc Natl Acad Sci U S A 
117: 9896–9905, 2020. doi: 10.1073/PNAS.1919702117. 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 26, 2024. ; https://doi.org/10.1101/2024.10.22.619513doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619513
http://creativecommons.org/licenses/by-nc/4.0/


76.  Urciuoli E, Peruzzi B. Involvement of the FAK Network in Pathologies Related to 
Altered Mechanotransduction. Int J Mol Sci 21: 1–12, 2020. doi: 
10.3390/IJMS21249426. 

77.  Bai M, Zhang Z, Chen H, Liu X, Xie J. Paxillin tunes the relationship between cell-matrix 
and cell-cell adhesions to regulate stiffness-dependent dentinogenesis. Regen 
Biomater 10, 2022. doi: 10.1093/RB/RBAC100. 

78.  Haley KE, Kronenberg NM, Liehm P, Elshani M, Bell C, Harrison DJ, Gather MC, 
Reynolds PA. Podocyte injury elicits loss and recovery of cellular forces. Sci Adv 4: 
8030–8057, 2018. doi: 10.1126/sciadv.aap8030. 

79.  Salgia R, Li JL, Su Hao Lo, Brunkhorst B, Kansas GS, Sobhany ES, Sun Y, Pisick E, Hallek 
M, Ernst T, Tantravahi R, Chen LB, Griffin JD. Molecular cloning of human paxillin, a 
focal adhesion protein phosphorylated by P210(BCR/ABL). J Biol Chem 270: 5039–
5047, 1995. doi: 10.1074/jbc.270.10.5039. 

80.  Xu W, Ge Y, Liu Z, Gong R. Glycogen Synthase Kinase 3β Dictates Podocyte Motility 
and Focal Adhesion Turnover by Modulating Paxillin Activity: Implications for the 
Protective Effect of Low-Dose Lithium in Podocytopathy. Am J Pathol 184: 2742, 2014. 
doi: 10.1016/J.AJPATH.2014.06.027. 

81.  Schell C, Sabass B, Helmstaedter M, Geist F, Abed A, Yasuda-Yamahara M, Sigle A, 
Maier JI, Grahammer F, Siegerist F, Artelt N, Endlich N, Kerjaschki D, Arnold HH, 
Dengjel J, Rogg M, Huber TB. ARP3 Controls the Podocyte Architecture at the Kidney 
Filtration Barrier. Dev Cell 47: 741, 2018. doi: 10.1016/J.DEVCEL.2018.11.011. 

82.  Burridge K, Chrzanowska-Wodnicka M. Focal adhesions, contractility, and signaling. 
Annu Rev Cell Dev Biol 12: 463–519, 1996. doi: 10.1146/ANNUREV.CELLBIO.12.1.463. 

83.  Legant WR, Choi CK, Miller JS, Shao L, Gao L, Betzig E, Chen CS. Multidimensional 
traction force microscopy reveals out-of-plane rotational moments about focal 
adhesions. Proc Natl Acad Sci U S A 110: 881–886, 2013. doi: 
10.1073/PNAS.1207997110. 

84.  Kaneda A, Seike T, Danjo T, Nakajima T, Otsubo N, Yamaguchi D, Tsuji Y, Hamaguchi 
K, Yasunaga M, Nishiya Y, Suzuki M, Saito J, Yatsunami R, Nakamura S, Sekido Y, 
Mori K. The novel potent TEAD inhibitor, K-975, inhibits YAP1/TAZ-TEAD protein-
protein interactions and exerts an anti-tumor effect on malignant pleural 
mesothelioma [Online]. Am J Cancer Res 10: 4399–4415, 2020. 
/pmc/articles/PMC7783735/ [30 Jul. 2024]. 

85.  Wu L, Feng Z, Cui S, Hou K, Tang L, Zhou J, Cai G, Xie Y, Hong Q, Fu B, Chen X. 
Rapamycin Upregulates Autophagy by Inhibiting the mTOR-ULK1 Pathway, Resulting in 
Reduced Podocyte Injury. PLoS One 8: e63799, 2013. doi: 
10.1371/JOURNAL.PONE.0063799. 

86.  Jin J, Hu K, Ye M, Wu D, He Q. Rapamycin Reduces Podocyte Apoptosis and is Involved 
in Autophagy and mTOR/ P70S6K/4EBP1 Signaling. Cell Physiol Biochem 48: 765–772, 
2018. doi: 10.1159/000491905. 

87.  Wang XJ, Maier K, Fuse S, Willis AI, Olson E, Nesselroth S, Sumpio BE, Gahtan V. 
Thrombospondin-1-Induced Migration Is Functionally Dependent Upon Focal 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 26, 2024. ; https://doi.org/10.1101/2024.10.22.619513doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619513
http://creativecommons.org/licenses/by-nc/4.0/


Adhesion Kinase. Vasc Endovasc Surg 42: 256–262, 2008. doi: 
10.1177/1538574408314440. 

88.  Bhowmick NA, Ghiassi M, Bakin A, Aakre M, Lundquist CA, Engel ME, Arteaga CL, 
Moses HL. Transforming growth factor-beta1 mediates epithelial to mesenchymal 
transdifferentiation through a RhoA-dependent mechanism. Mol Biol Cell 12: 27–36, 
2001. doi: 10.1091/MBC.12.1.27. 

89.  Oakes PW, Wagner E, Brand CA, Probst D, Linke M, Schwarz US, Glotzer M, Gardel 
ML. Optogenetic control of RhoA reveals zyxin-mediated elasticity of stress fibres. Nat 
Commun 8: 1–12, 2017. doi: 10.1038/ncomms15817. 

90.  Mierke CT, Fischer T, Puder S, Kunschmann T, Soetje B, Ziegler WH. Focal adhesion 
kinase activity is required for actomyosin contractility-based invasion of cells into 
dense 3D matrices. Scientific Reports 2017 7:1 7: 1–18, 2017. doi: 10.1038/srep42780. 

91.  Elosegui-Artola A, Andreu I, Beedle AEM, Lezamiz A, Uroz M, Kosmalska AJ, Oria R, 
Kechagia JZ, Rico-Lastres P, Le Roux AL, Shanahan CM, Trepat X, Navajas D, Garcia-
Manyes S, Roca-Cusachs P. Force Triggers YAP Nuclear Entry by Regulating Transport 
across Nuclear Pores. Cell 171: 1397-1410.e14, 2017. doi: 10.1016/j.cell.2017.10.008. 

92.  Dey A, Varelas X, Guan KL. Targeting the Hippo pathway in cancer, fibrosis, wound 
healing and regenerative medicine. Nat Rev Drug Discov 19: 480–494, 2020. doi: 
10.1038/s41573-020-0070-z. 

93.  Gibault F, Corvaisier M, Bailly F, Huet G, Melnyk P, Cotelle P. Non-Photoinduced 
Biological Properties of Verteporfin. Curr Med Chem 23: 1171–1184, 2016. doi: 
10.2174/0929867323666160316125048. 

94.  Nishimura T, Yamaguchi T, Kato K, Yoshizawa M, Nabeshima YI, Ohno S, Hoshino M, 
Kaibuchi K. PAR-6–PAR-3 mediates Cdc42-induced Rac activation through the Rac 
GEFs STEF/Tiam1. Nat Cell Biol 7: 270–277, 2005. doi: 10.1038/ncb1227. 

95.  Shin K, Wang Q, Margolis B. PATJ regulates directional migration of mammalian 
epithelial cells. EMBO Rep 8: 158, 2007. doi: 10.1038/SJ.EMBOR.7400890. 

96.  Paniagua AE, Segurado A, Dolón JF, Esteve-Rudd J, Velasco A, Williams DS, Lillo C. 
Key Role for CRB2 in the Maintenance of Apicobasal Polarity in Retinal Pigment 
Epithelial Cells. Front Cell Dev Biol 9: 1686, 2021. doi: 
10.3389/FCELL.2021.701853/BIBTEX. 

97.  Hodge RG, Ridley AJ. Regulating Rho GTPases and their regulators. Nat Rev Mol Cell 
Biol 17: 496–510, 2016. doi: 10.1038/nrm.2016.67. 

98.  Suleiman HY, Roth R, Jain S, Heuser JE, Shaw AS, Miner JH. Injury-induced actin 
cytoskeleton reorganization in podocytes revealed by super-resolution microscopy. JCI 
Insight 2, 2017. doi: 10.1172/jci.insight.94137. 

99.  Kaneda A, Seike T, Danjo T, Nakajima T, Otsubo N, Yamaguchi D, Tsuji Y, Hamaguchi 
K, Yasunaga M, Nishiya Y, Suzuki M, Saito J-I, Yatsunami R, Nakamura S, Sekido Y, 
Mori K. The novel potent TEAD inhibitor, K-975, inhibits YAP1/ TAZ-TEAD protein-
protein interactions and exerts an anti-tumor effect on malignant pleural 
mesothelioma [Online]. www.ajcr.us/. 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 26, 2024. ; https://doi.org/10.1101/2024.10.22.619513doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619513
http://creativecommons.org/licenses/by-nc/4.0/


100.  Xie K, Xu C, Zhang M, Wang M, Min L, Qian C, Wang Q, Ni Z, Mou S, Dai H, Pang H, Gu 
L. Yes-associated protein regulates podocyte cell cycle re-entry and dedifferentiation 
in adriamycin-induced nephropathy. Cell Death Dis 10, 2019. doi: 10.1038/S41419-
019-2139-3. 

101.  Awad AS, Rouse MD, Khutsishvili K, Huang L, Bolton WK, Lynch KR, Okusa MD. 
Chronic sphingosine 1-phosphate 1 receptor activation attenuates early-stage diabetic 
nephropathy independent of lymphocytes. Kidney Int 79: 1090–1098, 2011. doi: 
10.1038/KI.2010.544. 

102.  A M, Y D, S M, A F. Role of Sphingolipid Signaling in Glomerular Diseases: Focus on 
DKD and FSGS. J Cell Signal 1, 2020. doi: 10.33696/SIGNALING.1.013. 

103.  Hamano S, Nishibori Y, Hada I, Mikami N, Ito-Nitta N, Fukuhara D, Kudo A, Xiao Z, 
Nukui M, Patrakka J, Tryggvason K, Yan K. Association of crumbs homolog-2 with 
mTORC1 in developing podocyte. PLoS One 13, 2018. doi: 
10.1371/JOURNAL.PONE.0202400. 

104.  Schwartzman M, Reginensi A, Wong JS, Basgen JM, Meliambro K, Nicholas SB, Dagati 
V, McNeill H, Campbell KN. Podocyte-Specific Deletion of Yes-Associated Protein 
Causes FSGS and Progressive Renal Failure. J Am Soc Nephrol 27: 216–226, 2016. doi: 
10.1681/ASN.2014090916. 

105.  Zhuang Q, Li F, Liu J, Wang H, Tian Y, Zhang Z, Wang F, Zhao Z, Chen J, Wu H. Nuclear 
exclusion of YAP exacerbates podocyte apoptosis and disease progression in 
Adriamycin-induced focal segmental glomerulosclerosis. Lab Invest 101: 258–270, 
2021. doi: 10.1038/S41374-020-00503-3. 

106.  Cobbaut M, Karagil S, Bruno L, Diaz de la Loza MDC, Mackenzie FE, Stolinski M, 
Elbediwy A. Dysfunctional Mechanotransduction through the YAP/TAZ/Hippo 
Pathway as a Feature of Chronic Disease. Cells 9, 2020. doi: 10.3390/CELLS9010151. 

107.  Varelas X, Samavarchi-Tehrani P, Narimatsu M, Weiss A, Cockburn K, Larsen BG, 
Rossant J, Wrana JL. The Crumbs Complex Couples Cell Density Sensing to Hippo-
Dependent Control of the TGF-β-SMAD Pathway. Dev Cell 19: 831–844, 2010. doi: 
10.1016/j.devcel.2010.11.012. 

  

  

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 26, 2024. ; https://doi.org/10.1101/2024.10.22.619513doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619513
http://creativecommons.org/licenses/by-nc/4.0/


FIGURES  

 

Figure 1: Pedigree of family DUK40595 and identification of CRB2 variant. 

a) Family DUK40595 is a 2-generation Asian kindred from India. The proband (arrow head) 

has biopsy-proven FSGS and her younger male sibling has proteinuric nephropathy likely 

caused by the FSGS lesion. The cause of FSGS in both affected siblings was found to be a 

compound heterozygous mutation of CRB2 (FSGS-9). The pathogenic mutation is comprised 

of a previously described truncating frameshift mutation (p.Gly1036_Alafs*43) and a rare 9-

bp deletion mutation (p.Leu1074_Asp1076del). b) Schematic of CRB2 protein functional 

domains. Family DUK40595 pathogenic mutations identified in the 3rd Laminin G domain 
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(p.Gly1036Alafs*43, [* in orange]) and the 12th EGF-like domain (p.Leu1074_Asp1076del, 

[* in black]). c) The 9-bp, in-frame deletion results in the loss of three highly conserved amino 

acids (Asp-Leu-Phe) d) which significantly distorts the structure of the EGF-like domain. 

 

 

Figure 2: Differentiation of human immortalized urinary podocytes. 

a) Plot of relative quantification of CRB2 gene expression in scrambled siRNA (siScr) and 

CRB2-knockdown (siCRB2) podocytes from three quantitative polymer chain reaction (qPCR) 

replicates. Mean values (boxes) and standard deviation (error bar). Groups were compared 

using a paired-sample t-test with non-equal variance, **: p ≤ 0.005. b) Phase contrast and 

immunofluorescence images of nephrin (red), synaptopodin (red) and nuclei (detected by DAPI, 

blue) for proliferating (at 33 °C) and 12-day-differentiaed (at 37 °C) siScr and siCRB2 

podocytes. Cell outlines are indicated by white-dashed lines in the immunofluorescence images. 

Scale bars, 50 μm. c) Comparison of cell area between proliferating and 12-day-differentiated 

podocytes (dots), showing mean (lines) and ±1 SD (boxes) for the siScr and siCRB2 cells. 

Groups were compared using two-tailed t-tests with non-equal variance, n.s.: p > 0.05, *: p ≤ 

0.05, **: p ≤ 0.01, ***: p ≤ 0.001.  
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Figure 3: Upregulated YAP signaling in human podocytes upon CRB2 knockdown. 

a) Luciferase reporter assay of average expression of transcriptional enhanced associate 

domain (TEAD) in siScr and siCRB2 podocytes. N = 6. b) Western blots of non-phosphorylated 

YAP (np-YAP), Thrombospondin-1 (THBS-1) and total YAP expression in siScr and siCRB2 

podocytes. c) and d) Relative expression level of np-YAP and THBS-1 compared to total YAP 

for both cell lines using data obtained from b). e) Enzyme-linked immunoassay (ELISA) 

analysis of expression of YAP-target genes for both cell lines. TGF, transforming growth factor; 

CTGF, Connective tissue growth factor; Cyr61, Cysteine-rich angiogenic inducer 61; CCN1/2, 

Cellular communication network factor 1 or 2; EN1, Endothelin 1. N = 6. Mean values (boxes) 

and ±S.E.M. (error bars).  Groups in panels a), c), d), and e) were compared using two-tailed 

t-tests with non-equal variance, n.s.: p > 0.05, *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001. 
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Figure 4: Cell contractility of siCRB2 podocytes increases throughout differentiation. 

a) Phase-contrast images and b) ERISM displacement maps of representative control (siScr) 

and CRB2 knock-down (siCRB2) podocytes on ERISM substrates with an apparent stiffness of 

74 kPa on Day 1, 8 and 12 of the differentiation at 37 °C. Scale bars, 50 μm. c-f) Evolution of 

mean indented sensor volume (symbols) and ±S.E.M. (error bars) of siScr (green) and siCRB2 

(orange) podocytes during differentiation, measured on ERISM substrates with an apparent 

stiffness of 11, 53, 74 and 142 kPa, respectively. N ≥ 20 for each group. g) Relative change of 

mean indented volume between Day 12 and Day 1 of differentiation (symbols) and ±SD (error 

bars) of siScr (green) and siCRB2 (orange) podocytes. Relative knockdown (KD) effect, i.e. 

the ratio of relative change, siCRB2/siScr cell line, for ERISM substrate of different stiffness 

(grey symbols, right y-axis). Groups were compared using two-tailed t-tests with non-equal 

variance, *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001.  
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Figure 5. Mechano-sensitive proteins in differentiated human podocytes. 

a) Representative immunofluorescence images of F-actin (labelled by TRITC-phalloidin, 

green), paxillin (red) and nuclei (labelled by DAPI, blue) for 12-day-differentiated control 

(siScr) and CRB2 knockdown (siCRB2) podocytes. Scale bars, 50 μm. F-actin, filamentous 

actin; YAP, yes-associated protein. b) Western blot of phosphorylated paxillin, focal adhesion 

kinase (p-paxillin, p-FAK) and total FAK in siScr and siCRB2 podocytes. Since the experiment 

was not repeated, we did not perform quantitative analysis. Mean fluorescence intensity of 

c) F-actin and e) paxillin per cell for both cell lines. d) Actin cytoskeleton order parameter 

(nematic order, S) for both cell lines. S = 0 for isotropic, non-polarized and S = 1 for perfectly 

linearly polarized actin cytoskeleton. f) Numbers of focal adhesion (FA) clusters per cell 

(quantified via the counts of paxillin dots in immunofluorescence images), g) mean size of 

individual FAs and h) ratio of total FA area across a cell to its size for differentiated siScr and 

siCRB2 podocytes. Shown are the values for individual cells (symbols), the mean (central lines) 

and ±SD (boxes). At least 6 cells were measured per group. Groups were compared using two-

tailed student t-tests with non-equal variance, n.s.: no significance, *: p ≤ 0.05, **: p ≤ 0.01, 

***: p ≤ 0.001.  
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Figure 6. Podocyte contractile forces are colocalized with the paxillin expression FAs at 

the cell periphery. 

a) Composite immunofluorescence images of the representative cells shown in Figure 5. F-

actin (labelled by TRITC-phalloidin, green), paxillin (red) and nuclei (labelled by DAPI, blue) 

of a differentiated control podocyte (left), a zoom-in on the area marked by the white square 

(middle), and same staining for a differentiated siCRB2 podocyte (right). b) Corresponding 

ERISM displacement and c) Fourier-filtered ERISM maps, with black lines denoting the 

outlines of paxillin-rich areas. Scale bars, 50 μm. F-actin, filamentous actin.  
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Figure 7. Hippo and mTOR signaling related drug treatments. 

a) Phase contrast images and ERISM displacement maps of representative differentiated 

control (siScr) and CRB2 knockdown (siCRB2) podocytes on an ERISM substrate with an 

apparent stiffness of 53 kPa. Cell outlines are indicated by white-dashed lines. Groups were 

treated without (DMSO) or with 100 nM of K-975 for 24 hours. b – d) Mean indented volume 

(symbols), means (central lines) and ±SD (boxes) of single podocytes after 24 h of treatment 

with b) 100 nM of K-975, c) verteporfin with various of concentrations, and d) 100 nM of 

rapamycin for siScr and siCRB2 podocytes. All groups were treated with 0.2% of DMSO. 

N ≥ 10. Scale bar, 50 μm. Groups were compared using two-tailed t-tests with non-equal 

variance, n.s.: no significance, *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001.  
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Figure 8. Proposed Effect of CRB2 Deficiency on Podocyte Mechanotransduction. 

Schematic diagram of the possible signaling pathways involved upon CRB2 knockdown. a) In 

healthy podocytes, the Crumbs complex associates with the PAR complex, thereby facilitating 

normal cell spreading and contractility. Either the interaction with crumbs complex or the 

activation of MST1/2 and LATS1/2 signaling of the Hippo pathway may promote YAP 

phosphorylation (deactivation), leading to retention or degradation of cytoplasmic YAP. b) In 

CRB2 mutant-related nephropathy, the activity of Rac1 might be suppressed by the 

disassociation of the PAR complex from the Crumbs complex. Together with the activated 

TGF-β signaling, this may lead to a higher activity of RhoA/ROCK/Myosin II signaling, 

thereby resulting in a smaller cell spreading area and an enhanced cell contractility. In the 

absence of CRB2, upregulated RhoA- and FAK-mediated LATS1/2 suppression may also 

result in nuclear translocation of YAP and upregulation of YAP target genes such as THBS-1, 

CTGF, CYR61, EN1 and TGF-β, etc. FAK signaling is activated by THBS-1, leading to the 

upregulation of paxillin. Question marks, assumptions. Solid lines, normal signaling. Dashed 

lines, reduced signaling. AMOT, angiomotin. CRB2, crumbs 2. CTGF, connective tissue 

growth factor. CYR61, cysteine-rich angiogenic inducer 61. FAK, focal adhesion kinase. GTP, 

guanine triphosphate. LATS1/2, large tumor suppressor kinase 1/2. MST1/2, mammalian 

sterile 20-like kinase 1/2. P, phosphate. PAR, protease activated receptor complex. Rac1, Ras-

related C3 botulinum toxin substrate 1. RhoA, Ras homolog family member A. ROCK, Rho-

associated protein kinase. TEAD, transcriptional enhanced associate domain. TGF-β, 

transforming growth factor beta. THBS-1, thrombospondin 1. YAP, yes-associated protein. 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 26, 2024. ; https://doi.org/10.1101/2024.10.22.619513doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.22.619513
http://creativecommons.org/licenses/by-nc/4.0/


TABLE 

 

Table 1: Family DUK40595 Clinical Characteristics 

Family and 
Individual Gender Genotype Amino Acid Change Proteinuria 

(g/24 h) 
Age at 

Diagnosis Diagnosis Transplant/ 
Recurrence 

DUK40595-
1000 

Female c.3220_3228del p.Leu1074_Asp1076del None NA 
No 

Disease 
No/NA 

DUK40595-
1001 

Male c.3089_3104dup p.Gly1036Alafs*43 None NA 
No 

Disease 
No/NA 

DUK40595-
1 

Female 
c.3089_3104dup 
/c.3220_3228del 

p.Gly1036Alafs*43 
/p.Leu1074_Asp1076del 

Yes; > 3.5 16 FSGS No/NA 

DUK40595-
100 

Male 
c.3089_3104dup 
/c.3220_3228del 

p.Gly1036Alafs*43 
/p.Leu1074_Asp1076del 

Yes; > 3.5 15 FSGS Yes/NA 

 

 

  

Abbreviations: FSGS, focal segmental glomerulosclerosis; NA, not applicable. 
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SUPPLEMENTARY MATERIAL 

 

 

Figure S1: CRB2 colocalizes with TRPC6 in immortalized human podocytes.  

CRB2 is expressed throughout the apical membrane of mature, immortalized human podocytes 

and demonstrates regional colocalization with the slit diaphragm protein TRPC6 (Inset). Scale 

bar, 25 µm. 

 

 

Figure S2: CRB2 staining in glomeruli bearing the p.Gly1036Alafs*43 truncating 

mutation. 

Representative kidney biopsy images with CRB2 and Nephrin staining in a healthy human 

glomerulus (control), a patient with FSGS due to a pathogenic TRPC6 mutation and a patient 

with biopsy proven FSGS bearing the pathogenic truncating p.Gly1036Alafs*43 mutation. The 

uniform distribution of podocyte CRB2 staining in the control is largely preserved but mildly 

irregular in the patient with the TRPC6 mutation. Notably, in the patient with FSGS due to the 

truncating CRB2 mutation, CRB2 staining is obliterated, consistent with the predicted effect of 

the mutation to prevent the transmembrane insertion of the protein. 
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Figure S3: Focal adhesion density is enhanced in CRB2 KD podocytes.  

Focal Adhesion Kinase (FAK) staining is used to identify focal adhesions by indirect 

immunofluorescence imaging in siScr and siCRB2 podocytes (Insets). Although the number of 

focal adhesions per cell is similar in both lines, the focal adhesion density is greater in siCRB2 

podocytes due to their significantly reduced cell area as shown in Figure 2c of the main text. 

Scale bar, 25 µm. 
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Figure S4: No reduction in cell contractility of CRB2 KD podocytes upon treatment with 

verteporfin at high dose.  

Mean indented volume (symbols), means (central lines) and ±SD (boxes) of individual 12-day 

differentiated podocytes after 24 h of verteporfin treatment at two different concentrations in 

dark and in DMSO control, for CRB2 knockdown (siCRB2) podocytes. Excessive cell death 

was observed for siCRB2 podocytes treated with 5 µM of verteporfin. All groups were treated 

with 0.2% of DMSO and N ≥ 6. Groups were compared using two-tailed t-tests with non-equal 

variance, n.s.: no significance, *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001.  
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