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A B S T R A C T

Diabetic nephropathy results from chronic (or uncontrolled) hyperglycemia and is the leading cause of kidney 
failure. The kidney’s glomerular podocytes are highly susceptible to diabetic injury and subsequent non- 
reversible degeneration. We generated a human induced pluripotent stem (iPS) cell-derived model of diabetic 
podocytopathy to investigate disease pathogenesis and progression. The model recapitulated hallmarks of 
podocytopathy that precede proteinuria including retraction of foot processes and podocytopenia (detachment 
from the extracellular matrix (ECM)). Moreover, hyperglycemia-induced injury to podocytes exacerbated 
remodeling of the ECM. Specifically, mature podocytes aberrantly increased expression and excessively depos-
ited collagen (IV)α1α1α2 that is normally abundant in the embryonic glomerulus. This collagen (IV) imbalance 
coincided with dysregulation of lineage-specific proteins, structural abnormalities of the ECM, and podocyto-
penia – a mechanism not shared with endothelium and is distinct from drug-induced injury. Intriguingly, 
repopulation of hyperglycemia-injured podocytes on decellularized ECM scaffolds isolated from healthy podo-
cytes attenuated the loss of synaptopodin (a mechanosensitive protein associated with podocyte health). These 
results demonstrate that human iPS cell-derived podocytes can facilitate in vitro studies to uncover the mecha-
nisms of chronic hyperglycemia and ECM remodeling and guide disease target identification.

Introduction

Diabetic nephropathy (DN) advances to end-stage kidney disease 
(ESKD) more often than any other kidney disease comorbidity [1]. 
Despite advances in the use of anti-hypertensive and anti-hyperglycemic 
drugs to help manage kidney disease, DN is still an irreversible disease 
and the prevalence of ESKD is expected to increase [2–4]. ESKD is 
clinically managed with dialysis (~70 %) or organ transplantation 
(~30 %) [4], but affected patients experience dramatically shortened 
life span and reduced quality of life [5,6]. Understanding the causes, as 
well as the cellular and molecular basis of DN, can guide therapeutic 
development to halt progression of the disease or restore kidney func-
tion in the future.

Kidney tissue repair or regeneration following DN has been 

challenging partly due to the intricate nature of the nephron including 
the glomerulus. The glomerular filtration barrier selectively filters 
molecules through a 3-component capillary wall consisting of vascular 
endothelium, a glomerular basement membrane (GBM), and the highly 
specialized, post-mitotic visceral epithelium called podocytes, which are 
highly sensitive to diabetic perturbations and lack regenerative capac-
ity. Uncontrolled hyperglycemia damages podocytes through processes 
that include increased release and paracrine signaling of pro- 
inflammatory molecules from the microvasculature, particularly IL-6 
and TNFα [7,8], which result in changes to the podocyte cytoarchi-
tecture and phenotype. Particularly, diabetes perturbs podocyte foot 
processes – the primary and secondary projections that extend from the 
cell’s body and whose function is to wrap around the microvasculature 
and interdigitate between neighboring podocytes to form the slit 
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diaphragm [9–11]. In affected patients, diabetic podocytopathy is clin-
ically characterized by the widening/flattening of foot processes 
(effacement), cellular hypertrophy, and ultimately podocyte detach-
ment from the GBM (podocytopenia) that leads to proteinuria [12,13]. 
Inter-species differences have slowed translation of preclinical findings 
from in vivo animal models to humans [14,15], which limits our un-
derstanding of the manifestations and mechanisms of podocytopenia. 
Emergent models derived from stem cells can help bridge the gap be-
tween animal models and human patients by providing physiologically 
relevant platforms that are more faithful to the donor’s biology.

In this study, we employed a human iPS cell-derived model of dia-
betic podocytopathy to unveil compositional and structural changes at 
the cell-ECM interface related to podocytopenia. Our stem cell differ-
entiation method has already been validated and replicated across in-
stitutions and independent research labs and used successfully in 
multiple contexts within industrial- and academic settings. Furthermore, 
multiple published research studies using the established human iPS 
cell-derived podocyte differentiation method employed in this study 
have showcased the robustness of the system and provided valuable 
insights on pertinent topics such as SARS-CoV-2 infectivity in glomer-
ular podocytes, modulation of the YAP-TEAD axis in podocyte injury, 
biomimetic membranes to induce tissue-specific endothelium through 
tissue-tissue interfacing with podocytes, and the use of CRISPR/Cas9 
genome editing to uncover the genetic basis of podocyte development 
and disease phenotype[16–20]. Using this established podocyte differ-
entiation strategy, we also examined whether ECM from “healthy” 
podocytes could serve as supportive platforms to attenuate injury phe-
notypes. It is well-established that podocytes are the primary producers 
of collagen (IV)α3α4α5 in the mature kidney glomerulus, which is a 
heterotrimer that represents 50 % of the GBM [21]. Collagen (IV) ho-
meostasis has been implicated in glomerular development and disease; 
at the capillary loop stage of nephrogenesis, podocytes turn over pro-
duction of the embryonic isoform, collagen (IV)α1α1α2, to the mature 
isoform, collagen (IV)α3α4α5, to mediate the fusion of the GBM 
[22–24]. When podocytes fail to produce the mature collagen (IV) iso-
form, the basement membrane stalls in the developmental or immature 
stage, which can lead to compensatory mechanisms including excessive 
or aberrant expression of the embryonic isoform. An abundance of the 
embryonic isoform is deleterious to glomerular integrity partly due to 
increased susceptibility to degradation by matrix metalloproteinases 
(MMPs) which has been documented in Alport Syndrome (a genetic 
form of kidney disease resulting from the absence of collagen (IV)α 
3α4α5)[25]. When GBM assembly is compromised in this way, it hinders 
proper association or integration of other basement membrane mole-
cules, such as the mature isoform of laminin-11 (α5β2γ1) necessary for 
signal transduction and cell adhesion [22,26,27]. Here, we investigate 
the role of collagen (IV) isoform homeostasis in a diabetic podocytop-
athy model established from human iPS cell-derived podocytes.

Results

Establishment and characterization of the diabetic podocyte injury model

To establish a stem cell-derived model of diabetic podocytopathy, we 
first differentiated human iPS cells into mature glomerular podocytes 
using established methods [28–30], and then maintained the cells for up 
to 4 weeks at normal (5 mM) or high (25 mM) blood glucose levels with 
and without 1 ng/mL each of the inflammatory cytokines IL-6 and TNFα 
(Fig. 1A). By day 9 of treatment with the high-glucose conditions, 
retraction of podocyte foot processes was observed, and it worsened 
over time (Fig. 1B, Supplementary Fig. 1A). These morphological 
changes were accompanied by statistically significant decrease in cell 
viability (Fig. 1C) and dysregulated (low or excessive) expression levels 
of nephrin and lower podocin (Fig. 1D and E, Supplementary Fig. 1B) 
in the high-glucose cultures compared to the normal-glucose control. 
Previous studies have shown that both nephrin deficiency and the 

inflammatory cytokines, IL-6 and TNFα, are activators of NF-κB 
signaling that normally regulates immune responses and cell survival 
but plays a role in the pathogenesis of DN and progression to ESKD 
[31–35]. Podocin is a lineage restricted protein that also forms a com-
plex with other scaffolding proteins at the podocyte foot processes. Be-
tween days 16 and 17, we observed significant podocytopenia in the 
high-glucose conditions (Fig. 1F and G), a characteristic podocyte 
injury response preceding proteinuria in vivo and in vitro [36]. Thus, the 
human iPS cell-derived model revealed an association between hyper-
glycemia and molecular and morphological impairment in podocytes 
that manifests as loss of foot process integrity and cell detachment from 
the substrate, both of which have implications for uncovering previously 
unknown mechanisms of DN and advancing strategies for precision 
medicine applications.

ECM remodeling in diabetic podocyte injury

The magnitude of cell detachment in the high-glucose podocyte 
cultures prompted us to investigate changes at the podocyte-ECM 
interface. We examined the spatial and temporal deposition patterns 
of collagen (IV)α1, the primary ECM protein deposited by podocytes in 
vivo during development [22–24]. We observed excess deposition of 
collagen (IV)α1 by the podocytes exposed to high-glucose medium (with 
and without IL-6 and TNFα) starting at day 9 (Fig. 2A-D), which coin-
cided with the onset of podocyte foot process retraction. Although se-
vere podocytopenia in the high-glucose cultures was observed at day 16, 
cells that remained adhered exhibited lower collagen (IV)α1 expression 
levels than the normal-glucose control (Fig. 2A, Supplementary 
Fig. 2A), which could result from matrix remodeling and ECM loss 
during podocyte detachment. Furthermore, compared to the control 
group, we found that diabetic injury resulted in an increase in collagen 
(IV)α1 deposition that was spread over the field of view, such that more 
cells were covered with or bound to higher amounts of ECM (Fig. 2B and 
C). Linear regression analysis of injury progression data confirmed that a 
significant difference in collagen (IV)α1 deposition pattern emerged 
after day 9 of treatment with high glucose conditions (Fig. 2D).

Western blot and RT-qPCR analysis revealed that podocytes in hy-
perglycemic conditions build up intracellular gene and protein expres-
sion of collagen (IV)α1 by day 5, prior to its increased extracellular 
deposition and the observed foot process retraction at day 9 (Fig. 2E-G, 
Supplementary Fig. 2B). However, we found that there was no 
disruption to Nidogen gene expression, a matrix protein that links 
laminin and collagen (IV), and lower expression of TWIST-1, a marker of 
epithelial-to-mesenchymal transition (Supplementary Fig. 2B), 
demonstrating the importance of collagen (IV) dysregulation as one of 
the earliest responses to injury. While there was a significant increase in 
collagen (IV)α3 gene expression at day 5 for high glucose podocytes with 
inflammatory cytokines, there was no difference in collagen (IV)α3 
deposition amongst the treatment conditions by day 9. (Supplementary 
Fig. 2C). Interestingly, on day 5, both hyperglycemia-injured podocytes 
accumulated more collagen (IV)α1 than collagen (IV)α3 (the primary 
ECM protein or collagen isoform produced by mature podocytes). By day 
16, little to no collagen (IV)α1 was expressed by the cells that remained 
adhered, consistent with the microscopy results.

Based on these findings, we hypothesized that the time-dependent 
remodeling of the podocyte ECM could be associated with changes in 
the ECM’s structure. To examine this possibility, we decellularized the 
podocyte ECM (after 13 days of treatment with high glucose) and 
examined the ECM structure by scanning electron microscopy. We 
observed overall higher levels of ECM deposition in the hyperglycemic 
conditions than in the normal-glucose control. Intriguingly, thicker ECM 
fibers were observed in the high glucose with IL-6 and TNFα condition 
than in high glucose without the inflammatory cytokines (Fig. 2H). 
Taken together, these results reveal a dynamic profile of an embryonic 
isoform of collagen (IV) underlying podocyte response to hyperglycemic 
conditions.
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Cell detachment from collagen (IV)α1α1α2-rich matrix is unique to 
podocytes

Increased glomerular filtration barrier permeability from hypergly-
cemia has been attributed to the detachment of podocytes from the 
GBM. Meanwhile, endothelial cells are well known for their loss of 
fenestrations and stress signaling (e.g. high reactive oxygen species, 
inflammatory cytokines, etc.) when exposed to injury[37], but their 
contribution to GBM dysfunction is less known. We examined whether 
endothelial cells exposed to hyperglycemic conditions also exhibit 
excess collagen (IV)α1α1α2 deposition and cell detachment as observed 
for the hyperglycemia-injured podocytes. We derived isogenic vascular 
endothelial cells from the same human iPS cell line as used to generate 
podocytes using a previously established method [20,38,39] (Fig. 3A). 
At the end of the differentiation period, we began treatment with normal 
(5 mM) and high (25 mM) glucose. At day 17 (within the same time 
point noted for the onset of podocyte detachment), we observed no 
significant reduction in endothelial cell density in the high-glucose 
culture condition (Fig. 3B). On day 26 of culture, there was still no 
change in overall cell density, but the high-glucose-treated cells showed 
increased expression of platelet endothelial cell adhesion molecule 
(PECAM/CD31) (Fig. 3C-E), a pro-adhesive stress response protein [40]. 
The deposited ECM from these cells also exhibited increased collagen 
(IV)α1 content (Fig. 3F), similar to the ECM of hyperglycemia-injured 
podocytes. In vivo, PECAM mediates the inflammatory response of the 
vasculature that activates TGF-β/SMAD signaling and glomerulo-
sclerosis[41–44]. Additionally, hyperglycemia altered the deposition 
pattern of endothelial ECM such that there was a significant increase in 
collagen (IV)α1 coverage and intensity (Fig. 3G-I). These results suggest 
that hyperglycemia can induce injuries to both podocytes and endo-
thelial cells such that they both contribute to GBM thickening, but the 
two cell types have different phenotypic responses to the altered ECM 
deposition profile — thus, cell detachment for podocytes and sustained 
adhesion for vascular endothelial cells. In the mature kidney’s glomer-
ular filtration barrier, vascular endothelial cells primarily deposit 
collagen (IV)α1α1α2 while podocytes deposit both collagen (IV)α1α1α2 
and collagen (IV)α3α4α5 [23]. The balance between these collagen (IV) 
isoforms may be critical to the glomerular filtration barrier integrity, 
and hyperglycemic injury may contribute to increased permeability 
through dysregulation of the ECM composition accompanied by podo-
cyte loss.

Dynamics of ECM remodeling in hyperglycemia is distinct from drug- 
induced injury

We wanted to understand how hyperglycemic podocyte injury 
compared to other acute and chronic diseases resulting from nephro-
toxicity, and whether we could further define the role of collagen (IV)α 
1α1α2 in kidney dysfunction. Therefore, we designed parallel experi-
ments involving multiple injury models to help distinguish between the 
characteristics of hyperglycemia, Adriamycin, and bisphosphonate 
(pamidronate). Adriamycin has been used to treat a variety of cancers, 
but this drug is also associated with severe side effects, including 
nephrotoxicity and acute kidney failure [45]. Adriamycin is widely used 
in research laboratories to model focal segmental glomerulosclerosis 

(FSGS) in vivo and in vitro [17,20,28,46,47]. FSGS can also be caused by 
the drug pamidronate [48], which is prescribed to treat hypercalcemia 
and bone-related diseases. We cultured podocytes under normal and 
high glucose conditions, or in the presence of clinically relevant doses of 
Adriamycin (0.5 µg/mL) or pamidronate (100 nM) for up to 9 days 
(Fig. 4A). Within 24 h of treatment, there was noticeable foot process 
retraction and podocytopenia in the Adriamycin-treated cells than in all 
other treatment conditions or injury models evaluated in this study. At 
48 h, increased cellular hypertrophy was observed in the pamidronate- 
treated podocytes, but there was no difference in cell density compared 
to the control group (Supplementary Fig. 3A). When Adriamycin and 
pamidronate were removed from the culture media at 24 h and 48 h, 
respectively, the podocyte injury phenotypes described above persisted 
up to day 9 (Fig. 4B, Supplementary Fig. 3B).

We assayed for cell viability at early (day 1) and extended (day 9) 
injury time points. There was no significant decline in viability for 
pamidronate-treated podocytes at either time points. In contrast, 
Adriamycin treatment induced a 40 % decrease in cell viability by the 
end of day 1 and an additional 40 % reduction by day 9, despite removal 
of the drug after 24 hr (Fig. 4C). Within a day of hyperglycemic injury, 
we observed a 20 % increase in viability compared to normoglycemic 
podocytes. We attribute this initial observation to an immediate increase 
in metabolic processing of the glucose-rich microenvironment as a sig-
nificant decrease in podocyte viability was detected after 9 days of 
chronic hyperglycemic exposure (Fig. 4C).

We also assessed molecular level changes related to collagen (IV)α 
1α1α2 expression and deposition. By day 9, podocyte injury from 
Adriamycin treatment caused foot process retraction but not excess 
deposition of collagen (IV)α1. In contrast, both hyperglycemia- and 
pamidronate-induced injury caused increased expression and excess 
deposition of collagen (IV)α1 (Fig. 4D-F, Supplementary Fig. 3C). 
Commonly, none of the treatment groups excessively deposited collagen 
(IV)α3 (Supplementary Fig. 3D).

Next, we explored why hyperglycemia but not pamidronate treat-
ment caused podocyte detachment although both caused increased 
collagen (IV)α1α1α2 deposition. We initially examined the dynamics of 
ECM remodeling related to protein production and degradation. 
Collagen (IV)α1α1α2 is more susceptible to proteolytic degradation by 
MMPs than collagen (IV)α3α4α5 due to lower interchain disulfide bond 
density [25]. We found that on day 9 of culture, Adriamycin-injured 
podocytes secreted three times more active gelatinases (MMP-2 and 
MMP-9 that cleave collagen (IV)) compared to normal glucose, whereas 
hyperglycemia- and pamidronate-injured podocytes showed no signifi-
cant changes (Fig. 4G). Interestingly, we observed higher expression 
levels of tissue inhibitor of metalloproteinase-1 (TIMP-1) in 
pamidronate-treated podocytes than in hyperglycemia-injured podo-
cytes (Fig. 4H and I). This result may explain why podocyte detachment 
was not observed in the pamidronate-treated podocytes.

In Fig. 5, we illustrate the common and distinct modes of injury as 
they relate to podocyte-ECM interactions and remodeling. Our results 
suggest that the mechanisms of Adriamycin-induced injury differ from 
those caused by exposure to pamidronate or hyperglycemic conditions. 
In contrast, increased expression and deposition of collagen (IV)α1α1α2 
is a shared response among pamidronate- and hyperglycemia-injury, but 
hyperglycemia-injured podocytes are more susceptible to detachment 

Fig. 1. Establishment and characterization of the diabetic injury model. A. Schematic and representative brightfield microscopy images of podocyte derivation 
from human iPS cells (adapted from Musah et al. 2017) and culture conditions for diabetic injury. B. Brightfield images highlighting the structure of podocyte foot 
processes in health and disease. White arrows indicate primary cell processes/extensions in normoglycemia; yellow arrows indicate foot process retraction from 
diabetic injury. C. Podocyte viability at day 9 diabetic injury, n = 3 color-matched biological replicates (WST-8/CCK8 assay) D. Immunofluorescent images showing 
differential nephrin expression in podocyte foot processes from diabetic injury (DAPI, blue; nephrin, red). E. Quantification of nephrin mean intensity per field of 
view. Baseline expression level denoted as dotted line; n = 4 images for normal glucose, n = 6 images for high glucose and high glucose + IL-6/TNFα. F. Immu-
nofluorescence images showing severe podocyte detachment upon prolonged exposure to diabetic conditions (DAPI, blue; nephrin, red). G. Nuclei (DAPI) count of 
injured podocytes at day 17 of culture; n = 3 color-matched biological (large dots) and technical (small dots) replicates. A-C, E Scale bars, 100 µm. D,F Data are 
mean ± S.E.M. *p < 0.05; **p < 0.01; ***p < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.)
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Fig. 2. Characteristic ECM remodeling correlates with diabetic injury progression. A. Immunofluorescence images of podocyte (DAPI, cyan; nephrin, magenta) 
collagen (IV)α1 deposition (COL4α1, yellow) over diabetic injury progression. B. Quantification of collagen (IV)α1 mean intensity per field of view; n = 6 images per 
condition. C. Quantification of collagen (IV)α1 spread per field of view; n = 6 images per condition. D. Linear regression analysis of spread vs. intensity on days 5, 9, 
13, and 16 of diabetic injury E. Western blot images of embryonic and mature isoforms of collagen (IV), α1 and α3, respectively, over diabetic injury progression. F. 
Densitometric analysis of collagen (IV) α1 and α3 during hyperglycemic injury progression, relative to GAPDH and fold change of the normal glucose control 
condition. G. Densitometric analysis of collagen (IV) α1 and α3 of hyperglycemic with inflammation injury progression, relative to GAPDH and fold change of the 
normal glucose control condition. H. SEM of decellularized podocyte ECM at high and low resolution. Scale bars, 100 µm (A) and 2 µm (H). B-D *p < 0.05; 
**p < 0.01; ***p < 0.001; ****p < 0.0001. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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because of a lower inhibition of ECM degradation (associated with lower 
TIMP-1 expression). Our results suggest that collagen (IV)α1α1α2 ECM 
remodeling can significantly contribute to kidney disease progression.

Signals from healthy ECM can attenuate hyperglycemic podocyte injury 
phenotype

Because human kidney podocytes have no known regenerative ca-
pacity and are implicated in the most devastating forms of DN and ESKD, 
there is a growing interest to develop targeted regenerative medicine 
strategies for podocytopathies. We hypothesized that changes in ECM 
composition and remodeling, such as those described in this study, could 
be targeted to ameliorate the effects of hyperglycemia-induced podocyte 
injury. To examine this possibility, we isolated ECM scaffolds from 
podocytes grown for 9 days in normal glucose (NG) and high glucose 
(HG) and determined whether the healthy ECM scaffold could 
encourage the repair of hyperglycemia-injured podocytes (Fig. 6A). We 
used immunofluorescent microscopy and RNA isolation to confirm that 

the decellularized scaffolds retained collagen (IV) expression that was 
free of genetic material (both DNA and RNA) (Fig. 6B and C, Supple-
mentary Fig. 4A). Podocytes cultured for 9 days in normal glucose and 
high glucose conditions were repopulated onto the NG and HG scaffolds 
and cultured for an additional 2 days in their respective media. We 
observed that normal glucose and high glucose podocytes on their 
respective NG and HG scaffolds retained their characteristic morphol-
ogies: primary and secondary foot processes in healthy cells, foot process 
retraction in injured cells (Fig. 6D). To investigate molecular level 
changes related to ECM adhesion, we probed two mechanosensitive 
proteins essential for podocyte health and homeostasis: yes-associated 
protein (YAP) and synaptopodin, as well as an important foot process 
protein, podocin. Nuclear localization of YAP is essential for podocyte 
function and survival. We have previously shown that gene expression of 
YAP is unaffected by Adriamycin-induced podocytopathy but upregu-
lated in hyperglycemia-injured podocytes [17]. In this study, we found 
that YAP was significantly translocated from the nucleus to the cyto-
plasm after 9 days of hyperglycemic injury (Fig. 6E). We also observed 

Fig. 3. Excess collagen (IV)α1α1α2 deposition common among glomerular cell types; cytopenia specific to podocytes. A. Schematic and brightfield mi-
croscopy images of vascular endothelium derivation from human iPS cells (adapted from Atchinson et al. 2017) and culture conditions for diabetic injury. B. 
Brightfield microscopy images of healthy and injured vascular endothelial cell phenotype, time-matched to podocytopenia (day 17). C. Immunofluorescence images 
of PECAM-1 expression (green) in healthy and injured vascular endothelium (DAPI, blue) after 26 days of injury. D. Nuclei (DAPI) count of injured endothelial cells at 
26 days of culture; n = 3 color-matched biological replicates. E. Quantification of PECAM-1 mean intensity per field of view; n = 6 images per condition. F. 
Immunofluorescence images of endothelial cell (DAPI, blue; PECAM, green) collagen (IV)α1 deposition (COL4A1, magenta) at 26 days of injury. G. Quantification of 
collagen (IV)α1 mean intensity per field of view; n = 6 images per condition. H. Quantification of collagen (IV)α1 spread per field of view; n = 6 images per 
condition. I. Linear regression analysis of collagen (IV)α1 spread vs. intensity at 26 days of endothelial cell exposure to normal and high glucose conditions; n = 5 
images for normal glucose, n = 6 images for high glucose. A-C, F Scale bars, 100 µm. D, F-H *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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varying patterns of YAP migration, depending on the cell state and 
scaffold composition: when normal glucose podocytes were transferred 
to HG scaffolds, nuclear YAP increased, whereas on NG scaffolds, 
cytoplasmic YAP increased. Despite similar levels of nuclear YAP, 
increased cytoplasmic YAP in the healthy podocytes may relate to actin 
rearrangements on the new matrix to which the cells were transferred. 
When high glucose podocytes were transferred to HG scaffolds, cyto-
plasmic YAP decreased, whereas on NG scaffolds, nuclear YAP was 
partially restored (Fig. 6E, Supplementary Fig. 4B-D). These results 
indicate that the cells can transduce extracellular signals from the 
scaffolds into intracellular molecular changes. Next, we assessed the 
podocyte structure via podocin. We observed that the healthy podocytes 
sequestered podocin at the cell edge, a phenotype that was lost due to 
high glucose exposure (Fig. 6F). On the HG scaffolds, we found a mixed 
phenotype of podocin at the cell edge and some remained in the cell 
body. However, on the NG scaffolds, we found that podocytes exposed to 
both normal and high-glucose conditions have podocin sequestration at 
the cell edges, despite the high-glucose cells still being in the hyper-
glycemic microenvironment. In addition to the podocin observations, 
were also confirmed that nephrin and vinculin are intracellularly 
expressed in all conditions via western blot, both of which are important 
proteins for cell–cell and cell-matrix integrity, respectively 
(Supplementary Fig. 4B). Of note, western blot analysis showed that 
nephrin expression was generally decreased in the scaffold groups, 
whereas the immunostaining results closely aligned with the observed 
podocin expression profile. Additionally, foot process retraction was 
more pronounced in the normal glucose podocytes propagated on HG 
scaffolds, whereas elongation at the cell edge was more evident in the 
high glucose cells on NG scaffolds compared to their respective native 
ECM control (Supplementary Fig. 4E). Finally, we probed synaptopo-
din, an actin-associated protein that regulates stress fiber formation in 
motile and contractile cells. Synaptopodin (108 kDa) expression was 

reduced in hyperglycemia-injured podocytes, yet this loss was attenu-
ated in hyperglycemia-injured podocytes only when the cells were 
propagated on the NG scaffold, and not on the HG scaffold (Fig. 6G-I, 
Supplementary Fig. 4F and G). These results underscore synaptopodin 
plasticity in human kidney glomerular podocytes. The results on YAP, 
podocin, nephrin, and synaptopodin expression also suggest that signals 
from healthy ECM could be explored in the future to potentially halt or 
repair hyperglycemia-induced podocyte injury. We anticipate that these 
findings could open new avenues for targeting podocytopathies and DN.

Discussion

Diabetes mellitus is a systemic metabolic disease characterized by 
altered glucose homeostasis. A significant number of diabetic patients 
are at risk of severe complications including neuropathy, heart disease, 
or chronic wounds [49]. Physiological tissue barriers are affected by 
diabetes including the glomerular filtration barrier (diabetic nephrop-
athy, the focus of this study), blood–brain barrier (diabetic neuropathy), 
blood-retinal barrier (diabetic retinopathy), skin barrier (chronic dia-
betic wounds) [50], and intestinal barrier (leaky gut syndrome) [51]. 
While treatments exist for some of these injuries and help partially 
restore the structural and functional integrity of the impaired barriers, 
no targeted therapy exists to repair or regenerate kidney tissues 
compromised by DN.

Renal regenerative medicine aims to advance the use of stem cells for 
pathophysiological modeling and tissue replacement. The desire to 
achieve this objective encourages the generation of patient-specific and 
immunocompatible solutions to disease. This study demonstrates the 
flexibility of human iPS cells to derive multiple cell types relevant to the 
kidney (podocytes and vascular endothelial cells) and to recapitulate 
multiple models of nephrotoxicity in parallel to identify distinct re-
sponses (chronic hyperglycemia- and drug-induced podocytopathies). 

Fig. 4. ECM remodeling mechanism in hyperglycemia is distinct from drug-induced injury A. Schematic of the experimental strategy for hyperglycemia- and 
drug-induced disease treatments. B. Immunofluorescence microscopy images of podocyte foot process morphology (top and middle row panels: DAPI, blue; nephrin, 
red) and actin cytoskeleton (bottom row panel: DAPI, blue; F-actin, gray) via hyperglycemia- and drug-induced injury. White arrowheads indicate primary and 
secondary foot processes, yellow arrowheads indicate foot process retraction, dashed lines denote cell body perimeter C. Podocyte viability before and after hy-
perglycemia- and drug-induced podocyte injury; n = 3. D. Immunofluorescence images of podocytes (DAPI, cyan; Nephrin, magenta) collagen (IV)α1 (magenta) 
deposition in hyperglycemia- and drug-induced injury. E. Western blot analysis of embryonic isoform collagen (IV)α1 following nine days of injury. F. Densitometric 
analysis of collagen (IV)α1 after nine days of injury.; n = 3. G. Gelatinase (MMP-2 and MMP-9) activity normalized to total protein; n = 3 color matched biological 
replicates. H. Western blot of TIMP-1 expression after 9 days of injury. I. Densitometric analysis of TIMP-1 levels after 9 days of injury; n = 3 color-matched biological 
replicates for Adriamycin, n = 4 color-matched biological replicates for all other conditions. B, D Scale bars, 100 µm. C, F, G, I *p < 0.05; **p < 0.01. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Proposed model for podocyte-ECM interactions and matrix remodeling in distinct injury modes. Higher collagen (IV)α1α1α2 deposition, mediated by a 
hyperglycemic microenvironment, results in podocyte detachment despite similar levels of gelatinase activity compared to normoglycemia due to differences in 
interchain disulfide bond density. Podocyte exposure to Adriamycin results in no significant changes to ECM composition but cell detachment is mediated by 
dramatically higher gelatinase activity. Pamidronate exposure causes higher collagen (IV)α1α1α2 deposition but does not result in immediate podocyte loss or 
detachment, partly due to elevated gelatinase inhibition by TIMP-1.
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As a proof-of-concept, we demonstrated that human iPS cell-derived 
model of podocyte injury can help investigate diabetic glomerulo-
sclerosis, ECM remodeling, and cell-matrix interactions. Lineage- 
restricted marker expression (e.g. nephrin, podocin, synaptopodin, 
etc.) is a dynamic process that is spatiotemporally controlled and adjusts 
according to the cell’s needs but can become severely dysregulated in 
response to injury. It has been reported that diabetic kidney disease 
(normo- to macroalbuminuria) results in both downregulation of 
nephrin expression in human and animal glomerular biopsies [52–54] as 
well as elevated nephrin secretion, or nephrinuria, in clinical trials 
[55–57], both of which contribute to the progression of proteinuria. The 
use of human iPS cell-derived podocytes as pursued in this study can 
illuminate the variable expression levels of nephrin and other critical 
proteins when exposed to the hyperglycemic microenvironment. 
Notably, these disease models can be probed even at early stages of 
injury than can be achieved using traditional approaches (including 
Streptozotocin or high fat diet) animal models and patient studies where 
proteinuria and sometimes severe tissue damage has already occured – 
an essential step towards the identification of biomarkers for early 
detection of disease. Additionally, we found that collagen (IV)α1α1α2 
was intracellularly expressed and extracellularly deposited for a ma-
jority of the study’s timeframe but eventually reduces, in congruence 
with gene level analyses in other developmental models and clinical 
samples [23,24,58,59]. The protein’s function in adult podocyte ho-
meostasis and its association with collagen (IV) α1α2α1(IV) produced by 
the endothelium or mesangial cells is an open research question. It also 
remains undetermined what molecular signaling pathways are triggered 
by and mediates this collagen isoform switch from health to diabetic 
injury. We showed that the dynamics of ECM remodeling by podocytes 
can differ depending on injury stimuli despite shared observed clinical 
phenotypes (e.g., glomerular basement membrane thickening, protein-
uria, etc.). Such molecular level differences and cellular responses could 
guide the development of targeted treatments.

We explored the feasibility of our model to respond to bioengineered 
therapies using ECM scaffolds that were decellularized from human iPS 
cell-derived podocytes. It was found that some of the diseased podocyte 
characterizations improve if the cells are provided or interfaced with a 
healthy ECM, especially synaptopodin, which has been shown to be 
protective against acute podocyte injury [60]. This work could inform 
the design of more robust, mechanically stimulating ECM-based systems 
or strategies to engage the podocyte contractile apparatus and poten-
tially repair the slit diaphragm and reverse tissue damage.

Previous studies of human renal biopsy and animal kidney models 
have revealed lesions of collagen (IV)α1α1α2 in advanced stage diabetic 
nephropathy [61,62]. Similarly, Iglesias de la Cruz et al. demonstrated 
that chronic (2-weeks) high glucose or TGF-β exposure (for 24 hr) 
increased collagen (IV) α1 and α5 mRNA and protein expression in 
immortalized mouse podocytes[63]. Our model advances this set of 
knowledge by demonstrating spatiotemporal dynamics of collagen (IV)α 
1α1α2 specifically in human podocytes during disease onset and pro-
gression, such that excess deposition of this embryonic isoform of 
collagen (IV) coincides with podocyte retraction of their foot processes 
and subsequent podocytopenia. Our SEM results are consistent with 
previous findings from injured human and mice glomerular tissues in 
that denuded or decellularized glomerular basement membranes have 

increased ECM fiber density but exhibit a more patchy and uneven 
appearance [64,65]. In support of our strategy, the GBM is being tar-
geted for tissue repair by modulating cellular responses or manipulating 
ECM composition [21,64,66]. For example, LeBlue and colleagues 
(2024) recently explored human stem cell-based therapeutic strategies 
for Alport syndrome by engineering a novel allele to show that podo-
cytes (not endothelium) are the predominant facilitators of collagen (IV) 
α3 chain production and that collagen (IV) α3-deficient kidneys can 
improve in function if provided the protein via horizontal gene transfer 
from allogenic bone marrow-derived mesenchymal cells or iPS cells 
[67].

Future work could explore whether our results translate to complex 
human-relevant systems, including organ-chip devices or human stem- 
cell derived organoids [18,20,68]. Additionally, while we found that 
signals in healthy matrix derived from podocytes can attenuate the hy-
perglycemic injury phenotype, future work might explore whether the 
transferred podocytes retain a mechanical memory (or epigenetic 
remodeling), which would have implications for the use of iPS cell-based 
therapies in regenerative medicine [69,70]. Future work could also aim 
to enhance the translatability of the healthy podocyte-derived ECM 
scaffold, which is limited in vivo due to ethical concerns and the chal-
lenge of repopulating scaffolds within the kidney’s complex tissue ar-
chitecture. At the cellular and tissue levels, this work can inform future 
studies related to repopulation of decellularized organs and scaffolds, a 
rapidly evolving field within tissue engineering that intends to address 
the shortage of transplantable organs [71,72].

In conclusion, we established a human stem cell-derived model that 
recapitulated hallmarks of DN affecting glomerular podocytes. The 
model revealed a podocyte response to diabetic injury that is not shared 
with vascular endothelial cells or with chronic or acute drug-induced 
injury – increased expression and excess deposition of collagen (IV)α 
1α1α2 that precedes cell detachment. We found that healthy ECM can 
improve molecular level changes associated with hyperglycemic podo-
cyte injury. Together, these results may inform future strategies to 
develop targeted therapies that can potentially halt and repair damaged 
podocytes, a cell type that is not directly protected by anti- 
hyperglycemic drugs currently available to affected patients.

Experimental procedures

Human iPS cell culture

The PGP-1 human iPS cell line was obtained from the Personal 
Genome Project under approved material transfer agreements, and its 
use was approved by the institutional review board and the stem cell 
research oversight committee at Duke University. The DU-11 (Duke 
University clone #11) iPS cell line was generated at the Duke iPSC Core 
Facility and provided to the Musah Lab by the Bursac Lab at Duke 
University. The cells were tested and found to be karyotypically normal 
and free of mycoplasma contamination (Mycoplasma PCR Detection Kit; 
amb, G238) before use. Human iPS cells were cultured under feeder-free 
conditions in tissue culture treated 6-well plates (Corning, 353046) 
coated with hESC-grade Matrigel (Corning, 354277) by following 
established methods [28,73]. Cells were fed daily with mTeSR1 (Stem 
Cell Technologies, 85850) and incubated at 37 ◦C and 5 % CO2. At 70 % 

Fig. 6. Signals from healthy matrix can attenuate hyperglycemic injury phenotype. A. Schematic of experimental strategy to isolate and repopulate normal 
glucose (NG) and high glucose (HG) podocyte-derived ECM scaffolds. B. Analysis of ECM scaffold genetic material via immunofluorescence microscopy of nuclei (top 
panel; DAPI, blue) and brightfield microscopy. C. ECM scaffold mRNA quantification; n ≥ 3 color-matched biological replicates. D. Immunofluorescence images of 
normal glucose and high glucose podocytes (DAPI, cyan; nephrin, magenta) adherence to their respective ECM scaffolds (COL4α1, yellow). White arrowheads 
indicate primary and secondary foot processes, yellow arrowheads indicate effacement. E. Immunofluorescence images of YAP (green) localization in healthy and 
injured podocytes (DAPI, greyscale) on ECM scaffolds. F. Immunofluorescence images of podocyte morphology (DAPI, blue; podocin, red) on decellularized scaffolds 
G. Western blot of synaptopodin expression (bottom band) of healthy and injured cells on ECM scaffolds. H. Densitometric analysis of synaptopodin expression 
relative to GAPDH; n = 3 color matched biological replicates. I. Fold change of synaptopodin expression compared to normal glucose control on the same substrate. 
B, D-F Scale bar, 275 µm; inset scale bar, 90 µm. C and I*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)
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confluence, the cells were dissociated with Accutase (Life Technologies, 
A1110501) and passaged into a new Matrigel-coated 6-well plate at a 
1:6 splitting ratio.

Derivation of mature podocytes from human iPS cells

PGP-1 iPS cells at 70 % confluence were incubated with enzyme-free 
cell dissociation buffer (Gibco, 13150–016) and pelleted via centrifu-
gation at 200 xg for 5 min. Podocytes were derived from human iPS cells 
according to previously established methods [28–30]. Briefly, the 
human iPS cells were resuspended in mesoderm induction medium and 
seeded at 100,000 cells/well onto a 12-well plate coated with laminin- 
511 E8 (Takara Bio, T304). After 2 days of culture, mesoderm cells 
were differentiated into intermediate mesoderm (IM) cells in IM in-
duction medium for 14 days. To induce podocyte differentiation, IM 
cells were first dissociated by incubation with 0.05 % trypsin-EDTA 
(Gibco, 25300054), pelleted via centrifugation, resuspended in podo-
cyte induction medium, and seeded at 150,000 cells/well with daily 
medium replenishment for up to 5 days.

Derivation of vascular endothelial cells from human iPS cells

Vascular endothelial cells were derived according to previously 
established methods and optimized for cell lines [20,38,39].. Briefly, 
human iPS cells were dissociated and pelleted, and then resuspended in 
mTeSR1 medium and seeded at 45,000 cells/cm2 onto Matrigel-coated 
6-well plates. The next day, the medium was changed to N2B27 me-
dium to induce lateral mesoderm cells and cultured without changing 
the medium for 3 days. On day 4, N2B27 medium was replaced with 
endothelial induction medium that was replenished every day for 
3 days. On day 7, vascular endothelial cells were isolated via magnet- 
activated cell sorting (MACS, Militenyi Biotec). Briefly, cells were pre-
pared incubated with Accutase, and the cell suspension diluted 1:1 with 
StemPro-34 (Gibco, 10639011) and pelleted via centrifugation. The cell 
pellet was washed with MACS buffer (Dulbecco’s phosphate buffered 
saline (DPBS, Gibco 14190144), 0.5 % bovine serum albumin (BSA, 
Millipore Sigma A9418), 2 mM Ethylenediaminetetraacetic acid (EDTA, 
Thermo Scientific R1021)), and resuspended in 80 µL/10 million cells 
MACS buffer and 20 µL/10 million cells each of FcR blocking reagent 
(Militenyi Biotec, 130–059-901), CD31 Microbeads (Militenyi Biotec, 
130–091-935), and CD144 Microbeads (Militenyi Biotec,130–097-857). 
Following 15 min incubation, cells were washed with MACS buffer and 
sorted on a QuadroMACS Separator (Militenyi Biotec, 130–091-051). 
CD31+/CD144 + cells were expanded in conditioned medium diluted at 
a 1:1 ratio with StemPro-34 supplemented with 2 µg/mL heparin 
(StemCell Technologies, 07980) that was replaced every other day. At 
90 % confluence, the cells were passaged up to 1:4 split or used for 
downstream experiments.

Propagation of differentiated cells and induction of disease phenotypes

Healthy podocytes and vascular endothelial cells were maintained at 
normal blood glucose level (5 mM) in Culture Boost-R (Cell Systems, 
4 N0-500-R) that was refreshed every other day.

To induce hyperglycemic injury, podocytes and vascular endothe-
lium were maintained in Culture Boost-R supplemented with D-Glucose 
(Sigma, G8769) to obtain 25 mM glucose level for up to 4 weeks or until 
a significant injury phenotype was observed. To recapitulate hypergly-
cemia with inflammation, podocytes were maintained in 25 mM glucose 
medium supplemented with 1 ng/mL each of TNF-α (Gibco, PHC3015) 
and IL-6 (PeproTech, 200–06) [7] for up to 4 weeks or until injury 
phenotype was observed. Control cells were cultured in normal (5 mM) 
glucose conditions. For all cell culture conditions, media were refreshed 
every other day.

Adriamycin (LC Laboratories, D-4000) and pamidronate (Millipore, 
506600) were used to recapitulate drug-induced podocytopathy. 

Podocytes were maintained in Culture Boost-R supplemented with 
clinically relevant doses of 0.5 µg/mL Adriamycin for 24 h or 100 nM 
pamidronate for 48 h to induce injury phenotypes. The drug-treated 
podocytes were then propagated in Culture Boost-R medium for up to 
9 days, and the medium was refreshed every other day.

Cell viability assay

Cell Counting Kit 8 (WST-8/CCK8) was used to assay cell viability 
according to vendor protocol (Abcam, ab228554). Briefly, a master mix 
of WST-8 solution was made at a 1:10 dilution in the respective solutions 
for healthy and injured podocytes. The cells were incubated with the 
solution for 2 hrs at 37 ◦C, protected from light. The absorbance was 
measured at 460 nm using an Infinite M200 Pro plate reader (TECAN 
Group) with Magellan (software version 7.2), and the readouts were 
normalized to podocytes in normal glucose.

Gelatinase activity assay

Gelatinase activity in the cell culture supernatant was assayed using 
the Innozyme Gelatinase Activity Assay kit (CBA003, Sigma Aldrich) 
according to the vendor’s protocol. The kit, used as provided, is highly 
selective for MMP-2 and MMP-9 (but does not distinguish the two en-
zymes). Briefly, cells were cultured for up to 9 days at which time, su-
pernatant was collected and centrifuged at 2,000xg for 10 min, pelleted 
cell debris was discarded. Activation buffer was used to prepare a 2x 
serial dilution for the provided standards and 1:4 dilution of cell culture 
supernatant. 90 µL of standard and sample were added to each well of a 
96-well plate, in duplicate, and incubated at 37 ◦C for 6 hrs. Fluores-
cence was read at 320 nm excitation and 405 nm emission on an Infinite 
M200 Pro plate reader (TECAN Group) with Magellan (software version 
7.2). All values were normalized to total protein.

Extracellular matrix decellularization

Cells were gently rinsed twice with 2 mL DPBS (without Ca2+ and 
Mg2+). Sterile-filtered, warm extraction buffer (consisting of 0.5 % 
Triton X-100 (VWR, 97063–996) and 20 mM NH4OH (Sigma, 221228) 
in DPBS supplemented with 1 % Penicillin-streptomycin) was added at 
500 µL/well to each well of a 12-well plate. The plate was incubated at 
37 ◦C until no intact cells were visible under the microscope (~1–3 min). 
Without aspirating, the cellular debris was diluted with 1 mL of DPBS 
(without Ca2+ and Mg2+) which was added by gentle contact with the 
sidewall of the plate’s well to avoid detachment of the adherent matrix. 
To remove the extraction buffer, 1–2 mL of the solution was pipetted out 
from the well such that there was only a thin liquid layer left in each 
well. 2 mL DPBS (without Ca2+ and Mg2+) was then added to each well, 
and the plate was wrapped with parafilm and stored overnight at 4 ◦C.

Transfer of live podocytes to decellularized extracellular matrix Scaffolds

9-day normal and high glucose decellularized ECM scaffolds and live, 
9-day normal and high glucose podocyte cultures were prepared as 
described above. ECM scaffolds were washed twice with 1 mL DPBS (per 
well) and once with Advanced DMEM/F12. The Advanced DMEM/F12 
was then removed by pipette such that there was only a thin layer of 
fluid to avoid ECM dehydration. Podocyte cultures were then washed 
once with warm Advanced DMEM/F12, trypsinzed at 37 ◦C, collected in 
separate conical tubes with care not to cross-contaminate between 
conditions, and pelleted via centrifuged. Cell pellets were resuspended 
in 1 mL of respective Culture Boost medium per new transfer well.

Podocytes were gently seeded onto the ECM scaffolds via the wall of 
the well to avoid disturbing the matrix, and the plates were moved in 
figure-eight fashion to evenly distribute the cell suspension. The newly 
seeded plates were incubated overnight at 37 ◦C. The respective cell 
culture media were replenished the next day and every other day from 
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then on.

Microscopy analyses

Cells were prepared at room temperature for immunostaining by 
fixation in 4 % formaldehyde (Thermo Scientific, 28908) for 20 min, 
followed by permeabilizing with 0.125 % Triton X-100 in DPBS for 
5 min, and blocking with 1 % BSA (Millipore Sigma, A9418-100 g) in 
0.125 % Triton X-100/PBS for 30 min. The cells were then washed three 
times (5 min each) with 0.125 % Triton X-100/PBS. The following pri-
mary antibodies were diluted 1:400 in 0.125 % Triton X-100: anti- 
nephrin (ARP, GP-N2), anti-PECAM-1 (R&D Systems, AF-806), anti- 
YAP (Santa Cruz Biotechnology, sc-101199), anti-collagen IVα3 (Santa 
Cruz Biotechnology, sc-52317) and anti-collagen IVα1 (eBioscience, 
14–9871-82). The cells were incubated in primary antibody overnight at 
4 ◦C. Following overnight incubation, cells were washed three times for 
5 min with 0.125 % Triton X-100/DPBS. The following secondary an-
tibodies were diluted 1:1000 in 0.125 % Triton X-100/DPBS: donkey 
anti-rabbit Alexa Fluor 594 (Invitrogen, A-21207), donkey anti-mouse 
Alexa Fluor 488 (Invitrogen, A-21202), and goat anti-guinea pig 594 
(Invitrogen, A-11076). DAPI (Invitrogen, D1306; 1:1000 dilution in 
H2O) or Alexa Fluor 594 Phalloidin (Invitrogen, A12381; 1:1000 dilu-
tion in DPBS) were applied to the cells and incubated for 5 min and 
15 min, respectively. Brightfield and immunofluorescence microscopy 
images were acquired with an EVOS M7000 imaging system (Invitrogen, 
AMF7000) and processed using Fiji/ImageJ (software version 2.9.0/ 
1.54d).

Scanning electron microscopy

Podocyte extracellular matrices were decellularized as previously 
described. Matrices were then fixed with 2.5 % glutaraldehyde in 0.1 M 
sodium cacodylate buffer (Electron Microscopy Sciences, 11650) for 1 h 
at room temperature with the plate wrapped in parafilm to avoid 
evaporation. Each well (containing decellularized ECM) was washed 
three times (for 10–15 min each) with 0.1 M sodium cacodylate buffer. 
The matrices were then treated with 1 % osmium tetroxide (Electron 
Microscopy Sciences, 19180) in 0.1 M sodium cacodylate for 1 h at room 
temperature with the plate wrapped in parafilm. After washing three 
times (for 5 min each) with deionized water, the matrices were dehy-
drated in ascending grades of ethanol: 30 % EtOH for 5 min, 50 % for 
5 min, 70 % for 5 min, 80 % for 5 min, 90 % for 10 min, 95 % for 10 min, 
and 100 % for 10 min. The matrices were then immersed in hexame-
thyldisilazane (Electron Microscopy Sciences, 16700), which was 
allowed to evaporate overnight. Samples were coated with gold film 
using a Denton Desk V (Denton Vacuum), followed by imaging using an 
Apreo S scanning electron microscope (Thermo Fisher) at the Duke 
Shared Materials Instrumentation Facility.

Western blot

To prepare whole cell lysates, podocytes in 12-well plates were 
placed on ice and washed twice with ice-cold DPBS. The cells were lysed 
with ice-cold RIPA buffer supplemented with 1X PhosSTOP phosphatase 
inhibitor (Millipore Sigma, 04906837001) and protease inhibitor 
cocktail (Millipore Sigma, 4693132001) per manufacturer recommen-
dations. Protein lysates were quantified using a Pierce BCA protein assay 
kit (Thermo Fisher, 23227). Protein lysates (5–15 µg) were diluted 3:1 in 
Laemmli buffer containing 2-mercaptoethanol (Sigma, M3148) and then 
denatured by incubation at 95 ◦C for 5 min. The samples were processed 
using SDS-PAGE with a Mini-PROTEAN TGX Stain-Free Precast 4–15 % 
gel (Bio-Rad, 4568033). Gels were transferred onto a Midi PVDF mem-
brane using a Trans-blot Turbo semi-dry transfer system. Transferred 
blots were blocked with 5 % nonfat milk in Tris-buffered saline with 
Tween-20 (TBS-T) at room temperature for 1 h. For immunoblotting, the 
following primary antibodies and dilutions were used in 5 % Blotto/TBS- 

T: anti-COL4A1 (Cell Signaling Technology, 50273; 1:1000), anti- 
COL4A3 (Santa Cruz Biotechnology, sc-52317; 1:100), anti- 
synaptopodin (Santa Cruz Biotechnology, sc-515842; 1:500), anti- 
TIMP-1 (Cell Signaling Technology, 8946; 1:1000), anti-NPHS2 
(Abcam, ab50339), anti-vinculin (Invitrogen, PA5-29688), and anti- 
GAPDH (EMD Millipore, ABS16; 1:4000). Blots were incubated in pri-
mary antibody solution overnight on a platform angle rocker at 4 ◦C. 
Following overnight incubation, blots were washed three times for 7 min 
in TBS-T and then incubated for 1 h with secondary antibody HRP- 
conjugated anti-mouse (Cell Signaling Technology, 7074P2) or anti- 
rabbit (Cell Signaling Technology, 7074) diluted 1:1000 in 5 % 
Blotto/TBS-T with rocking at room temperature. The blots were then 
washed three times with TBS-T for 7 min, followed by band development 
using the Super Signal West Femto kit (Thermo Scientific, 34094) for 
1–5 min. Chemiluminescent bands were imaged using a GelDoc system 
(Bio-Rad).

Statistical analysis

All quantitative results are presented as mean ± standard error of the 
mean. All statistical analyses were performed with GraphPad Prism 
version 9.5.1. To compare two unpaired groups with a single variable, 
the Student’s t-test with a 95 % confidence interval was used. For 
comparisons with more than one variable and/or three or more groups 
of data, an analysis of variance (ANOVA) was performed with an 
appropriate post-hoc test.
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The datasets generated and analyzed during the study are available 
from the corresponding author upon reasonable request.
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