
1Scientific Reports |          (2019) 9:2765  | https://doi.org/10.1038/s41598-019-39504-8

www.nature.com/scientificreports

Directed Differentiation of Human 
Pluripotent Stem Cells to Podocytes 
under Defined Conditions
Tongcheng Qian1, Shaenah E. Hernday1, Xiaoping Bao1, William R. Olson1, Sarah E. Panzer2, 
Eric V. Shusta1 & Sean P. Palecek1

A major cause of chronic kidney disease (CKD) is glomerular disease, which can be attributed to a 
spectrum of podocyte disorders. Podocytes are non-proliferative, terminally differentiated cells. Thus, 
the limited supply of primary podocytes impedes CKD research. Differentiation of human pluripotent 
stem cells (hPSCs) into podocytes has the potential to produce podocytes for disease modeling, drug 
screening, and cell therapies. In the podocyte differentiation process described here, hPSCs are first 
induced to primitive streak-like cells by activating canonical Wnt signaling. Next, these cells progress to 
mesoderm precursors, proliferative nephron progenitors, and eventually become mature podocytes by 
culturing in a serum-free medium. Podocytes generated via this protocol adopt podocyte morphology, 
express canonical podocyte markers, and exhibit podocyte phenotypes, including albumin uptake and 
TGF-β1 triggered cell death. This study provides a simple, defined strategy to generate podocytes for in 
vitro modeling of podocyte development and disease or for cell therapies.

Podocytes are specialized cells that wrap around the capillaries of the glomerulus and comprise the major fil-
tration barrier in the kidney1. The slit diaphragm serves as a size-selective macromolecular sieve, allowing 
water-soluble small molecules to pass through but retaining proteins and large molecules2,3. The permeability 
of slit diaphragms in the glomerular filtration barrier is regulated by tight junction proteins and specialized slit 
diaphragm proteins, including P-cadherin, occludin, ZO-1, nephrin, podocin, and CD2AP in podocyte foot pro-
cesses4. Dysfunction of glomeruli and the associated loss of filtration capacity is the major cause of end-stage 
renal diseases5–7. Many diseases, including autoimmune disorders8–10, bacterial endocarditis11, HIV12, Alport 
syndrome13, diabetes14 and hypertension15, affect kidney function by disrupting the function of the glomeruli. 
The “podocyte depletion” hypothesis describes the mechanism by which initial podocyte injury, which may arise 
from various cytotoxic, genetic, hemodynamic, infectious, oxidative, or immune insults, leads to loss of podo-
cytes, altered glomerular structure and function, progressive glomerulosclerosis, decline in kidney function, and 
eventual development of end-stage renal disease (ESRD)16. In the United States, approximately 30 million people 
have chronic kidney disease (CKD) and nearly 1 million patients have been diagnosed with ESRD17. The majority 
of the patients with ESRD are treated with dialysis instead of kidney transplantation18 because of an insufficient 
supply of transplantable organs.

Podocytes are terminally differentiated cells19, and currently there is no replacement for dysfunctional podo-
cytes. Immortalized human podocytes have been used to study mechanisms of glomerular diseases19–21. However, 
primary and immortalized podocytes tend to dedifferentiate in vitro, thereby losing cobblestone morphology, 
displaying reduced expression of synaptopodin, and exhibiting unstructured and dysfunctional slit diaphragms22. 
Primary animal podocytes are also used to study the role of podocytes in normal kidney function and glomerular 
diseases23,24, but due to the species differences these animal models fail to recapitulate the functional, structural 
and molecular aspects of human podocytes25. Thus, a source of human podocytes exhibiting key phenotypes of 
healthy and diseased podocytes would be a valuable tool for advancing kidney research and developing treat-
ments for CKD. Because of their unlimited self-renewal capacity and ability to differentiate into any cell type, 
human pluripotent stem cells (hPSCs) are a promising source of human podocytes. Recently, several studies 
showed that hPSCs can generate renal lineages and kidney organoids26–31, and podocytes have also been differen-
tiated from hPSCs via activation of Wnt and BMP signaling32–35. Here we report a simple method to differentiate 

1Department of Chemical & Biological Engineering, University of Wisconsin, Madison, WI, 53706, USA. 2School of 
Medicine and Public Health, University of Wisconsin, Madison, WI, 53706, USA. Correspondence and requests for 
materials should be addressed to E.V.S. (email: eshusta@wisc.edu) or S.P.P. (email: sppalecek@wisc.edu)

Received: 11 April 2018

Accepted: 10 December 2018

Published: xx xx xxxx

OPEN

https://doi.org/10.1038/s41598-019-39504-8
mailto:eshusta@wisc.edu
mailto:sppalecek@wisc.edu


2Scientific Reports |          (2019) 9:2765  | https://doi.org/10.1038/s41598-019-39504-8

www.nature.com/scientificreportswww.nature.com/scientificreports/

hPSCs into podocytes that only requires small molecule activation of Wnt signaling and subsequent culture 
in podocyte permissive medium. Using this method, hPSCs are first directed to primitive streak-like cells and 
intermediate mesoderm, then progress to proliferative nephron progenitors and finally differentiate to mature 
podocytes that express key podocyte-related proteins, including PAX2, WT1, nephrin and synaptopodin. These 
hPSC-derived podocytes also exhibit podocyte phenotypes, including albumin uptake and induction of cell death 
upon TGF-β1 stimulation. This differentiation method has the potential to generate podocytes for disease mode-
ling, drug screening, and development of podocyte cell therapies.

Results
Wnt activation directs hPSCs to primitive streak and intermediate mesoderm.  Most cells form-
ing the kidney, including podocytes, originate from intermediate mesoderm36. Wnt signaling plays an important 
role in the development of mesodermal lineages and induction of canonical Wnt signaling has been used to direct 
hPSC differentiation to mesoderm37–39. For example, in prior studies we showed that treatment of undifferen-
tiated hPSCs with 6 µM CHIR99021, a GSK3β inhibitor, in a serum-free and albumin-free medium generated 
a uniform population of cells expressing primitive streak markers after 24 hr40,41. Thus, as a first step toward 
differentiating hPSCs to podocytes, IMR90-4 induced pluripotent stem cells (iPSCs) were seeded on a Matrigel-
coated surface at a density of ~2 × 104 cells/cm2 in mTeSR1. After 3 days of expansion to a density of 6 × 104 cells/
cm2, we treated the iPSCs with 6 µM CHIR99021 for 48 hr in serum-free and albumin-free podocyte medium 1 
(PM1: DMEM/F12, 1% MEM-NEAA, 0.5% GlutaMAX, 0.1 mM β-mercaptoethanol) (Fig. 1A). Before initiating 
differentiation at day 0, expression of pluripotency markers OCT4, NANOG, and TRA-1-60 was validated by 
immunofluorescence (Fig. 1B–D). After 24 hr of treatment with CHIR99021, the cells uniformly expressed the 
primitive streak marker brachyury, which localized to the nucleus in nearly 100% of the cells (Fig. 1E, F). As 
expected, brachyury expression was transient, disappearing after day 3 (Fig. 1G). After 48 hr of CHIR99021 treat-
ment in PM1, the medium was switched to serum-free podocyte medium 2 (PM2: human endothelial serum-free 
medium (hESFM), 2% B27 supplement) and cultured to day 16. We further assessed the kinetics of primitive 
streak induction by immunofluorescence and qRT-PCR. The primitive streak gene MIXL1 reached peak expres-
sion at 24 hr and then was undetectable after day 4 (Fig. 1H, I, J). At day 4, nearly 100% of cells expressed the 
intermediate mesoderm marker PAX2, which localized to the nucleus (Fig. 1K). Expression of the pluripotency 
gene POU5F1 dramatically decreased after initiation of differentiation (Fig. 1L).

Primitive streak cells progress to nephron progenitors.  At day 6, immunofluorescence analysis indi-
cated that the differentiating cells possessed nuclear localization of nephron progenitor proteins PAX2, WT1, and 
SIX2 (Fig. 2A, B). Both PAX2 and WT1 are expressed in nephron progenitors and mature podocytes, while SIX2 
is transiently expressed in nephron progenitors42. At day 6, over 90% of the cells expressed PAX2, WT1, and SIX2, 
as determined by flow cytometry (Fig. 2C). By qRT-PCR, PAX2 and WT1 expression gradually increased through 
day 5 and remained expressed through day 16 of differentiation. SIX2 expression peaked at day 7 and then 
decreased afterwards (Fig. 2D). However, we did not observe expression of the metanephric marker HOXD11 by 
immunostaining or RT-qPCR in these cells (data not shown), which might indicate that HOXD11 is not induced 
during differentiation in this method. HOXD11 knockout does not dramatically impair kidney development 
in the mouse43,44; Other HOX11 paralogs may be involved in specifying nephron progenitors in this podocyte 
differentiation method.

Although we observed cells expressing podocyte markers in the growth factor-free PM2 medium, BMP4 
and BMP732,45,46, retinoic acid (RA)47,48, and FGF249 have previously been shown to be involved in kidney devel-
opment. Thus, we examined whether addition of these factors would alter the conversion of iPSCs to nephron 
progenitors. After 2 days of canonical Wnt pathway activation by CHIR99021, we treated cells with combinations 
of BMP7, RA, and FGF2 from day 2 to day 6 (Fig. 3A) in PM2 and assessed whether these factors enhanced spec-
ification of primitive streak cells to WT1 + nephron progenitors by Western blot. Unexpectedly, we observed the 
greatest WT1 expression in the absence of exogenous BMP7, RA, and FGF2 (Fig. 3B, C). Since we observed WT1 
expression in the absence of exogenous BMPs, we then asked whether GSK3 inhibition induced endogenous 
BMP signaling. In the absence of dorsomorphin, which inhibits BMP type I receptors and blocks BMP-induced 
SMAD1/5/8 phosphorylation, the CHIR99021-treated cells exhibited high levels of phosphorylated SMAD1/5/8 
(P-SMAD) at day 3 (Fig. 3D). However, when dorsomorphin was added from days 1–3 of differentiation, SMAD 
phosphorylation was completely inhibited at dorsomorphin concentrations greater than 5 µM. When dorsomor-
phin was added after removal of CHIR99021 (from day 3 to day 4), SMAD phosphorylation at day 4 was unaf-
fected (Fig. 3E). We confirmed endogenous BMP7 production by immunofluorescence and Western blot of cell 
lysate at day 1 and day 2 of differentiation (Fig. 3F, G).

We then tested if dorsomorphin treatment inhibited nephron progenitor differentiation to assess whether 
endogenous BMP production plays a role in podocyte specification. Cells were analyzed for PAX2 and WT1 
expression by flow cytometry at day 16 of differentiation. Cells treated with 1 µM dorsomorphin from day 1 to day 
3 differentiated to WT1 and PAX2-expressing cells, although the expression levels of WT1 and PAX2 were signif-
icantly lower than in the untreated control (Fig. 3H, I). Together these results suggest that while GSK3 inhibition 
is sufficient to direct hPSCs to nephron progenitors, endogenous BMP7 signaling also plays a role.

Nephron progenitors become mature podocytes.  Nephron progenitors differentiated as shown in 
Fig. 1A were characterized for acquisition of podocyte markers throughout the differentiation process by both 
qRT-PCR and Western blot. CDH3 (P-cadherin), SYNPO (synaptopodin) and TJP1 (ZO-1) expression gradually 
increased during the 16 day differentiation process (Fig. S1). WT1 protein was first detected at day 6 and was sig-
nificantly more abundant at days 10 and 16 (Fig. 4A). P-cadherin is a cell-cell adhesion molecule that maintains 
the integrity of epithelial tissues50 and is expressed in hPSCs51. P-cadherin expression slightly decreased after 
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Figure 1.  Schematic of podocyte differentiation protocol. (A) Before differentiation, singularized IMR90-4 
iPSCs are seeded on 12-well plates coated with Matrigel, vitronectin or Synthemax at 2 × 104 cells/cm2 and 
expanded for 3 days in mTeSR1. Differentiation to primitive streak-like cells is initiated by 48 hr treatment with 
6 µM CHIR99021 in podocyte medium 1 (PM1). Cells progress to nephron progenitors at day 6 and eventually 
differentiate to podocytes in podocyte medium 2 (PM2) at day 16. The pluripotent state of expanded IMR90-4 
iPSCs was verified prior to differentiation by immunofluorescence for (B) OCT4, (C) NANOG and (D) TRA1-
60. Expression of brachyury during differentiation was assessed by (E) immunofluorescence and (F) flow 
cytometry 24 hr after CHIR99021 treatment, and (G) Western blot from day 0 to day 16. Expression of primitive 
streak marker MIXL1 during differentiation was assessed by (H) immunofluorescence and (I) flow cytometry. 
Expression levels of primitive streak gene MIXL1 (J) and the pluripotency gene POU5F1 (L) relative to the 
housekeeping gene GAPDH were assessed by qRT-PCR from day 0 to day 16. Expression levels were normalized 
to undifferentiated IMR90-4 iPSCs at day 0. (K) At day 4, expression of the intermediate mesoderm marker 
PAX2 was assessed by immunofluorescence and flow cytometry. In flow cytometry plots, red dots represent 
isotype control treated cells used to identify the gated regions and blue dots represent cells stained for the 
indicated marker. Numbers indicate the fraction of stained cells (blue) in the gated regions. Data were collected 
from three independent replicates and are plotted as mean ± SEM. Scale bars, 100 µm. Immunofluorescence 
labelling and flow cytometry were performed ten times from different differentiations on different days. Three 
technical replicates were used each time for flow cytometry. qPCR was performed three replicates each time and 
three times were performed from three different differentiations.
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iPSCs progressed to primitive streak and intermediate mesoderm at day 3 of differentiation (Fig. 4B). P-cadherin 
expression then increased and remained relatively constant from days 6–16. Both synaptopodin and nephrin 
are involved in the formation of the slit diaphragm52,53. During the differentiation process, significant nephrin 
expression was detected at day 6 and expression increased through day 16 (Fig. 4C). Immunofluorescence images 
were acquired at day 16 to show the localization of these key podocyte proteins (Fig. 4D). Nearly 100% of the 
day 16 IMR90–4 iPSC-derived podocytes expressed key podocyte proteins, including PAX2, WT1, P-cadherin, 
CD2AP, podocin, synaptopodin, nephrin and ZO-1, demonstrating the production of virtually pure podocytes 
from iPSCs (Fig. 4E). We also compared the expression of key podocyte proteins between hPSC-derived podo-
cytes and human primary podocytes. Most major podocyte proteins, including PAX2, WT1, podocin, synaptopo-
din, ZO-1, CD2AP and nephrin were also expressed by primary podocytes. However, in the primary podocytes, 
the WT1 was not exclusively localized to the nucleus while P-cadherin expression was not detected, nor did we 
detect significant expression of WT1 or P-cadherin in primary podocytes by Western blot (Fig. S2). We used 
mouse kidney tissues as a positive control to validate the WT1 antibody for both Western blotting and immu-
nofluorescence (Fig. S3A, B). We also verified that key markers were not expressed in undifferentiated hPSCs by 
immunofluorescence (Fig. S4A) and flow cytometry (Fig. S4B) for PAX2, WT1, MIXL1, SIX2, CD2AP, podocin, 
synaptopodin, and nephrin. MIXL1 was also not detected in day 16 cells by flow cytometry (Fig. S4B). While 
PAX2 is downregulated in mature podocytes in vivo54, hPSC-derived podocytes and primary podocytes have 
been reported to reacquire or maintain PAX2 expression34,55.

We then tested the differentiation protocol illustrated in Fig. 1A in two additional hPSC lines. At day 16, 
nearly 100% of the cells differentiated from both H9 hESCs and 19-9-11 iPSCs expressed key podocyte pro-
teins, including PAX2, WT1, P-cadherin, ZO-1, CD2AP, podocin, synaptopodin, nephrin (Fig. S5). To further 
define the differentiation system, we also tested podocyte differentiation on defined substrates, Synthemax 
and vitronectin, as replacements for Matrigel. Almost 100% of the cells differentiated on both Synthemax- and 
vitronectin-coated surfaces showed high expression of podocyte proteins, similar to differentiation on Matrigel 

Figure 2.  Cells progress to nephron progenitors at Day 6. At differentiation day 6, cells were assessed by 
immunofluorescence and flow cytometry for nephron progenitor markers, including PAX2 and WT1 (A, C), 
and SIX2 (B, C). In (C), red dots represent isotype control treated cells used to identify the gated regions and 
blue dots represent cells stained for the indicated marker. Numbers indicate the fraction of stained cells (blue) 
in the gated regions. (D) Quantitative RT-PCR was used to monitor the expression of PAX2, WT1, SIX2 relative 
to the housekeeping gene GAPDH during IMR90-4 iPSC differentiation to podocytes using the protocol 
illustrated in Fig. 1A. Expression levels were normalized to undifferentiated IMR90-4 iPSCs. Data are presented 
as mean ± SEM of three independent experiments. Scale bars, 100 µm. Immunofluorescence labelling and flow 
cytometry were performed ten times from different differentiations on different days. Three technical replicates 
were used each time for flow cytometry. qPCR was performed three replicates each time and three times were 
performed from three different differentiations.
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Figure 3.  Wnt signaling activation directs hPSCs to nephron progenitors. (A) Schematic of podocyte 
differentiation factor identification. Singularized IMR90-4 iPSCs were seeded on 12-well plates coated with 
Matrigel and expanded for 3 days in mTeSR1. Podocyte differentiation was initiated with treatment of 6 µM 
CHIR for 48 h in PM1 followed by treatment with different combinations of 0.1 µM or 1 µM RA, 50 ng/mL 
BMP7 and 50 ng/mL FGF2 from day 2 to day 6 in PM2. (B) Cells at day 6 were assessed by Western blot for the 
expression of WT1. (C) Expression level was quantified via Image J. The expression was normalized to β-actin 
and then compared to WT1 expression in the absence of FGF2, RA and BMP7. (D, E) SMAD phosphorylation 
was assessed by Western blot after cells were treated with dorsomorphin (0 µM to 10 µM) from day 1 to day 3 
or from day 3 to day 4. (F, G) Expression of BMP7 at days 1 and 2 was verified by immunofluorescence and 
Western blot of cell lysate (H, I) Cells were differentiated in the presence or absence of 1 µM dorsomorphin 
treatment from day 1 to day 3 and at day 16 were assessed for expression of PAX2 and WT1 by flow cytometry. 
Data were collected from three independent replicates and are plotted as mean ± SEM. *p < 0.05. ***p < 0.001. 
Scale bars, 100 µm. Immunofluorescence labelling and flow cytometry were performed ten times from different 
differentiations on different days. Western blot was performed three times from three different differentiations.
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Figure 4.  hPSC-derived podocytes express key podocyte markers. IMR90-4 iPSCs were differentiated as 
illustrated in Fig. 1A. Cell lysates were collected at days 0, 3, 6, 10, and 16 of differentiation. Western blot 
was used to assess the expression of (A) WT1, (B) P-cadherin, (C) nephrin. At day 16, cells differentiated as 
shown in Fig. 1A were characterized by immunofluorescence (D) and flow cytometry (E) for expression of the 
indicated podocyte proteins. Scale bars, 100 µm. In (E), red dots represent isotype control treated cells used to 
identify the gated regions and blue dots represent cells stained for the indicated marker. Numbers indicate the 
fraction of stained cells (blue) in the gated regions. Data are presented as mean ± SEM of three independent 
experiments. See also Figs S1–S5. Immunofluorescence labelling and flow cytometry were performed ten times 
from different differentiations on different days. Western blot was performed three times from three different 
differentiations.

https://doi.org/10.1038/s41598-019-39504-8


7Scientific Reports |          (2019) 9:2765  | https://doi.org/10.1038/s41598-019-39504-8

www.nature.com/scientificreportswww.nature.com/scientificreports/

(Fig. S6). For IMR90-4 iPSC line, we performed the optimized differentiation process more than 30 times. For 
both H9 ESCs and 19-9-11 iPSCs, we performed the experiments at least three independent times. For differenti-
ation on Synthemax- and vitronectin-coated surfaces, we performed experiments at least three times.

hPSC-derived podocytes exhibit podocyte phenotypes.  Given the marker expression profile charac-
teristic of podocytes, we examined several podocyte phenotypes at day 16. Nephron progenitors are proliferative 
and primary podocytes exhibit a cobblestone-like morphology in primary cell culture56. IMR90-4 iPSC-derived 
nephron progenitors exhibited a cobblestone-like shape at day 6 of differentiation (Fig. 5A), very similar to the 
morphology of primary human podocytes under standard culture condition (Fig. S6A). After 16 days, these 
iPSC-derived podocytes formed a monolayer of large arborized cells exhibiting prominent thin processes 
(Fig. 5B, C), consistent with the morphology of fully differentiated podocytes19. Differentiated primary podocytes 
lack the capacity to divide in culture56. Similarly, IMR90-4 iPSC-derived podocytes lost proliferative capacity 
during differentiation, as determined by Ki-67 staining, after day 12 of the differentiation. By day 22 only about 
10% of cells expressed Ki-67 (Fig. 5D). At day 16, 70 ± 10 podocytes were produced per undifferentiated iPSC 
at day 0, indicating substantial expansion during the differentiation process. Thus, by day 16 of differentiation, 
the iPSCs have progressed through a nephron progenitor stage to non-proliferative cells expressing hallmark 
podocyte markers.

Podocytes uptake albumin via endocytosis and degrade albumin in lysosomes57,58. We assessed the ability 
of day 16 iPSC-derived podocytes to endocytose Alexa Fluor 555-labeled albumin in a temperature-dependent 
manner. At 37 °C, the iPSC-derived podocytes contained extensive fluorescence in intercellular vesicles, while 
the cells at 4 °C, where endocytosis is inhibited, did not incorporate albumin (Fig. 5E). We further confirmed 
temperature-dependent albumin uptake in human primary podocytes (Fig. S7B). Next, angiotensin II (Ang II) 
induces podocyte damage and glomerular disease in part by altering cytoskeletal structure and inducing contrac-
tility59. To examine the effects of Ang II, we treated day 16 iPSC-derived podocytes with 500 ng/mL Ang II for 
6 hr. Ang II-treated cells displayed a reorganized actin morphology compared to untreated cells (Fig. 6A, indi-
cated with white arrows). Over 50% of the IMR90-4 iPSC-derived podocytes exhibited peripheral actin upon Ang 
II stimulation, while only about 20% of control cells exhibited peripheral actin (Fig. 6B). Finally, TGF-β1 induces 
cell death in primary and immortalized podocytes60,61. Hence, we tested the effects of TGF-β1 treatment on day 
16 IMR90-4 iPSC-derived podocyte viability. iPSC-derived podocytes exposed to 5 or 50 ng/mL TGF-β1 for 
24 hr exhibited a significantly higher percentage of dead cells than the control (15% vs. 2%) as assessed by trypan 
blue uptake (Fig. 6C). Taken together, iPSC-derived podocytes display phenotypes that have been described for 
terminally differentiated podocytes.

Figure 5.  hPSC-derived podocytes exhibit key podocyte phenotypes. IMR90-4 iPSC-derived podocytes were 
differentiated as illustrated in Fig. 1A. Phase contrast images of IMR90-4 iPSC-derived podocytes were taken 
at (A) day 6, and (B,C) day 16. (D) Proliferation of cells at different time points was assessed by flow cytometry 
for Ki67. (E) IMR90-4 iPSC-derived podocytes at day 16 were analyzed with an Albumin Uptake Assay Kit. 
Alexa Fluor™ 555-labelled albumin is shown in red on a merged DAPI image and the corresponding bright field 
image is provided on the right. 4 °C was used as a control to prevent endocytosis. Scale bars, 100 µm. Albumin 
uptake assay was performed three times from three different differentiations.
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Discussion
In this study, we demonstrate a simple method to differentiate hPSCs into terminally-differentiated podocytes in 
a defined system. After treatment with the small molecule GSK3ß inhibitor CHIR99021, hPSCs differentiate in 
a developmentally-relevant progression from the pluripotent stage through primitive streak-like cells, nephron 
progenitors and eventually to mature podocytes that express key podocyte proteins, including PAX2, WT1, 
podocin, synaptopodin and nephrin. Fully differentiated podocytes do not proliferate significantly in vivo or in 
vitro62. Likewise, hPSC-derived podocytes lost proliferative capacity after day 16 of differentiation. Importantly, 
hPSC-derived podocytes exhibit key podocyte phenotypes, including actin reorganization upon Ang II stimula-
tion, albumin uptake and induction of cell death upon TGF-β1 treatment. This differentiation protocol employs 
a defined system, including serum-free culture medium as well as a defined extracellular matrix. Defined systems 
generally enhance reproducibility and facilitate production of cells for therapeutic applications63,64.

In vivo, the majority cell types forming the kidney, including podocytes, originate from intermediate meso-
derm36. Canonical Wnt signaling activation has been shown to play an important role in the differentiation of 
hPSCs into intermediate mesoderm37–39. Previously, several studies have shown that Wnt pathway activation 
combined with BMP4, BMP7, RA and FGF2 treatment is essential to differentiate hPSCs into podocytes32–34. We 
determined that application of 6 µM CHIR99021 alone, in a podocyte permissive medium, was sufficient to direct 
three different hPSC lines into intermediate mesoderm that then became nephron progenitors and eventually 
virtually pure populations of mature podocytes as assessed by flow cytometry for podocyte markers. We also 
found that BMP7, RA or FGF2 treatment actually diminished WT1 expression in the hPSC-derived podocytes. 
Moreover, in the differentiation process described here, BMP7 was endogenously expressed and SMAD1/5/8 
activated in the differentiating hPSCs. Treatment with the BMP inhibitor dorsomorphin dramatically decreased 
podocyte differentiation efficiency, suggesting this endogenous BMP signaling is necessary for podocyte spec-
ification. This finding is consistent with a prior report that canonical Wnt signaling activates the BMP path-
way in skeletal myoblasts by inducing BMP4 expression65. While it is not clear why BMP7 addition reduced 
WT1 expression, autocrine or paracrine BMP signaling appears to be necessary for podocyte specification in 
our differentiation process, perhaps induced as a consequence of Wnt pathway activation66, obviating the need 
for exogenous BMP ligands, as required by all other reported podocyte differentiation protocols. Compared to 
previous podocyte differentiation protocols32–34, although all these methods are very straightforward and simple, 
the differentiation process described here does not require BMP7, FGF2, and RA. With fewer growth factors or 

Figure 6.  hPSC-derived podocytes exhibit actin reorganization after angiotensin II treatment and cell 
death is induced by TGF-β1 treatment. IMR90-4 iPSC-derived podocytes were differentiated as illustrated 
in Fig. 1A. (A) At day 16, cells were treated with 500 ng/mL Ang II for 6 hr and phalloidin staining was used 
to assess changes in cytoskeletal structure. White arrows indicate the cells with peripheral F-actin. (B) More 
than 200 cells over 15 images were analyzed and the percentage of cells with peripherally-organized actin 
was calculated for control and Ang II-treated cells. Data are presented as mean percentage ± SEM of three 
independent experiments over 15 images. Scale bars, 100 µm. (C) At day 16, cells were treated with 5 ng/mL 
and 50 ng/mL TGF-β1for 24 hr. Detached cells were collected from the medium and combined with Accutase-
dissociated cells from the substrate. Cells were treated with trypan blue and the numbers of cells incorporating 
and excluding trypan blue were counted on a hemocytometer. Percentage of dead cells was calculated as 
the number of cells that incorporated trypan blue divided by the total cell number. Data are presented as 
mean ± SEM of three independent experiments. Ang II and TGF-β treat experiments were performed three 
times from three different differentiations.
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small molecules in the differentiation, it is potentially simpler to troubleshoot and adapt to different applications, 
including generating clinical-grade podocytes for disease modeling and drug screening.

Compared to human primary podocytes, which are nonproliferative in vitro, hPSCs can be used to generate 
large quantities of healthy or patient-specific human podocytes for disease modeling, drug screening, and devel-
opment of cell-based therapies. Podocytes have limited capacity for repair or regeneration; thus, podoycte loss 
is a central feature of many forms of progressive CKD. hPSC-derived podocytes represent an attractive modal-
ity to study podocyte injury compared to primary cultures of podocytes which lack proliferation capacity in 
vitro. In this way, hPSC-derived podocytes could be used to study human glomerular diseases and for screen-
ing effects of drugs on glomeruli in vivo. hPSC-derived podocytes also have been shown to reconstitute kidney 
glomerular-capillary-wall function on a microfluidic chip and this platform may have personalized-medicine 
applications for diseases due to inherited deficiencies of podocyte genes33. hPSC-derived podocytes have been 
transplanted into mouse kidneys and integrated with glomeruli34,67, indicating their potential importance in 
transplantation and kidney regeneration applications. The podocyte differentiation approach reported here uti-
lizes fully defined system and allows the robust generation of podocytes, which can potentially be used for such 
modeling and cell therapy applications.

Methods
hPSC culture and differentiation.  hPSCs (iPS(IMR90)-468, iPS-DF 19-9-11T69, and hESCs (H9)70) 
were maintained on Matrigel (Corning)-coated surfaces in mTeSR1 (STEMCELL Technologies) as previously 
described71. Before differentiation, hPSCs were singularized with Accutase (Innovative Cell Technologies) and 
plated onto Matrigel-coated (or 25 µg/mL Synthemax, or 5 µg/mL vitronectin Thermo Fisher) plates at a density 
of ~2 × 104 cells/cm2 in mTeSR1 supplemented with 10 μM ROCK inhibitor Y-27632 (Selleckchem). hPSCs were 
expanded in mTeSR1 for three days. At day 0, differentiation was initiated by treating cells with 6 μM CHIR99021 
(Selleckchem) in podocyte medium 1 (PM1): DMEM/Ham’s F12 (Thermo Fisher), 1% MEM nonessential amino 
acids (Thermo Fisher), 0.5% GlutaMAX (Thermo Fisher), and 0.1 mM β-mercaptoethanol (SigmaAldrich) for 2 
days. After 48 hr, medium was changed to podocyte medium 2 (PM2): human Endothelial Serum-Free Medium 
(hESFM) (Thermo Fisher) supplemented with 2% B27. After 4 days of culture in PM2, day 6 cells were dissociated 
with Accutase and plated at a 1:6 ratio (approximately 4 × 104 cells/cm2) in PM2 onto 12-well tissue culture plates 
coated with 100 μg/mL Matrigel (or 25 µg/mL Synthemax, or 5 µg/mL vitronectin). At day 10, after reaching con-
fluence, cells were split again at a ratio of 1:3. Cells were cultured in PM2 after differentiation day 2 and medium 
was changed every day for the first 10 days. After day 10, medium was replaced every other day. For differentia-
tion of iPSC IMR90-4, 23 different differentiations on different days were performed. For iPSC 19-9-11 and hESC 
H9 differentiation, three differentiations were performed on different days. For differentiation on vitronectin and 
Synthemax, three differentiations were performed on different days.

Primary human podocyte culture.  Human primary podocytes were purchased from Celprogen and cul-
tured on human podocyte primary cell culture Extra-cellular Matrix 12 Well Plates (Celprogen) supplied with 
human podocyte primary cell culture complete media with Serum (Celprogen).

Immunochemistry.  Cells were rinsed with ice-cold PBS once and fixed with 4% paraformaldehyde (PFA, 
Electron Microscopy Sciences) for 15 min. Cells were then blocked with 10% goat serum (Thermo Fisher) in PBS 
(SigmaAldrich) containing 0.3% Triton-X100 (Fisher Scientific) for 30 min (10% PBSGT). Primary antibodies 
were diluted in 10% PBSGT and cells were incubated in the antibody solutions at 4 °C overnight or at room tem-
perature for 2 hr. After three PBS washes, cells were incubated with secondary antibodies in 10% PBGST (goat 
anti-rabbit Alexa Fluor 594 (Invitrogen) and goat anti-mouse Alexa Fluor 488 (Invitrogen); 1:200) for 1 hr at room 
temperature. Cells were then washed with PBS three times followed by treatment with DAPI fluoromount-G 
(Southern Biotech) and visualized. A list of antibody sources and dilutions is provided in Table S1.

Western blot assay.  Cells were dissociated with Accutase and rinsed with PBS twice before being lysed with 
RIPA (Rockland) in the presence of 1% of Halt Protease and Phosphatase Inhibitor Cocktail (Pierce). Protein con-
centration was determined by a BCA assay kit (Thermo Fisher) according to manufacturer’s instructions. Samples 
containing 30 µg of total protein were loaded onto pre-cast 10% Tris-Glycine SDS/PAGE gels (Invitrogen) under 
denaturing conditions and transferred to a nitrocellulose membrane. After blocking with 5% non-fat milk in 
TBST, the membrane was incubated with primary antibody (Table S1) overnight at 4 °C. The membrane was then 
washed, incubated with an anti-mouse/rabbit peroxidase-conjugated secondary antibody (Table S1) for 1 hr at 
room temperature or overnight at 4 °C, and developed by SuperSignal chemiluminescence (Pierce).

Flow cytometry.  Cells were dissociated with Accutase and fixed in 1% PFA for 15 min at room temperature, 
then washed with 0.5% BSA (Bio-Rad) plus 0.1% Triton-X100 three times. Cells were stained with primary and 
secondary antibodies diluted in 0.5% BSA plus 0.1% Triton-X 100 as described37. Data were collected on a FACS 
Caliber flow cytometer (Beckton Dickinson) and analyzed using FlowJo. Corresponding isotype antibodies were 
used as FACS gating control. Details about antibody source and usage are provided in Table S1.

Quantitative RT-PCR.  Total RNA was extracted with the RNeasy mini kit (QIAGEN) and treated with 
DNase (QIAGEN). 1 μg total RNA was reverse transcribed into cDNA using Oligo (dT) primer with Superscript 
III Reverse Transcriptase (Invitrogen). Real-time quantitative PCR was done in triplicate with iQSYBR Green 
SuperMix (Bio-Rad). GAPDH was used as an endogenous housekeeping control. Primer sequences are provided 
in Table S2.
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Albumin uptake assay.  Differentiated podocytes at day 16 were incubated with the Alexa Fluor™ 555 con-
jugated albumin (Thermo Fisher) at 500 µg/mL for 1 hr at 37 °C. Cells incubated with same concentration of 
albumin at 4 °C were used as a control. The cells were then rinsed with ice-cold PBS three times and fixed with 4% 
PFA. Nuclei were stained with DAPI and Alexa FluorTM 555 conjugated albumin was visualized.

Contractility assay and cell death assay.  Differentiated podocytes at day 16 were treated with 500 ng/
mL Ang II for 6 hr or 5 ng/mL (or 50 ng/mL) TGF-β1 for 24 hr. After 6 hr, the cells treated with Ang II were fixed 
with 4% PFA and stained with DyLight-conjugated phalloidin (Thermo Fisher). Nuclei were stained with DAPI 
and phalloidin was visualized. The cells treated with TGF-β1 after 24 hr were assessed by counting cells that 
excluded trypan blue.

Statistics.  Data are presented as mean ± standard error of the mean (SEM). Statistical significance was deter-
mined by Student’s t-test (two-tail) between two groups. P < 0.05 was considered statistically different.
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	22.	 Pavenstädt, H. Roles of the podocyte in glomerular function. American Journal of Physiology-Renal Physiology 278, F173-–F179 
(2000).

	23.	 Wharram, B. L. et al. Podocyte depletion causes glomerulosclerosis: Diphtheria toxin–induced podocyte depletion in rats expressing 
human diphtheria toxin receptor transgene. Journal of the American Society of Nephrology 16, 2941–2952 (2005).

	24.	 Mundel, P. et al. Rearrangements of the cytoskeleton and cell contacts induce process formation during differentiation of 
conditionally immortalized mouse podocyte cell lines. Experimental cell research 236, 248–258 (1997).

	25.	 Chittiprol, S., Chen, P., Petrovic-Djergovic, D., Eichler, T. & Ransom, R. F. Marker expression, behaviors, and responses vary in 
different lines of conditionally immortalized cultured podocytes. American Journal of Physiology-Renal Physiology 301, F660–F671 
(2011).

	26.	 Takasato, M. et al. Directing human embryonic stem cell differentiation towards a renal lineage generates a self-organizing kidney. 
Nature cell biology 16, 118–126 (2014).

	27.	 Xia, Y. et al. Directed differentiation of human pluripotent cells to ureteric bud kidney progenitor-like cells. Nature cell biology 15, 
1507–1515 (2013).

	28.	 Takasato, M. et al. Kidney organoids from human iPS cells contain multiple lineages and model human nephrogenesis. Nature 526, 
564–568 (2015).

	29.	 Taguchi, A. & Nishinakamura, R. Higher-Order Kidney Organogenesis from Pluripotent Stem Cells. Cell stem cell 21, 730–746. e736 
(2017).

	30.	 Morizane, R. et al. Nephron organoids derived from human pluripotent stem cells model kidney development and injury. Nature 
biotechnology 33, 1193 (2015).

	31.	 Taguchi, A. et al. Redefining the in vivo origin of metanephric nephron progenitors enables generation of complex kidney structures 
from pluripotent stem cells. Cell stem cell 14, 53–67 (2014).

	32.	 Ciampi, O. et al. Generation of functional podocytes from human induced pluripotent stem cells. Stem cell research 17, 130–139 
(2016).

https://doi.org/10.1038/s41598-019-39504-8


1 1Scientific Reports |          (2019) 9:2765  | https://doi.org/10.1038/s41598-019-39504-8

www.nature.com/scientificreportswww.nature.com/scientificreports/

	33.	 Musah, S. et al. Mature induced-pluripotent-stem-cell-derived human podocytes reconstitute kidney glomerular-capillary-wall 
function on a chip. Nature Biomedical Engineering 1, 0069 (2017).

	34.	 Song, B. et al. The directed differentiation of human iPS cells into kidney podocytes. PloS one 7, e46453 (2012).
	35.	 Kang, M. & Han, Y.-M. Differentiation of human pluripotent stem cells into nephron progenitor cells in a serum and feeder free 

system. PloS one 9, e94888 (2014).
	36.	 Mae, S. I. et al. Monitoring and robust induction of nephrogenic intermediate mesoderm from human pluripotent stem cells. Nat 

Commun 4, 1367, https://doi.org/10.1038/ncomms2378 (2013).
	37.	 Lian, X. et al. Robust cardiomyocyte differentiation from human pluripotent stem cells via temporal modulation of canonical Wnt 

signaling. Proceedings of the National Academy of Sciences 109, E1848–E1857 (2012).
	38.	 Marcelle, C., Stark, M. R. & Bronner-Fraser, M. Coordinate actions of BMPs, Wnts, Shh and noggin mediate patterning of the dorsal 

somite. Development 124, 3955–3963 (1997).
	39.	 Perantoni, A. O. In Seminars in cell & developmental biology. 201-208 (Elsevier).
	40.	 Lian, X. et al. Chemically defined, albumin-free human cardiomyocyte generation. Nature methods 12, 595–596 (2015).
	41.	 Qian, T. et al. Directed differentiation of human pluripotent stem cells to blood-brain barrier endothelial cells. Science Advances 3, 

e1701679 (2017).
	42.	 Kreidberg, J. A. WT1 and kidney progenitor cells. Organogenesis 6, 61–70 (2010).
	43.	 Davis, A. P., Witte, D. P., Hsieh-Li, H. M., Potter, S. S. & Capecchi, M. R. Absence of radius and ulna in mice lacking hoxa-11 

andhoxd-11. Nature 375, 791 (1995).
	44.	 Patterson, L. T., Pembaur, M. & Potter, S. S. Hoxa11 and Hoxd11 regulate branching morphogenesis of the ureteric bud in the 

developing kidney. Development 128, 2153–2161 (2001).
	45.	 Obara-Ishihara, T., Kuhlman, J., Niswander, L. & Herzlinger, D. The surface ectoderm is essential for nephric duct formation in 

intermediate mesoderm. Development 126, 1103–1108 (1999).
	46.	 Xia, Y. et al. The generation of kidney organoids by differentiation of human pluripotent cells to ureteric bud progenitor–like cells. 

Nature protocols 9, 2693–2704 (2014).
	47.	 Mendelsohn, C. et al. Function of the retinoic acid receptors (RARs) during development (II). Multiple abnormalities at various 

stages of organogenesis in RAR double mutants. Development 120, 2749–2771 (1994).
	48.	 Duester, G. Retinoic acid synthesis and signaling during early organogenesis. Cell 134, 921–931 (2008).
	49.	 Burrow, C. R. Regulatory molecules in kidney development. Pediatric nephrology 14, 240–253 (2000).
	50.	 Vieira, A. F. & Paredes, J. P-cadherin and the journey to cancer metastasis. Molecular cancer 14, 178 (2015).
	51.	 Chen, H.-F. et al. Surface marker epithelial cell adhesion molecule and E-cadherin facilitate the identification and selection of 

induced pluripotent stem cells. Stem Cell Reviews and Reports 7, 722–735 (2011).
	52.	 Yanagida-Asanuma, E. et al. Synaptopodin protects against proteinuria by disrupting Cdc42: IRSp53: Mena signaling complexes in 

kidney podocytes. The American journal of pathology 171, 415–427 (2007).
	53.	 Ruotsalainen, V. et al. Nephrin is specifically located at the slit diaphragm of glomerular podocytes. Proceedings of the National 

Academy of Sciences 96, 7962–7967 (1999).
	54.	 Lasagni, L. et al. Podocyte regeneration driven by renal progenitors determines glomerular disease remission and can be 

pharmacologically enhanced. Stem cell reports 5, 248–263 (2015).
	55.	 Kabgani, N. et al. Primary cultures of glomerular parietal epithelial cells or podocytes with proven origin. PloS one 7, e34907 (2012).
	56.	 Shankland, S., Pippin, J., Reiser, J. & Mundel, P. Podocytes in culture: past, present. and future. Kidney international 72, 26–36 (2007).
	57.	 Xinaris, C. et al. Functional human podocytes generated in organoids from amniotic fluid stem cells. Journal of the American Society 

of Nephrology, ASN. 2015030316 (2015).
	58.	 Carson, J. M. et al. Podocytes degrade endocytosed albumin primarily in lysosomes. PLoS One 9, e99771 (2014).
	59.	 Kriz, W. et al. A role for podocytes to counteract capillary wall distension. Kidney international 45, 369–376 (1994).
	60.	 Schiffer, M. et al. Apoptosis in podocytes induced by TGF-β and Smad7. The Journal of clinical investigation 108, 807–816 (2001).
	61.	 Das, R. et al. Transforming growth factor β1-induced apoptosis in podocytes via the extracellular signal-regulated kinase-

mammalian target of rapamycin complex 1-NADPH oxidase 4 axis. Journal of Biological Chemistry 290, 30830–30842 (2015).
	62.	 Griffin, S. V., Petermann, A. T., Durvasula, R. V. & Shankland, S. J. Podocyte proliferation and differentiation in glomerular disease: 

role of cell-cycle regulatory proteins. Nephrology Dialysis Transplantation 18, vi8–vi13 (2003).
	63.	 Kirouac, D. C. & Zandstra, P. W. The systematic production of cells for cell therapies. Cell stem cell 3, 369–381 (2008).
	64.	 Serra, M., Brito, C., Correia, C. & Alves, P. M. Process engineering of human pluripotent stem cells for clinical application. Trends in 

biotechnology 30, 350–359 (2012).
	65.	 Kuroda, K., Kuang, S., Taketo, M. M. & Rudnicki, M. A. Canonical Wnt signaling induces BMP-4 to specify slow myofibrogenesis of 

fetal myoblasts. Skeletal muscle 3, 5 (2013).
	66.	 Cho, Y. D. et al. Wnt3a stimulates Mepe, Matrix extracellular phosphoglycoprotein, expression directly by the activation of the 

canonical Wnt signaling pathway and indirectly through the stimulation of autocrine Bmp‐2 expression. Journal of cellular 
physiology 227, 2287–2296 (2012).

	67.	 Sharmin, S. et al. Human induced pluripotent stem cell–derived podocytes mature into vascularized glomeruli upon experimental 
transplantation. Journal of the American Society of Nephrology, ASN. 2015010096 (2015).

	68.	 Yu, J. et al. Induced pluripotent stem cell lines derived from human somatic cells. Science 318, 1917–1920 (2007).
	69.	 Yu, J. et al. Human induced pluripotent stem cells free of vector and transgene sequences. Science 324, 797–801 (2009).
	70.	 Thomson, J. A. et al. Embryonic stem cell lines derived from human blastocysts. Science 282, 1145–1147 (1998).
	71.	 Ludwig, T. E. et al. Feeder-independent culture of human embryonic stem cells. Nature methods 3, 637–646 (2006).

Acknowledgements
This work was supported by National Institutes of Health grants NS083688 and NS085351 (to E.V.S. and S.P.P) 
and National Science Foundation grant CBET1703219 (to E.V.S. and S.P.P.).

Author Contributions
The project was conceived by T.Q., E.V.S. and S.P.P. The experiments were designed by T.Q., E.V.S. and S.P.P., and 
were carried out by T.Q., S.E.H., X.B. and W.R.O. The manuscript was written by T.Q., S.E.P., S.E.H., E.V.S., and 
S.P.P.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-39504-8.
Competing Interests: T.Q., E.V.S. and S.P.P. are inventors on a patent application related to this work.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1038/s41598-019-39504-8
https://doi.org/10.1038/ncomms2378
https://doi.org/10.1038/s41598-019-39504-8


1 2Scientific Reports |          (2019) 9:2765  | https://doi.org/10.1038/s41598-019-39504-8

www.nature.com/scientificreportswww.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-39504-8
http://creativecommons.org/licenses/by/4.0/

	Directed Differentiation of Human Pluripotent Stem Cells to Podocytes under Defined Conditions

	Results

	Wnt activation directs hPSCs to primitive streak and intermediate mesoderm. 
	Primitive streak cells progress to nephron progenitors. 
	Nephron progenitors become mature podocytes. 
	hPSC-derived podocytes exhibit podocyte phenotypes. 

	Discussion

	Methods

	hPSC culture and differentiation. 
	Primary human podocyte culture. 
	Immunochemistry. 
	Western blot assay. 
	Flow cytometry. 
	Quantitative RT-PCR. 
	Albumin uptake assay. 
	Contractility assay and cell death assay. 
	Statistics. 

	Acknowledgements

	Figure 1 Schematic of podocyte differentiation protocol.
	Figure 2 Cells progress to nephron progenitors at Day 6.
	Figure 3 Wnt signaling activation directs hPSCs to nephron progenitors.
	Figure 4 hPSC-derived podocytes express key podocyte markers.
	Figure 5 hPSC-derived podocytes exhibit key podocyte phenotypes.
	Figure 6 hPSC-derived podocytes exhibit actin reorganization after angiotensin II treatment and cell death is induced by TGF-β1 treatment.




