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Abstract

Podocytes are epithelial cells sitting on the urinary site of the glomerular filtration

barrier that contribute to the selective filter function of the glomerulus. Mutations in

podocyte-specific genes can cause focal segmental glomerulosclerosis (FSGS), and

podocytes are also affected in many other primary and secondary nephropathies.

Due to their differentiated nature, primary cell culture models are limited for

podocytes. Therefore, commonly conditionally immortalized cells are used. However,

these conditionally immortalized podocytes (ciPodocytes) have several limitations: the

cells can dedifferentiate in culture, especially when they reach confluency, and several

podocyte-specific markers are either only slightly or not expressed at all. This brings

the use of ciPodocytes and their applicability for physiological, pathophysiological,

and clinical reach into question. Here, we describe a protocol for the generation

of human podocytes-including patient-specific podocytes-from a skin punch biopsy

by episomal reprogramming of dermal fibroblasts into hiPSCs and subsequent

differentiation into podocytes. These podocytes resemble in vivo podocytes much

better in terms of morphological characteristics, like the development of foot processes

and the expression of the podocyte-specific marker. Finally, yet importantly, these cells

maintain patients' mutations, resulting in an improved ex vivo model to study podocyte

diseases and potential therapeutic substances in an individualized approach.

Introduction

Podocytes are specialized, post-mitotic renal epithelial cells

that form the glomerular filtration barrier of the kidney along

with the glomerular basement membrane (GBM), glomerular

endothelial cells, and glycocalyx. Phenotypically, podocytes

consist of a cell body and primary, microtubule-driven

membrane extensions, as well as secondary extensions

called foot processes1,2 . The glomerular filtration barrier that

filters urine from the blood is built of fenestrated endothelium,

GBM, and a specialized type of intercellular junction that

connects neighboring podocyte foot processes, called the slit
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diaphragm of podoctyes3 . Under healthy conditions, proteins

larger than albumin are retained from the filtration barrier due

to their size and charge4 .

Mutations in cytoskeletal- or podocyte-specific genes, as well

as circulating factors affecting podocyte signaling pathways,

are known to induce podocyte effacement, detachment, or

apoptosis, resulting in proteinuria and glomerular sclerosis. In

particular, cytoskeletal rearrangement, changes in podocyte

polarity or damage of foot processes with an associated

loss of slit junctions are pivotal5 . Due to their terminally

differentiated status, podocytes can hardly be replaced after

detachment of the GBM. However, if podocytes are attached

to the GBM, they can still recover from effacement and reform

interdigitating foot processes6,7 ,8 . Further understanding

of the events that lead to podocyte damage in various

glomerular disorders may provide novel therapeutic targets

that will aid in developing treatments for these diseases.

Podocyte damage is a hallmark of different glomerular

diseases, including focal segmental glomerulosclerosis

(FSGS), diabetic nephropathy, minimal change disease,

and membranous glomerulonephropathy, requiring reliable

podocyte ex vivo models to study the pathological

mechanisms and potential treatment approaches for these

diseases9,10 . Podocytes can be studied ex vivo by classical

primary cell culture based on the isolation of glomeruli

by differential sieving11 . However, due to the terminally

differentiated state with limited proliferation capacity, most

researchers use mouse or human ciPodocyte cell lines

that express temperature-sensitive variants of the SV40

large T antigen. Alternatively, ciPodocytes are isolated from

transgenic mice harboring the SV40 Tag immortalizing

gene1,12 .

CiPodocytes proliferate at 33 °C, but enter growth arrest

and start differentiating at 37 °C13,14 . It has to be kept

in mind that experimental data obtained with these cells

should be interpreted with certain caution, as the cells are

generated using an unnatural gene insertion15 . As these

cells harbor an immortalizing gene, the cellular physiology

is altered because of ongoing proliferation12 . Podocyte

cell lines generated by this approach have recently been

questioned, as mouse, human, and rat ciPodocytes express

less than 5% of synaptopodin and nephrin at the protein level,

as well as NPHS1 and NPHS2 at the mRNA level compared to

glomerular expression16 . Moreover, most podocyte cell lines

do not express nephrin17,18 . Chittiprol et al. also described

a significant difference in cell motility and responses to

puromycin and doxorubicin in ciPodocytes16 . Podocytes can

be found in urine after detachment from the GBM in different

glomerular diseases19,20 ,21 ,22 . Viable urinary podocytes

can be cultivated ex vivo for up to 2-3 weeks, but most

cells undergo apoptosis23,24 . Interestingly, podocytes are

not only found in the urine of patients with glomerular

disease but also in the urine of healthy subjects, most

likely when they are senescent-again with a limited potential

of replication in culture24 . Furthermore, the urinary-derived

podocyte number is limited, and the cells dedifferentiate

in culture, show less foot processes, change morphology,

and most importantly have limited proliferation capacity. The

expression of podocyte-specific genes is absent, disappears

within a few weeks, or varies among these cell clones. Some

cells positive for the podocyte-specific marker co-expressed

the marker of tubular epithelial cells or myofibroblasts and

mesangial cells, which suggests dedifferentiation and/or

transdifferentiation of the cultured urinary podocytes24,25 .

Recently, the generation of ciPodocyte cell lines derived from

the urine of patients and healthy volunteers by transduction
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with a thermo-sensitive SV40 large T antigen and hTERT

has been described26 . mRNA expression for synaptopodin,

nestin, and CD2-associated protein was detected, but

podocin mRNA was absent in all clones. In addition to the

problems with urinary podocytes, these cells also contain the

inserted immortalizing gene, resulting in the disadvantages

discussed above.

In contrast, human induced pluripotent stem cells (hiPSCs)

have a huge capacity to self-renew and differentiate into

multiple cell types under appropriate conditions. It has been

shown before that hiPSCs can serve as an almost unlimited

source of podocytes27,28 .

Here, a two-step protocol to generate patient-specific

podocytes from dermal fibroblasts of skin punch biopsies

with subsequent episomal reprogramming into hiPSCs and a

final differentiation into hiPSC-derived podocytes is described

(Figure 1).

 

https://www.jove.com
https://www.jove.com/


Copyright © 2023  JoVE Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported
License

jove.com May 2023 • 195 •  e65364 • Page 4 of 20

Figure 1: Protocol to generate patient-specific hiPSC-derived podocytes. Graphical overview of the protocol to generate

patient-specific podocytes from dermal fibroblasts of a skin biopsy by reprogramming into hiPSCs and differentiation into

podocytes. Please click here to view a larger version of this figure.

As a first step, somatic dermal fibroblasts were outgrown

from a skin punch biopsy and reprogrammed into hiPSCs

using an integration-free method by electroporation with

plasmids expressing the transcription factors OCT3/4, KLF4,

SOX2, and c-MYC29,30 ,31 . Arising hiPSC colonies were

subsequently selected and expanded. Differentiation began

with the induction of the mesodermal lineage by activation

of the WNT signaling pathway, followed by the generation

of nephron progenitor cells that were still able to proliferate.

Finally, the cells were differentiated into podocytes. In this

procedure, we modified and combined previously published

protocols for episomal reprogramming for the generation of

hiPSCs by Bang et al.32  and Okita et al.33 , as well as a

protocol for the differentiation of hiPSCs into podocytes by

Musah et al.28,34 ,35 .

Indeed, podocytes generated by our protocol had a

phenotype closer to podocytes in vivo, regarding the

development of a distinct network of primary and

secondary foot processes and the expression of podocyte-

specific markers, like synaptopodin, podocin, and nephrin.

With the use of hiPSC-derived podocytes, the patient's

genetic background is maintained during reprogramming

and differentiation. This enables patient-specific podocyte

disease modelling and the discovery of potential therapeutic

substances ex vivo in an almost unlimited cell number.

Moreover, this protocol is minimally invasive, cost-efficient,

ethically acceptable and may facilitate new avenues for drug

development.

Protocol

The protocol was approved by the ethics committee

of Friedrich-Alexander University Erlangen-Nuremberg

(251_18B), and all patients and probands gave written

consent. All experiments were performed in accordance with

relevant guidelines and regulations. For composition of all

media and solutions used here see Table 1.

1. Outgrowth of dermal fibroblasts from a skin
punch biopsy

1. Transfer the skin punch biopsy to a sterile 15 mL conical

tube with 10 mL of prewarmed fibroblast medium.

2. Remove the medium and wash the skin punch biopsy

three times with 5 mL of sterile, prewarmed 1x

phosphate-buffered saline (PBS). Transfer the skin

punch biopsy with sterile forceps to a 10 cm cell culture

plate and cut it widthwise in three or four pieces with a

sterile scalpel, leaving the epidermis and dermis.

3. Transfer each piece to a sterile 35 mm plastic cell culture

dish and press it gently to the culture dish. Remove

excess medium around the biopsy pieces. Allow to dry

for 5-10 min until the liquid evaporates and the biopsy is

attached to the cell culture plastic.

4. Add 1 mL of fibroblast medium dropwise with a 1,000 µL

pipette around the biopsy and fill up carefully to a final

volume of 3 mL. Cultivate at 37 °C, 5% CO2 for 7 days

without feeding and moving the dish. Carefully change

the medium to fresh, prewarmed fibroblast medium.

After 7 days, outgrown spindle-like fibroblasts can be
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monitored around the skin biopsy using a phase contrast

microscope36 .
 

NOTE: When outgrown fibroblasts reach the rim of the

dish, proceed again from step 1.3 to generate another

batch of fibroblasts.

5. For expansion of the outgrown fibroblasts, wash with

2 mL of prewarmed 1x PBS, dissociate the fibroblasts

with 1 mL of 1x trypsin-ethylenediaminetetraacetic acid

(EDTA) and incubate for 5 min at 37 °C, 5% CO2.

Transfer the detached cells to a 15 mL conical tube and

wash the cell culture dish with 2 mL of fresh, prewarmed

fibroblast medium.

6. Pool the washing medium in the tube to neutralize the

dissociation agent and centrifuge at 200 x g for 5 min at

20 °C. Aspirate the supernatant and resuspend the cell

pellet with 1 mL of fresh, prewarmed fibroblast medium.

Count the cells with a Neubauer chamber or automated

cell counter using trypan blue and seed 2.5 x 103  to 5 x

103  fibroblasts per cm2  in fresh cell culture flasks.

7. Place the flasks back in the incubator and distribute the

cells evenly by moving the flasks three times in each

direction. The next day, replace the medium with fresh,

prewarmed fibroblast medium. Change the medium twice

a week and split when the fibroblasts reach around 80%

confluency.

2. Freezing dermal fibroblasts

1. To freeze the fibroblasts, wash them with 5 mL of

prewarmed 1x PBS. Aspirate the PBS and dissociate the

fibroblasts with 4 mL of 1x trypsin-EDTA. Place the flask

back in the incubator and incubate for 5-7 min at 37 °C

at 5% CO2. Monitor detachment using a phase contrast

microscope and tap against the side of the flask to detach

the cells.

2. Transfer the detached cells to a 15 mL conical tube.

Wash the cell culture flask with 5 mL of fresh, prewarmed

fibroblast medium. Pool the washing medium in the

conical tube and centrifuge at 200 x g for 5 min at 20 °C.

3. Aspirate the supernatant and resuspend the cell pellet

with 2 mL of fresh, prewarmed fibroblast medium. Count

the cells and transfer 1 x 106  cells to a new conical tube.

Centrifuge at 200 x g for 5 min at 20 °C.

4. Aspirate the supernatant and resuspend the cell pellet

with 1 mL of cold fibroblast freezing medium consisting

of 90% fetal calf serum and 10% dimethyl sulfoxide

(DMSO). Transfer to a cryovial, place in a freezing

container, and freeze overnight at -80 °C. For long term

storage, place the cryovial in a liquid nitrogen tank the

next day.

3. Episomal reprogramming of fibroblasts to
generate hiPSCs

1. For episomal reprogramming, use 1.5 x 106  fibroblasts

from passage 4 to 8. To reach this cell number, use two

to three 250 mL flasks with around 70% confluency.

2. The day before reprogramming, split the fibroblasts in

a 1:2 ratio to ensure their proliferative state. Therefore,

aspirate the medium and wash the flasks with 5 mL

of prewarmed 1x PBS per flask. Aspirate the PBS and

dissociate the fibroblasts with 4 mL of 1x trypsin-EDTA.

Place the flasks back in the incubator and incubate for

5-7 min at 37 °C and 5% CO2. Monitor detachment using

a phase contrast microscope and tap against the side of

the flask to detach the cells from the plastic surface.

https://www.jove.com
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3. Transfer the detached cells to a 50 mL conical tube

and wash the cell culture flasks with 5 mL of fresh,

prewarmed fibroblast medium. Pool the washing medium

in the conical tube and centrifuge at 200 x g for 5 min at

20 °C. Aspirate the supernatant and resuspend the cell

pellet in 6 mL of fresh, prewarmed fibroblast medium.

4. Prepare six new cell culture flasks by adding 5 mL of

fresh, prewarmed fibroblast medium per flask. Add 1

mL of fibroblast cell suspension to each flask. Place the

flasks back in the incubator and distribute the cells evenly

by moving the flasks three times in each direction.

5. For episomal reprogramming, coat two 10 cm cell culture

plates suitable for hiPSC culture with 4 mL of cold coating

solution per plate. Incubate the plates for 1 h at 37 °C.
 

NOTE: To culture hiPSCs, different cell culture plastics

and additional extracellular matrix coating are required

(see Table of Materials).

6. Remove the media from the fibroblasts and wash with

10 mL of prewarmed 1x PBS per flask. Aspirate the PBS

and dissociate the fibroblasts with 4 mL of 1x trypsin-

EDTA per flask by incubating for 5-7 min at 37 °C. Monitor

detachment using a phase contrast microscope and, if

necessary, tap against the side of the flask to detach the

cells from the plastic surface.

7. Transfer the detached cells to a 50 mL conical tube.

Wash the empty flasks with 6 mL of prewarmed fibroblast

medium to collect the remaining cells and pool in the

conical tube. Centrifuge at 200 x g for 5 min at 20 °C.

Aspirate the supernatant and resuspend the cell pellet in

3 mL of fresh, prewarmed 1x PBS.

8. Count the cells and transfer 1.5 x 106  fibroblasts in a

new conical tube. Centrifuge at 200 x g for 5 min at

20 °C. Discard the supernatant and resuspend the cell

pellet in 5 mL of electroporation medium and centrifuge

again. In the meantime, aspirate the coating solution from

the coated 10 cm cell culture plates and add 7 mL of

prewarmed fibroblast medium.

9. After centrifugation, discard the supernatant and

resuspend the cell pellet in electroporation medium with

a concentration of 1.5 x 106  cells in 250 µL. Transfer the

250 µL cell suspension to an electroporation cuvette with

a 4 mm gap distance (see Table of Materials).

10. Prepare a plasmid transfection mix by adding 4 µg of

each plasmid (pCXLE-hOCT3/4, pCXLE-hSK, pCXLE-

hMLN) to a total volume of 50 µL of electroporation

medium. Transfer to the cuvette and mix by flicking

gently. Electroporate with one pulse at 280 V.

11. Cut a pipette tip using sterile scissors and transfer 125 µL

of the electroporated fibroblasts to each of the prepared

10 cm cell culture plates. Distribute the cells by agitating

the plates three times in all directions and place them

back in the incubator. Incubate overnight at 37 °C with

5% CO2 without disturbance.

12. To remove dead cells, replace the medium the next

day with 7 mL of fresh, prewarmed fibroblast medium.

Change the medium to hiPSC culture medium 2 days

after electroporation and replace it every other day for the

next 20 days.

4. Selection, expansion, and quality control of
generated hiPSCs

1. Monitor the cells daily for at least 20 days using a

phase contrast microscope with a 10x or 20x objective

to observe the formation of hiPSC colonies after

electroporation. If hiPSC colonies are around 300 µm

diameter in size with distinct borders and the hiPSCs

https://www.jove.com
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show a high nuclei-to-body ratio, the hiPSC colonies are

ready for selection by picking (Figure 2B,C and Figure

3).

2. Prior to picking, coat a 96-well plate suitable for hiPSC

culture with 100 µL of coating solution per well and

incubate for 1 h at 37 °C. During incubation, mark

colonies of interest at the bottom of the cell culture

dish with a pen. For final preparation of the 96-well

plate, remove the coating solution and add 100 µL of

prewarmed hiPSC culture medium containing 10 µM

ROCK inhibitor Y27632 to each well.

3. Wash the cells with prewarmed 1x PBS and add fresh,

prewarmed hiPSC culture medium containing 10 µM

ROCK inhibitor Y27632 before picking to remove dead

cells. To pick hiPSC colonies, use a gauge needle and

divide the hiPSC colonies into small pieces by drawing a

grid into each colony.

4. Using a phase contrast microscope, check that the

colonies are successfully divided into pieces. Transfer

them with a 100 µL pipette to the prepared 96-well plate.

Hold the pipette upright over the colony without touching

the cells to avoid scratching and loss of the colony.

5. Place the 96-well plate in the incubator at 37 °C with

5% CO2 and let the cells attach overnight without

disturbance. Keep the dishes with the fibroblast and

hiPSC mix, in case picking is not successful. Therefore,

remove ROCK inhibitor Y27632 by changing the medium

to hiPSC culture medium and place the plates back in the

incubator.

6. The next day, change medium of the 96-well plate to 200

µL of fresh hiPSC culture medium and change it every

other day. Monitor the 96-well plate the next day and

mark the wells with successfully picked clones.
 

NOTE: If the picked hiPSC clones are not fully selected

after the first try and the fibroblasts can be found in

the well, repeat picking from the 96-well or scrape the

fibroblasts off the plate.

5. Expansion of selected hiPSC clones

1. Monitor the hiPSC clones using a phase contrast

microscope. If the selected hiPSCs reach around 70%

confluency, the hiPSC clones are ready for expansion.

2. Coat a 48-well plate suitable for hiPSC culture with 250

µL of coating solution per well for 1 h at 37 °C. Replace

the coating solution with 200 µL of fresh, prewarmed

hiPSC culture medium containing 10 µM ROCK inhibitor

Y27632.

3. To detach the hiPSCs from the 96-well plate, scrape

the plastic surface with a 1,000 µL pipette tip. Transfer

the detached hiPSCs from the 96-well plate to a 48-

well plate. Change the medium the next day to fresh,

prewarmed hiPSC culture medium to remove dead cells

and the ROCK inhibitor Y27632.

4. If the hiPSC clones reach around 70% confluency,

transfer the hiPSCs into a 24-well plate. Therefore, coat

a 24-well plate suitable for hiPSC culture with 400 µL

of coating solution per well for 1 h at 37 °C. Replace

the coating solution with 400 µL of fresh, prewarmed

hiPSC culture medium containing 10 µM ROCK inhibitor

Y27632. Aspirate the medium from the 48 wells and wash

with 500 µL of prewarmed 1x PBS.

5. Replace the PBS with 100 µL of enzymatic cell

detachment solution containing 10 µM ROCK inhibitor

Y27632 and incubate at 37 °C for 4 min. Rinse

the hiPSCs off the plate using a 1,000 µL pipette.

Transfer the dissociated cells to a 15 mL conical

https://www.jove.com
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tube. Wash the empty 48-well plate with hiPSC culture

medium containing 10 µM ROCK inhibitor Y27632 and

pool in the conical tube.

6. Centrifuge at 200 x g for 5 min at 20 °C. Aspirate

the supernatant and resuspend the hiPSCs in 1 mL of

hiPSC culture medium containing 10 µM ROCK inhibitor

Y27632 and transfer to a 24-well plate. Place the plate in

the incubator at 37 °C at 5% CO2 and distribute the cells

by agitating the plate three times in all directions. Let the

cells attach overnight without disturbance.

7. The next day, change the medium to hiPSC culture

medium without ROCK inhibitor Y27632.
 

NOTE: If hiPSC clones reach around 70% confluency,

transfer the hiPSCs to a 12-well plate by repeating steps

5.4 to 5.7 with increased volumes suitable for a 12-well

format. If the hiPSCs from the 12-well plate reach around

70% confluency, transfer the hiPSC clones to a 6-well

plate with increased volumes for a 6-well format.

6. Freezing of selected hiPSC clones

1. To freeze selected hiPSC clones, aspirate the medium

from a 6-well plate. Wash the wells with 2 mL of 1x

PBS. Aspirate and dissociate the hiPSCs with 1 mL

of enzymatic cell detachment solution containing 10

µM Y27632. Place the plate back in the incubator and

incubate for 4 min at 37 °C and 5% CO2.

2. Rinse the hiPSCs off the plate using a 1,000 µL pipette

and transfer the detached cells to a 15 mL conical

tube. Wash the plate with 2 mL of fresh, prewarmed

hiPSC culture medium containing 10 µM ROCK inhibitor

Y27632. Pool in the conical tube and centrifuge at 200

x g for 5 min at 20 °C. Aspirate the supernatant and

resuspend the cell pellet with 2 mL of fresh, prewarmed

hiPSC culture medium containing 10 µM ROCK inhibitor

Y27632.

3. Count the cells and transfer 1 x 106  cells to a new conical

tube. Centrifuge at 200 x g for 5 min at 20 °C. Aspirate

the supernatant, resuspend the cell pellet in 1 mL of

cold, serum-free hiPSC freezing medium, and freeze in

a cryovial using a freezing container overnight at -80

°C. For long-term storage, place the cryovial in a liquid

nitrogen tank the next day.

7. HiPSC quality control

1. Characterization of hiPSC morphology

1. Check the characteristic hiPSC morphology using

a phase contrast microscope with a 20x objective.

After reprogramming, the cell morphology changes

from long, spindle-like fibroblasts to small, round

hiPSCs, presenting a high nuclei-to-body ratio

growing in colonies with distinct borders (Figure

2C).

2. If the hiPSC colonies grow too dense and

spontaneous differentiation occurs, scrape the

differentiated parts off the plate using a pipette tip

(Figure 3). Since hiPSCs have a high proliferation

rate, feed the hiPSC cultures every day with fresh,

prewarmed hiPSC feeding medium.

2. Characterization of pluripotency markers by

immunofluorescence staining

1. To check the generated hiPSCs for pluripotency

marker via immunofluorescence staining, place

plastic coverslips in a 24-well plate and coat with

250 µL of coating solution for 1 h at 37 °C and

5% CO2. Replace the coating solution with 1 mL of

https://www.jove.com
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prewarmed hiPSC culture medium containing 10 µM

ROCK inhibitor Y27632.

2. Seed 1.9 x 104  dissociated hiPSCs per 24-well.

Let the hiPSCs attach overnight at 37 °C and 5%

CO2 without disturbance. See steps 5.4 to 5.6 for

dissociation of the hiPSCs. Replace the medium the

next day with hiPSC culture medium without ROCK

inhibitor Y27632.

3. For staining, wash the cells with 1 mL of prewarmed

1x PBS and subsequently fix the hiPSCs with 4%

paraformaldehyde for 10 min at room temperature.

Wash the fixed hiPSCs with 1x PBS and block

unspecific binding sites with 200 µL of preincubation

solution per well for 1 h at room temperature. Dilute

primary antibodies Ki67 (1:300), OCT3/4 (1:200),

SSEA4 (1:100) in antibody diluent.

4. Clean a plastic foil with 70% ethanol and place it

in a staining chamber filled with a water reservoir.

Place droplets of 30 µL primary antibody dilutions on

the foil. Place the fixed samples upside down in the

dilution and incubate overnight at 4 °C.

5. The next day, wash the samples three times with 1x

PBS for 5 min and place 30 µL droplets of secondary

antibody dilutions (1:1,000) on clean spots on the

foil. Place the cover slides upside down in the

dilution. Incubate for 1 h at room temperature in the

dark.

6. After incubation, wash three times with 1x PBS for

5 min. Mount the samples on glass slides in the

mounting medium containing DAPI. Allow to dry

overnight at room temperature and in the dark and

image the samples using a confocal microscope

(Figure 4).

3. Exclusion of bacteria and mycoplasma contamination

1. To exclude bacteria contamination, transfer 500

µL of dissociated hiPSCs to 5 mL of prewarmed

Luria-Bertani (LB) medium. See steps 5.4 to 5.6 for

dissociation of the hiPSCs. Incubate overnight

at 37 °C. If the LB medium appears turbid,

bacteria contamination has likely occurred. Discard

the cells.

2. To exclude mycoplasma contamination, collect

medium that has not been replaced for 2

days from 6 wells with around 90% confluent

hiPSCs. Use quantitative polymerase chain reaction

(qPCR) to detect mycoplasma contamination. Many

commercial mycoplasma detection kits are available

for this purpose.

8. Differentiation of hiPSCs into podocytes

1. Preparation and storage of growth factors

1. To prepare a stock concentration of 10 mM Y27632,

reconstitute 10 mg of Y27632 (molecular weight of

320.26 g/mol) in 3.12 mL of sterile water. Store 100

µL aliquots at -20 °C and dilute 1:1,000 in cell culture

medium to reach a final concentration of 10 µM.

2. To prepare a stock concentration of 30 mM

CHIR99021, reconstitute 5 mg of CHIR99021

(molecular weight of 465.34 g/mol) in 358.2 µL of

sterile DMSO. Store 50 µL aliquots at -20 °C and

dilute 1:10,000 in cell culture medium to reach a final

concentration of 3 µM.

3. To prepare a stock concentration of 100 µg/mL

activin A, reconstitute 100 µg of activin A in 1 mL

of 1x PBS containing 0.1% bovine serum albumin

(BSA). Store 100 µL aliquots at -20 °C and dilute

https://www.jove.com
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1:2,000 in cell culture medium to reach a final

concentration of 50 ng/mL.

4. To prepare a stock concentration of 100 µg/mL bone

morphogenic protein 7 (BMP7), reconstitute 100

µg of BMP7 in 1 mL of sterile water containing

0.1% BSA. Store 100 µL aliquots at -20 °C and

dilute 1:2,000 in cell culture medium to reach a final

concentration of 50 ng/mL.

5. To prepare a stock concentration of 100 µg/

mL vascular endothelial growth factor (VEGF),

reconstitute 100 µg of VEGF in 1 mL of sterile water.

Store 100 µL aliquots at -20 °C and dilute 1:4,000 in

cell culture medium to reach a final concentration of

25 ng/mL.

6. To prepare a 10 mM stock concentration of all-

trans retinoic acid, reconstitute 10 mg of all-trans

retinoic acid in 3.33 mL of sterile DMSO. Store 100

µL aliquots at -20 °C and dilute 1:100 in cell culture

medium to reach a final concentration of 0.5 µM.

2. Activation of WNT signaling pathway to induce

mesoderm lineage

1. For differentiation of hiPSCs into hiPSC-derived

podocytes, coat cell culture plates or flasks suitable

for hiPSC culture with coating solution for 1 h at 37

°C and 5% CO2. The total volume of coating solution

is 1 mL per 6-well culture plate or 4 mL per 10 cm

cell culture plate.

2. Aspirate the medium and wash the hiPSCs with

prewarmed 1x PBS. Aspirate the PBS and add

enzymatic cell detachment solution containing 10

µM Y27632 at a total volume of 1 mL per 6-well

culture plate or 4 mL per 10 cm cell culture plate.

3. Place the plate back in the incubator and incubate

for 4 min at 37 °C and 5% CO2. Rinse the hiPSCs

off the plate using a 1,000 µL pipette. Transfer the

detached cells to a conical tube.

4. Wash the plate with fresh, prewarmed hiPSC culture

medium containing 10 µM ROCK inhibitor Y27632.

Pool the washing medium in the conical tube to

neutralize the dissociation reagent. Centrifuge at

200 x g for 5 min at 20 °C. Aspirate the supernatant

and resuspend the cell pellet with 2 mL of fresh,

prewarmed hiPSC culture medium containing 10 µM

ROCK inhibitor Y27632.

5. Count the cells and seed 1 x 104  hiPSCs/cm2 .

Distribute the cells by agitating three times in all

directions. Let the hiPSCs attach overnight at 37 °C

with 5% CO2 without disturbance.

6. The next day, replace the medium with 2 mL

of prewarmed mesoderm differentiation medium

containing 1x B27 supplement, 1% penicillin-

streptomycin, 3 µM CHIR99021, 50 ng/mL activin A

and 10 µM ROCK inhibitor Y27632.

3. Differentiation into nephron progenitor cells

1. After 2 days, change the mesoderm medium to 2

mL of prewarmed nephron progenitor differentiation

medium containing 1x B27 supplement, 1%

penicillin-streptomycin, 3 µM CHIR99021, 50 ng/mL

activin A, and 50 ng/mL BMP7 per 6-well culture

plate or 6 mL per 10 cm cell culture plate. Change

the medium every other day for the next 14 days.
 

NOTE: Nephron progenitor cells proliferate and

can be passaged and frozen after 7 days of

differentiation in nephron progenitor expansion

medium.

https://www.jove.com
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2. To split the nephron progenitor cells, coat the

cell culture plastics suitable for hiPSC culture with

coating solution for 1 h at 37 °C. Replace the

coating solution with nephron progenitor expansion

medium. Aspirate the media and wash the cells

with prewarmed 1x PBS. Remove the PBS and

dissociate the cells with 1x trypsin-EDTA.

3. Incubate for 5 min at 37 °C and 5% CO2. Monitor

detachment of the cells using a phase contrast

microscope. If necessary, tap against the side of

the plastic to detach the cells from the surface.

Rinse the cells off the plate and transfer to a conical

tube. Wash the empty flask or plate with the same

volume of prewarmed nephron progenitor expansion

medium as the dissociation reagent.

4. Pool the washing medium in the conical tube.

Centrifuge at 200 x g for 5 min at 20 °C. Aspirate the

supernatant and resuspend the cell pellet with 2 mL

of fresh, prewarmed nephron progenitor expansion

medium. Count the cells and seed 1.5 x 104  nephron

progenitor cells per cm2  for further differentiation.
 

NOTE: To freeze the nephron progenitor cells,

resuspend 1 x 106  cells in 1 mL of cold serum-free

cryopreservation medium and transfer to a cryovial.

Freeze in a freezing container at -80 °C overnight

and transfer to a liquid nitrogen tank for long-term

storage.

5. Place the plates back in the incubator and distribute

the cells evenly by agitation three times in all

directions. Change the medium the next day to

fresh, prewarmed nephron progenitor differentiation

medium. Replace the medium every other day until

the cells are differentiated for 14 days in nephron

progenitor differentiation medium.

4. Terminal differentiation into hiPSC-derived podocytes

1. Aspirate the medium and add 2 mL of prewarmed

podocyte differentiation medium containing 1x

B27 supplement, 1% penicillin-streptomycin, 3 µM

CHIR99021, 50 ng/mL activin A, 50 ng/mL BMP7, 25

ng/µL VEGF, and 0.5 µM all-trans retinoic acid per 6-

well culture plate or 6 mL per 10 cm cell culture plate.

Place the plates back in the incubator at 37 °C and

5% CO2. Change the medium every other day for 4

days with fresh, prewarmed podocyte differentiation

medium.

2. To keep the hiPSC-podocytes in culture after

differentiation, feed the cells twice a week with

podocyte maintenance medium containing 10% fetal

calf serum, 1% penicillin-streptomycin, and 0.1%

insulin-transferrin-selenium.
 

NOTE: Terminal differentiated hiPSC-podocytes do

not proliferate anymore. However, it is possible to

keep them in cell culture for up to 4 weeks.

5. Thawing and expansion of frozen nephron progenitor

cells

1. Coat a new cell culture plastic flask suitable for

hiPSC culture with coating solution for 1 h at 37 °C

and 5% CO2. Replace the coating solution with 5 mL

of nephron progenitor expansion medium.

2. Prepare a 15 mL conical tube with 7 mL of

prewarmed nephron progenitor expansion medium.

Thaw the frozen cells at 37 °C in a water bath without

movement for approximately 20 s. Take the cryovial

out of the water bath when half of the cells are

thawed, and some ice is remaining.

https://www.jove.com
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3. Spray the cryovial with 70% ethanol and place in

a biosafety cabinet. Transfer thawed cells to the

conical tube with the prewarmed nephron progenitor

expansion medium. Use a 1,000 µL pipette and let

the cells run down the wall of the tube very slowly.

4. Wash the empty cryovial with 1 mL of nephron

progenitor expansion medium to collect the

remaining cells and pool in the conical tube.

Centrifuge at 200 x g for 5 min at 20 °C and

resuspend the cell pellet in fresh, prewarmed

nephron progenitor expansion medium.

5. Transfer the thawed cells to the coated flask

and change the medium the next day to fresh,

prewarmed nephron progenitor expansion medium.

Before further differentiation, let the cells proliferate

in nephron progenitor expansion medium by

changing the medium every other day, and proceed

from step 8.3.5.

9. Characterization of hiPSC-derived podocytes
by immunofluorescence staining

1. To check the differentiated podocytes for the podocyte-

specific marker via immunofluorescence staining, place

plastic coverslips in a 24-well plate and coat with 250

µL of coating solution for 1 h at 37 °C and 5% CO2.

Replace the coating solution with 1 mL of prewarmed

nephron progenitor expansion medium. Seed 2.5 x 104

dissociated nephron progenitor cells per 24-well plate.

See steps 8.3.2 to 8.3.4 for dissociation of nephron

progenitor cells.

2. Let the cells attach overnight at 37 °C and 5% CO2

without disturbance. Replace the medium the next

day with prewarmed nephron progenitor differentiation

medium.

3. Finish differentiation by changing the medium every other

day until the cells are differentiated for a total of 14

days in nephron progenitor differentiation medium and an

additional 5 days in podocyte differentiation medium.

4. After the final differentiation, wash the cells with 1 mL of

prewarmed 1x PBS. Fix the hiPSC-podocytes with 4%

paraformaldehyde for 10 min at room temperature. Wash

the fixed cells with 1x PBS and block unspecific binding

sites with 200 µL of preincubation solution per well for 1

h at room temperature.

5. Dilute the primary antibodies synaptopodin (1:200),

podocin (1:100), and nephrin (1:25) in antibody diluent

and place droplets of 30 µL primary antibody dilution on a

clean plastic foil in a staining chamber containing a water

reservoir.

6. Place cover slides with fixed hiPSC-podocytes upside

down in the dilution. Incubate overnight at 4 °C. The

next day, wash three times with 1x PBS for 5 min. Dilute

the secondary antibodies (1:1,000) in 1x PBS and place

droplets of 30 µL secondary antibody dilution on clean

spots on the foil. Place the cover slides upside down in

the dilution.

7. Incubate for 1 h at room temperature in the dark.

After incubation, wash three times with 1x PBS for 5

min. Mount the samples on glass slides in mounting

medium containing DAPI. Allow to dry overnight at room

temperature and in the dark. Image the samples using a

confocal microscope.

Representative Results

With this step-by-step protocol that combines episomal

reprogramming and differentiation, it is possible to generate

podocytes carrying a patient's mutation in a podocyte-

https://www.jove.com
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relevant gene. This enables the analysis of disease-

specific podocyte alterations ex vivo. The patient's genetic

background is preserved during the protocol during all

the different cell stages. In addition, the limitation of

insufficient cell number of terminally differentiated non-

proliferating podocytes can be overcome by using hiPSC-

derived podocytes. Although it takes several months until

hiPSC-podocytes are generated from outgrown dermal

fibroblasts via reprogramming into hiPSCs and subsequent

differentiation into podocytes, it is possible to freeze cells

at three different steps of the protocol (Figure 2). Freezing

is possible for fibroblasts, hiPSCs, and nephron progenitor

cells after differentiation in nephron progenitor differentiation

medium for 7 days. Therefore, the generation of working cell

banks and large-scale experiments is possible.

 

Figure 2: Individual steps of the protocol through a phase contrast microscope. (A) Outgrown dermal fibroblasts. (B)

hiPSC colony formation after reprogramming. (C) Selected hiPSC culture. (D) Mesoderm cells after 2 days of differentiation.

(E) Nephron progenitor cells after 14 days of differentiation in nephron progenitor differentiation medium. (F) Terminal

differentiated hiPSC-derived podocytes. Scale bars represent 300 µm (A,B,D-F) and 150 µm (C). The snowflake highlights

possible freezing steps. Please click here to view a larger version of this figure.

As the generated hiPSC-derived podocytes traverse a

long protocol with drastic changes regarding cell type

and morphology, cell characterization is obligatory. Cell

morphology, like size and cell shape, as well as

growth behavior, can be monitored using a phase

contrast microscope. Fibroblasts present a long spindle-like

phenotype with a size of 150 µm to 300 µm (Figure 2A).

After reprogramming, colonies with 50 µm small hiPSCs

occur. These colonies display distinct borders and hiPSCs

distinguished with a high nuclei-to-body ratio and increased

proliferation rate (Figure 2C). Since podocytes are terminally

differentiated cells, the proliferation rate decreases with

https://www.jove.com
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progressive differentiation, and the cell morphology changes

to 300 µm large star-shaped podocytes with prominent foot

processes (Figure 2F).

Confluency is a critical point of hiPSC culture, and

spontaneous differentiation can appear when colonies grow

too dense (Figure 3). These colonies must be removed

before passaging by scraping the affected parts of the culture

dish.

 

Figure 3: Examples of hiPSCs of different quality. Phase contrast images of successfully (A) reprogrammed hiPSC

colonies and (B) selected hiPSCs, as well as (C) spontaneous differentiation, (D,E) non-hiPSC colonies, and (F) a too-dense

hiPSC culture. Scale bars represent 300 µm. Please click here to view a larger version of this figure.

The different cell types of this protocol must be validated

regarding the expression of a specific marker. After

reprogramming, hiPSCs regain pluripotency capacity and

express proliferation and pluripotency markers like SSEA4,

OCT3/4, and Ki67 (Figure 4)38,39 ,40 . It is known that

reprogramming, as well as the lengthy culture of hiPSCs and

differentiation, can lead to an abnormal karyotype, or rather

induce mutations41 . Therefore, the genetic background of the

cultured cells should be monitored over time and at different

passages by g-banding and whole exome sequencing.
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Figure 4: Characterization of generated hiPSCs by immunofluorescence staining. Characterization of generated

hiPSCs by staining for (A) the proliferative marker Ki67, as well as the pluripotency markers (B) OCT3/4 and (C) SSEA4.

Scale bars represent 100 µm. Please click here to view a larger version of this figure.

Morphologically, hiPSC-derived podocytes appear star-

shaped and express a distinct network of long primary

and secondary foot processes compared to ciPodocytes

(Figure 5). HiPSC-derived podocytes express podocyte-

specific marker proteins like synaptopodin, nephrin, and

podocin (Figure 6A-C)42 .

 

Figure 5: Morphology of hiPSC-derived podocytes compared to ciPodocytes. Comparison of (A,B) hiPSC-derived

podocytes from a healthy donor to (C,D) ciPodocytes regarding cell morphology and filopodia by using a phase contrast
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microscope (A,C) and scanning electron microscope (B,D). Scale bars represent 150 µm (A,C) and 20 µm (B,D). Please

click here to view a larger version of this figure.

Therefore, the comparison of hiPSC-derived podocytes

not only from healthy donors, but also from patients

with mutations in podocyte-specific genes, allows for

individualized characterization of the patient's mutation ex

vivo.

 

Figure 6: Characterization of a podocyte-specific marker in hiPSC-derived podocytes and ciPodocytes. Comparison

of (A-C) hiPSC-derived podocytes from a healthy donor to (D-F) ciPodocytes regarding podocyte-specific marker proteins

synaptopodin (A,D), nephrin (B,E), and podocin (C,F). Scale bars represent 50 µm. Please click here to view a larger version

of this figure.

Table 1. Composition of all cell culture media and

solutions used in the study. Please click here to download

this Table.

Discussion

This cell culture-based protocol combines the episomal

reprogramming of human dermal fibroblasts into patient-

specific hiPSCs and subsequent differentiation into hiPSC-

derived podocytes. This allows us to study mutation-

related alterations of podocytes from patients with genetic

glomerular disease regarding podocyte injury. The protocol

to reprogram dermal fibroblasts with an integration-free

method by electroporation is adapted from the published

work of Bang et al.32  and Okita et al.33 . The protocol

to differentiate podocytes from hiPSCs is adapted from

the published protocol from Musah et al.28,34 ,35 . There

are already publications available describing the generation

of podocytes from hiPSCs27,34 ,35 . However, the protocol

provided here is optimized and less expensive regarding

the differentiation of hiPSCs into podocytes. Compared

to the published protocol from Musah et al., we tested

this protocol on different coating reagents, like vitronectin,
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laminin silk-511, and solubilized basement membrane matrix.

The concentrations of vitronectin and laminin silk-511 could

be decreased to 2.5 µg/mL instead of 5 µg/mL28,34 ,35 .

Furthermore, it was possible to decrease the concentrations

of BMP7 and activin A-two very expensive growth factors-by

50%, from 100 ng/mL to 50 ng/mL.

This enables less expensive differentiation. Nephron

progenitor cells from day 7 were still proliferating, and the

possibility of freezing was shown before. We expanded

these cells after thawing and before final differentiation

in basic medium containing Dulbecco's modified Eagle

medium (DMEM) and B27 for several days, decreasing the

costs even further. In addition to the differentiation steps,

this protocol describes the outgrowth of fibroblasts from

skin biopsies with subsequent generation of patient-specific

hiPSCs via episomal reprogramming. The combination of

these two methods enables the generation of patient-specific

podocytes. Therefore, a complete step-by-step protocol

to generate patient-specific hiPSC-derived podocytes is

provided here that was not described before in such detail.

As the overall protocol includes several different cell types, it

is crucial to characterize the generated cell types at different

steps. Cells are in culture for an extended period of time,

so quality control should be performed at different passages.

When working with hiPSCs, daily feeding as well as cell

behavior and morphology monitoring is necessary. Sterility of

the differentiation media must be ensured by filter sterilization

through a 0.2 µm filter. The whole protocol, from skin biopsy

to hiPSC-derived podocytes, takes several months, but it

is possible to freeze the cells at distinct stages of the

process. Fibroblasts, selected hiPSC clones, and proliferative

nephron progenitor cells after 7 days in nephron progenitor

differentiation medium can be frozen, and a working cell bank

can be generated.

Even though hiPSC-derived healthy podocytes develop a

distinct network of primary and secondary foot processes

(Figure 5A,B) and express typical podocyte-specific marker

(Figure 6A-C), characteristic slit diaphragms, as seen in

vivo, are hard to mimic in classical two-dimensional cell

culture models. Moreover, intercell communication with other

glomerular cell types is not possible in this mono-culture

setting.

Due to their terminal differentiated state and lack of

proliferation capacity, it is difficult to study podocytes ex

vivo. With the help of conditionally immortalizing primary

podocytes, it is possible to overcome this limitation by the

insertion of a thermosensitive switch, resulting in a cell culture

model where cells proliferate at 33 °C and differentiate at

37 °C13,14 . Although these ciPodocytes have high potential

for podocyte research, there are limitations, like the lack of

marker expression, dedifferentiated morphology, and failure

to form foot processes15,16 .

The differentiation of podocytes from patient-derived somatic

cells enables the generation and comparison of diseased

podocytes with healthy control cells ex vivo. This enables

us to study podocyte damage due to mutations in podocyte-

specific genes. Furthermore, working with hiPSCs has the

potential for creating three-dimensional cell culture disease

models, or rather organoids43,44 . Co-culture of hiPSC-

derived podocytes with other glomerular cells, like glomerular

endothelial cells or mesangial cells, might lead to new insights

regarding intercell communication in health and glomerular

disease.

https://www.jove.com
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Moreover, the characterization and treatment of the patient-

specific podocytes can be performed ex vivo in high-

throughput analysis. The individualized approach opens

the opportunity to investigate novel therapeutic targets for

specific mutations and to perform individualized medicine in

the future.
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