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Abstract

Kidney cells and tissues derived from human pluripotent stem cells (hPSCs) would enable organ 

regeneration, disease modeling, and drug screening in vitro. We established an efficient, 

chemically defined protocol for differentiating hPSCs into multipotent nephron progenitor cells 

(NPCs) that can form nephron-like structures. By recapitulating metanephric kidney development 

in vitro, we generate SIX2+SALL1+WT1+PAX2+ NPCs with 90% efficiency within 9 days of 

differentiation. The NPCs possess the developmental potential of their in vivo counterparts and 

form PAX8+LHX1+ renal vesicles that self-pattern into nephron structures. In both 2D and 3D 

culture, NPCs form kidney organoids containing epithelial nephron-like structures expressing 

markers of podocytes, proximal tubules, loops of Henle, and distal tubules in an organized, 

continuous arrangement that resembles the nephron in vivo. We also show that this organoid 

culture system can be used to study mechanisms of human kidney development and toxicity.

Chronic kidney disease affects 9–13% of the U.S. adult population and is a serious public 

health problem worldwide 1. Disease progression is marked by gradual, irreversible loss of 

nephrons, the individual functional units of the kidney. The ability to generate functional 

kidney tissue from hPSCs may allow the development of cell therapies for kidney disease as 

well as strategies for modeling kidney development and disease and for drug screening. 

Nephrons are made up of glomeruli, which filter the blood plasma into a multicomponent 

tubular system that reabsorbs and/or secretes solutes and water to produce urine. The many 

different epithelial cell types in nephrons have complicated efforts to generate them in vitro. 
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However, studies have shown that all of these epithelial cell types except those in the 

collecting ducts derive from a multipotent nephron progenitor cell (NPC) population present 

in the metanephric cap mesenchyme during kidney development 2–5. The NPCs, which 

express the markers SIX2, SALL1, WT1, and PAX2, are found in humans only during 

kidney organogenesis, which ceases by birth and cannot be reinitiated after birth, even 

during repair after kidney injury 6,7. However, these NPC markers are also expressed in the 

more primitive mesonephric mesenchyme that derives from the anterior intermediate 

mesoderm (IM) and forms the transiently functional mesonephros 8. This suggests that 

careful attention to the early separation of anterior versus posterior intermediate mesoderm 

(IM) fate is likely to be critical for the proper induction of metanephric NPCs 

(Supplementary Fig. 1a).

Several studies have attempted to differentiate mouse and human PSCs into cells of the 

kidney lineage 9–19. Published protocols to produce SIX2+ NPCs from hPSCs 17–21 have 

several limitations. First, differentiation efficiency is too low for large-scale production of 

NPCs. One explanation for this may be that most protocols have not distinguished anterior 

from posterior IM in early steps of directed differentiation. The metanephric mesenchyme 

derives from cells of the primitive streak, which persist as cells of the posterior IM 17. In 

contrast the ureteric bud, the precursor to the adult kidney collecting duct system, originates 

in the anterior IM, a cell population incapable of giving rise to the metanephric 

mesenchyme 22,23. Second, existing protocols use poorly defined components, such as 

mouse embryonic spinal cord17, which would not be suitable for clinical applications. 

Finally, previous studies could generate nephron rudiments 17,18 but not mature nephron 

segments containing the mature kidney epithelial cell types or a single contiguous nephron-

like structure with characteristics of multiple nephron segments, precluding their use for 

modeling human kidney development, disease, and injury.

Here we describe an efficient, chemically defined system for differentiating hPSCs into 

multipotent NPCs capable of forming nephron-like structures. By carefully recapitulating 

the stages of metanephric kidney development in two-dimensional monolayer culture, we 

generate NPCs that co-express the critical markers SIX2, SALL1, WT1, and PAX2 with 

90% efficiency within 9 days of initiation of differentiation—a substantial improvement 

over previous methods (Supplementary Fig. 1b). The NPCs exhibit the developmental 

potential of their in vivo counterparts and can spontaneously form PAX8+LHX1+ renal 

vesicles that self-pattern into epithelial nephron structures. This process can be markedly 

enhanced by mimicking in vivo nephron induction by transiently treating the NPCs with the 

GSK-3β inhibitor CHIR99021 (CHIR) and FGF9 to induce renal vesicle formation. This is 

followed by self-organizing differentiation into continuous structures with sequential 

characteristics of podocytes, proximal tubules, loops of Henle, and distal tubules in both 2D 

and 3D culture.

Results

Efficient induction of posterior intermediate mesoderm

Recent efforts to direct the differentiation of PSCs into cells of the kidney lineage have 

focused the first step of differentiation on induction of the posterior primitive streak using a 
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combination of growth factors that includes BMP4 17,18. The inclusion of BMP4 is justified 

by evidence that a gradient of Wnt3a and BMP4 patterns the anterior-posterior axis of the 

mouse primitive streak 24,25. However, recent developmental studies on early mesoderm 

patterning led us to reconsider this rationale. First, cells originating in the posterior primitive 

streak give rise to lateral plate mesoderm and not IM, from which the kidneys are derived 

(Supplementary Fig. 2a) 26. Second, the timing of migration of mesodermal precursors out 

of the primitive streak determines mesodermal patterning along the anterior-posterior 

axis 27. Thus, precursor cells of the more anterior mesoderm migrate out of the primitive 

streak earlier than those of posterior mesoderm. We therefore hypothesized that the 

embryonic origin of the posterior IM was not the cells of the posterior primitive streak but 

rather cells of the late-stage primitive streak, and that precisely recapitulating the 

developmental pathway defining both the anterior-posterior position along the primitive 

streak as well as the timing of migration out of the primitive streak would optimize the 

differentiation of PSCs into posterior IM.

To test this hypothesis, we treated human embryonic stem cells (hESCs; H9) with varying 

doses and durations of CHIR, which we and others previously showed could effectively 

differentiate hPSCs into T+ primitive streak 17,18,20, solely or in combination with multiple 

developmental growth factors and small-molecule inhibitors of developmental signaling 

pathways (Fig. 1a, b). High dose CHIR (8 µM) over 4 days robustly induced and maintained 

a population of T+TBX6+ primitive streak cells (Fig. 1b–d, Supplementary Data Fig. 2b, c, 

d). Subsequent treatment with activin (10 ng/mL) between days 4 and 7 successfully 

induced WT1+HOXD11+ cells with nearly 90% efficiency whereas WT1+HOXD11- cells 

were induced without activin (Fig. 1e–g, Supplementary Data Fig. 2e). PAX2 and LHX1 

were not expressed (Fig. 1f), confirming that activin treatment of late primitive streak cells 

produced posterior and not anterior IM cells 8,17. Moreover, shortening or extending CHIR 

treatment did not efficiently induce WT1+HOXD11+ cells after subsequent activin 

treatment, indicating that 4 days treatment of CHIR was optimal for efficient induction of 

late primitive streak and then posterior IM.

To confirm the reproducibility of posterior IM induction in other hPSC lines, we next tested 

the combination of high-dose CHIR with activin, BMP4, FGF2, FGF8, FGF9, IDE-1, JAG1, 

Noggin or Y-27632 for 4 days followed by treatment with activin in HDF-α human induced 

pluripotent stem cells (hiPSCs) 20. Intrinsic differences between HDF-α hiPSCs and H9 

ESCs 28,29 mandated slight modifications to the protocol to optimize the production of 

posterior IM cells. HDF-α hiPSCs required a higher dose of CHIR (10 µM) to induce T

+TBX6+ primitive streak with an efficiency similar to that of H9 hESCs (Supplementary 

Data Fig. 3a). When HDF-α hiPSCs treated with CHIR 10 µM for 4 days were then treated 

with activin for 3 days, HOXD11, but not WT1, was expressed on day 7 (Supplementary 

Data Fig. 3e). The absence of WT1 suggested a failure of these factors to induce posterior 

IM in hiPSCs. To determine whether other posterior mesoderm subtypes had been induced 

by our differentiation protocol, we immunostained H9 hESCs and HDF-α hiPSCs on day 4 

following treatment with CHIR. The hiPSCs but not the hESCs expressed FOXF1, a marker 

of the posterior primitive streak and lateral plate mesoderm 30 (Supplementary Data Fig. 

3b).

Morizane et al. Page 3

Nat Biotechnol. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



As the posterior primitive streak is induced by a BMP4 signal gradient 24,30, we 

hypothesized that CHIR treatment of HDF-α hiPSCs might induce endogenous BMP4 

production that promotes differentiation into the posterior primitive streak and subsequently 

lateral plate mesoderm. The addition of low dose noggin (5 ng/mL), a BMP4 signaling 

antagonist 31, with CHIR in the first step of differentiation suppressed BMP4 to an optimal 

level to yield cells that expressed T and TBX6 but not FOXF1 on day 4 (Supplementary 

Data Fig. 3c). Subsequent differentiation with activin resulted in the generation of 

WT1+HOXD11+ posterior IM cells with 80–90% efficiency (Fig. 1b–g, Supplementary 

Data Fig. 3e). Although H9 hESCs did not express FOXF1 on day 4 in response to CHIR, 

the addition of low concentrations of BMP4 (1 ng/mL) resulted in FOXF1 expression at day 

4 and suppression of WT1 expression on day 7, similar to what we observed in the hiPSC 

line (Supplementary Data Fig. 3d). Collectively, these results demonstrated that the efficacy 

of posterior IM induction was highly sensitive to the presence of BMP4 signaling at the 

primitive streak stage in hPSCs. Optimizing the protocol for individual cell lines based on 

their endogenous BMP4 production maximized the efficiency of generating posterior IM.

Induction of multipotent nephron progenitor cells

To differentiate WT1+HOXD11+ posterior IM cells into NPCs of the metanephric 

mesenchyme, we treated them on day 7 with varying doses of FGF9 (5–200 ng/mL), which 

we and others have previously shown to induce SIX2+ cells 17,18,20,32. A low dose of FGF9 

(10 ng/mL) was sufficient to induce SIX2+ cells with an efficiency of 90% within 1–2 days 

of treatment (Fig. 2a, b). These SIX2+ cells co-expressed other critical markers of the NPCs 

of the metanephric mesenchyme, including SALL1, WT1, PAX2, and EYA1 (Fig. 2b–d), as 

assessed by immunocytochemistry and flow cytometry. We therefore considered these 

SIX2+SALL1+WT1+PAX2+ cells to be putative NPCs. Though we were unable to assay 

OSR1 expression by immunostaining due to the lack of highly specific antibodies, we could 

detect high levels of OSR1 transcript as early as day 7 (posterior IM) and sustained through 

day 9 (NPCs) by quantitative real-time PCR (Fig. 2e). SIX2 expression in these cells could 

be sustained for at least 1 week with continuous exposure to FGF9 (Fig. 2f, g).

Even with continuous FGF9 treatment, we observed between days 10 and 14 of 

differentiation that some of the NPCs spontaneously downregulated SIX2 expression and 

differentiated into round, polarized clusters of PAX8+LHX1+ cells reminiscent of renal 

vesicles (Fig. 2f, g, Supplementary Data Fig. 4a) 33. Upon withdrawal of FGF9 on day 10, 

these renal vesicle-like clusters proceeded to expand and elongate into tubular structures, 

resembling the process of nephron formation in vivo (Supplementary Data Fig. 4b). 

Immunocytochemistry of the elongated structures revealed that they contained Lotus 

tetragonolobus lectin (LTL)+N-cadherin (CDH2)+ and Nephrin (NPHS1)+Podocalyxin 

(PODXL)+ cells reminiscent of proximal tubules and podocytes, respectively 

(Supplementary Data Fig. 4c). Thus, in the absence of exogenous signals after day 10, 

hPSC-derived NPCs are intrinsically programmed to differentiate into early-stage epithelial 

structures of the nephron.

To test whether the formation of epithelial structures could be facilitated by 3D culture 

conditions, on day 10, at the time of FGF9 withdrawal, we replated NPCs in ultra-low-
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attachment, round-bottom 96-well plates and cultured them for 1 week. NPCs formed 3D 

spherical aggregates, one per 96-well, in suspension culture. Whole-mount staining of 

aggregates at day 16 revealed the presence of LTL+ tubules and clusters of 

NPHS1+PODXL+WT1+ cells (Supplementary Data Fig. 4g, h). Co-culturing NPCs in 3D 

with Wnt4-expressing NIH3T3 mouse embryonic fibroblast cells 34 or a ureteric bud cell 

line 35 did not significantly increase the LTL+ tubules in organoids (Supplementary Data 

Fig. 4d–f), in contrast to a previous report 17. Similarly, the addition of six growth factors 

(BMP7, HGF, IGF-1, JAG1, WNT4 and mouse Wnt9b) or three small molecules (CHIR, 

IWR-1, SB431542), did not significantly increase the number of LTL+ tubules 

(Supplementary Data Fig. 4e). These results suggested the need for more accurate recreation 

of temporal signal activation.

Spontaneous morphogenesis into nephron structures

Although we observed spontaneous differentiation of SIX2+ NPCs into PAX8+LHX1+ 

renal vesicles and early nephron epithelia in both 2D and 3D culture, the efficiency of this 

process was relatively low. During mouse nephrogenesis, Wnt9b, secreted by the ureteric 

bud, induces the metanephric cap mesenchyme to undergo a mesenchymal to epithelial 

transition via upregulation of Wnt4 in nephron progenitors 36, and the inductive Wnt signals 

are subsequently suppressed during formation of renal vesicles, possibly by Dkk1 37. This 

induction can be mimicked ex vivo or in vitro by the transient treatment of isolated mouse 

metanephric mesenchyme or FACS-sorted SIX2+ cells with the GSK-3β inhibitor BIO 38. 

We therefore sought to improve the efficiency of generating renal vesicles through transient 

rather than sustained activation of Wnt signaling in NPCs. Through a systematic screen of 

growth factors and small molecules, including CHIR, (Supplementary Data Fig. 5a, b) in 2D 

cultures, we found that treating NPCs with low dose CHIR (3 µM) for 2 days from day 9 

while simultaneously maintaining exogenous FGF9 signaling (days 7–14) markedly 

increased the number of cells that downregulated SIX2 and co-expressed PAX8 and LHX1 

(Fig. 3a–c, Supplementary Data Fig. 5c). Quantification by flow cytometry revealed that 

∼75.9% of differentiated cells were PAX8+LHX1+ (Fig. 3d). PAX8+LHX1+ cells were 

organized in laminin-bound, polarized round clusters morphologically resembling renal 

vesicles in vivo (Fig. 3e). The cells also expressed HNF1β and BRN1, the other makers of 

renal vesicles, suggesting that they represented renal vesicles (Fig. 3e). In 3D culture from 

day 9, the same treatment with CHIR and FGF9 induced similar structures: 

PAX8+LHX1+LAM- pre-tubular aggregates and PAX8+LHX1+LAM+ renal vesicles 

became apparent on day 11 and 14, respectively, and grew larger over time (Fig. 3f, g).

By day 21 of differentiation, the renal vesicles spontaneously formed elongated epithelial 

nephron structures without additional factors (Fig. 4a–c). These structures expressed 

segmental markers of the nephron in a contiguous arrangement, including glomerular 

podocytes (NPHS1+PODXL+), proximal tubules (LTL+CDH2+), and loop of Henle/distal 

tubules (E-cadherin (CDH1)+Uromodulin (UMOD)+BRN1+) (Fig. 4c–e) 39–41. Nephron-

like structures were generated by day 21 of differentiation, with an efficiency >20 times 

greater than that of our previous protocol (Fig. 4f) 20, and could be sustained until at least 

day 56. No outgrowth of collecting duct (CDH1+Dolichos biflorus agglutinin (DBA)+) 

structures, which are derived from the ureteric bud and not metanephric mesenchyme, from 
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renal vesicles was seen, confirming that our differentiation protocol was specific for 

producing NPCs of the metanephric mesenchyme.

Generation of in vitro kidney organoids in 3D culture

Next we investigated whether a 3D culture environment could promote the formation of 

more organized nephron structures with tubules possessing a lumen. We replated cells 

cultured in 2D on days 9, 11 and 14 corresponding to NPCs, pre-tubular aggregates and 

renal vesicles, respectively, into 3D suspension culture and applied the same protocol as 

with 2D (Fig. 4a). Re-plating day 9 cultures showed the greatest induction of nephron-like 

structures. Whole-mount immunostaining of organoids from days 21–35 of differentiation 

revealed numerous contiguous nephron-like structures with features of nephron segments 

from glomerulus to distal tubule (Fig. 5a–c). Clusters of podocyte-like cells 

(NPHS1+PODXL+WT1+) were surrounded by Bowman’s capsule–like structures, 

connected to tubular structures with markers of proximal tubules (LTL+AQP1+), 

descending limbs of Henle (CDH1+AQP1+), thick ascending limbs of Henle 

(CDH1+UMOD+), and distal convoluted tubules (CDH1+UMOD-) expressed in the same 

sequence as in the in vivo nephron (Fig. 5d) 39,41. SIX2 expression was absent in 3D kidney 

organoids, suggesting that NPCs had completely differentiated into nephron epithelia. 

Furthermore, the expression of SALL1, another NPC marker that is transiently expressed in 

immature nephron tubules, was not detected in nephron-like structures, indicating that these 

structures were more mature than those in prior reports 17. Characterization of the non-

epithelial cells comprising the interstitial compartment between nephron-like structures 

revealed that these cells were negative for the metanephric stromal progenitor marker 

FOXD1, the endothelial marker Endomucin, and the fibroblast marker α-Smooth muscle 

actin, indicating that these cell types did not constitute a significant cell population within 

the organoids (data not shown).

Electron microscopy of the kidney organoids at day 21 of differentiation revealed 

ultrastructural features characteristic of mature renal epithelia. Structures resembling foot 

processes were noted on the surface of podocyte-like cells, which were encapsulated by a 

layer of cells reminiscent of Bowman’s capsule (Fig. 5e,f, upper panels). Tubular structures 

possessed a discrete lumen and epithelial tight-junctions similar to kidney tubules, and a 

subset of the tubules comprised mitochondria-rich cells with brush border-like structures, 

characteristic features of proximal tubular cells (Fig. 5e,f, lower panels). These findings 

demonstrate that differentiation of the NPCs in suspension culture results in the formation of 

3D kidney organoids and organized, multi-component nephron-like structures with distinct 

lumens in a contiguous and sequential arrangement that mimics the nephron.

Modeling kidney development and toxicity with organoids

The observation that no additional exogenous chemicals are required for hPSC-derived renal 

vesicles to form more mature nephron structures indicated that the signals for nephron 

formation are endogenously activated after renal vesicles are formed. As patterning of the 

nephron into its different segments begins at the renal vesicle stage during development 42, 

we postulated that developmental patterning could be mimicked by chemical modulation of 

these endogenous signals. Addition of the Notch signaling inhibitor DAPT from day 14 to 

Morizane et al. Page 6

Nat Biotechnol. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



21 of differentiation resulted in a marked suppression of proximal tubule formation in both 

2D and 3D culture (Fig. 6a, b, Supplementary Data Fig. 6a–c), consistent with previous 

studies implicating Notch signaling in proximal patterning of the nephron 43,44.

Drug nephrotoxicity is an important cause of acute kidney injury in hospitalized patients45. 

Currently there are no patient-specific models to assay nephrotoxicity in vitro. To test 

whether our organoids could be used to study kidney injury and toxicity in vitro, we treated 

3D hESC-derived kidney organoids after 21 days of differentiation for 48 hours with 

gentamicin (5 mg/mL), a commonly used antibiotic with well-established proximal tubular 

toxicity 46, or for 24 hours with cisplatin (5 µM), an anticancer drug with proximal and distal 

tubular toxicity. Organoids were then fixed and immunostained for Kidney Injury 

Molecule-1 (KIM-1), a biomarker that is highly upregulated in the proximal tubules 

following acute kidney injury 47, together with LTL and E-cadherin to identify proximal and 

distal tubules, respectively.

Staining of both whole mount and frozen sections of gentamicin-treated organoids 

demonstrated clear KIM-1 expression at the luminal surface of LTL+ tubules but not in E-

cadherin+ tubules, and real-time PCR showed KIM-1 upregulation by gentamicin in a dose-

dependent manner (Fig. 6c, d, e, Supplementary Data Fig. 7a, b), indicating that gentamicin 

had injured proximal tubules in the organoids. Moreover, cisplatin significantly upregulated 

KIM-1 in LTL+ tubules and suppressed E-cadherin expression (Fig. 6c), indicating proximal 

and distal tubular toxicity. No KIM-1 expression was observed in either LTL+ or E-cadherin

+ tubules in untreated organoids. To distinguish between a generalized toxic effect and 

nephron segment-specific injury, the organoids were immunostained for γH2AX, a marker 

of DNA damage (Fig. 6f). Cisplatin at a dose of 5 µM upregulated γH2AX expression in 

LTL+ tubules but not in PODXL+ podocytes, whereas a higher dose of cisplatin (50 µM) 

resulted in more widespread γH2AX expression, consistent with more generalized cell 

toxicity. These findings establish the utility of our 3D kidney organoid system as a patient-

specific model of toxic kidney injury that can be employed to test the nephrotoxicity of 

drugs and other chemicals in vitro.

Discussion

We describe the generation of segmentally patterned nephron structures from hPSCs by 

directed differentiation. Our protocol efficiently induces NPCs that spontaneously form 

renal vesicles in both 2D and 3D culture, which subsequently differentiate into self-

organized nephron-like structures containing glomeruli, proximal tubules, loops of Henle, 

and distal tubules in a contiguous, ordered arrangement analogous to that of nephrons. To 

our knowledge, no previous study has converted hPSCs into nephron structures with mature 

contiguous, ordered segments. Ref. 18 generated SIX2+ cells, with an efficiency of 20%, 

that formed 3D aggregates containing isolated tubular structures but not continuous nephron 

structures with all epithelial components, and the protocol generated cells of both the 

metanephric mesenchyme and ureteric bud lineages, suggesting a lack of specificity. In 

comparison, our method generates SIX2+SALL1+WT1+PAX2+ NPCs with 90% efficiency, 

and the cells spontaneously give rise to nephron structures containing all the major epithelial 

derivatives of the metanephric mesenchyme without detectable ureteric bud derivatives. 
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Induction of SIX2+ cells from posterior IM in our protocol required very low doses of FGF9 

(10 ng/mL) compared to a concentration 20 times higher in ref. 18, suggesting that the 

WT1+HOXD11+ posterior IM cells are primed to respond to FGF9 and differentiate into 

NPCs. Taguchi and colleagues introduced the concept that targeting axial stem cells and 

posterior IM could facilitate the derivation of NPCs of the metanephric mesenchyme 17,48. 

Their protocol, based on an embryoid body culture system, required more intermediate steps 

and growth factors at each step and used mouse embryonic spinal cord to induce NPCs to 

undergo tubulogenesis. In addition, the persistent expression of SALL1 in the tubular 

structures indicated that they were still at an immature stage of nephron development. Our 

protocol to generate posterior IM and NPCs uses 2D monolayer culture, fewer steps, fewer 

chemicals and is fully chemically defined and more rapid. A key difference between our 

protocol and previous ones 17,18 is our strategy to induce late-stage mid primitive streak 

rather than posterior primitive streak, based on developmental studies showing that the 

posterior primitive streak gives rise to lateral plate mesoderm rather than IM 24–26. By 

precisely defining the appropriate anterior-posterior position within the primitive streak 

(with the dose of CHIR and suppression of BMP4) and the timing of cell migration out of 

the primitive streak (with the duration of CHIR treatment), we could generate the correct 

precursor population that would give rise to NPCs. As predicted, posteriorization of the 

primitive streak with the addition of BMP4 causes hPSCs to differentiate into FOXF1+ 

lateral plate mesoderm. Finally, we show that minor modifications in the protocol optimize 

the efficiency of directed differentiation in both hESC and hiPSC lines. Variability in the 

levels of endogenous BMP4 signaling markedly affected our ability to differentiate an 

hiPSC line into posterior IM, but this could be addressed by adjusting BMP4 levels with the 

addition of the antagonist Noggin.

As shown in previous studies of differentiating hPSCs to other lineages, we find that closely 

recapitulating critical developmental stages in vitro improves differentiation efficiencies and 

produces cells that most closely resemble their in vivo counterparts. Our hPSC-derived 

NPCs express all of the markers of metanephric mesenchyme and possess the intrinsic 

ability to spontaneously differentiate into renal vesicles and nephrons. Although the absence 

of ureteric bud and vascular progenitors in our system precludes the generation of collecting 

ducts and glomerular capillaries, respectively, the NPC-derived renal vesicles self-organize 

into nephrons without these components in both 2D and 3D contexts.

The ability to generate 3D kidney organoids containing self-organized nephrons will 

facilitate studies of kidney development, disease and injury and of cell replacement 

therapies. Similar organoid systems have shown promising results for modeling the brain 

and gastric symptoms49,50. Our data demonstrating that Notch inhibition suppresses 

proximal tubular differentiation confirms the utility of our system for studying mechanisms 

of human kidney development, for which no models currently exist. Using gentamicin and 

cisplatin, we have also shown how the presence of the major epithelial components of the 

nephron in the organoids allows screening for toxic drug effects on multiple nephron 

segments. Given the individual variation in drug sensitivity in humans, the generation of 

kidney organoids from human iPSCs would enable drug testing in a patient-specific manner.
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Methods

Maintenance of hPSCs

H9 human ESCs (passage 45–65), and HDF-α human iPSCs (hiPSC derived from healthy 

fibroblasts; passage 22–42) were maintained in ReproFF2 (ReproCELL, #RCHEMD006) 

supplemented with FGF2 (10 ng/mL) (Peprotech, #100-18B) in 6-well tissue culture plates 

(Falcon, #353046) coated with 1% vol/vol LDEV-Free hESC-qualified Geltrex (Life 

Technologies, #A1413302) in a 37°C incubator with 5% CO2. hPSCs were passaged using 

Dissociation Solution for human ES/iPS cells (ReproCELL, #RCHETP002) at a 1:3 split 

ratio every 7 days according to the manufacturer’s protocol. H9 was purchased from WiCell. 

HDF-α human iPSCs was previously established in our laboratory 51.

Differentiation of hPSCs

hPSCs grown on Geltrex were washed once with PBS (Life Technologies, #10010-049) and 

dissociated into single cells with Accutase (STEMCELL Technologies, #07920). Cells were 

then plated at a density of 2-2.4 × 104 (H9) or 1-1.4 × 104 (HDF, 2C) cells/cm2 onto 24-well 

tissue culture plates (TPP, #92024) coated with 1% Geltrex in ReproFF2 supplemented with 

the ROCK inhibitor Y27632 (10 µM) (TOCRIS, #1254) and FGF2 (10 ng/ml). After 72 

hours, cells (50% confluent) were briefly washed in PBS and then cultured in basic 

differentiation medium consisting of Advanced RPMI 1640 (Life Technologies, 

#12633-020) and 1X L-GlutaMAX (Life Technologies, #35050-061) supplemented with 

CHIR99021 (8–10 µM) (TOCRIS, #4423) for 4 days to induce late primitive streak cells 

Noggin (5 ng/ml) was also used for hiPSC differentiation in addition to CHIR (10 µM). To 

induce posterior intermediate mesoderm, cells were then cultured in Advanced RPMI + 1X 

L-GlutaMAX + activin (10 ng/mL) (R&D, #338-AC-050) for 3 days. For induction of 

nephron progenitor cells, the media was then changed to Advanced RPMI + 1X L-

GlutaMAX + FGF9 (10 ng/ml) (R&D, #273-F9–025/CF) for 7 days. CHIR (3 µM)was 

added to the media from day 9 to 11 of differentiation to induce renal vesicles. On day 14, 

cells were switched to the basic differentiation medium and cultured for an additional 7 to 

14 days (total of 21 to 28 days). The medium was replaced every 2 or 3 days. The list of 

growth factors and small molecules that were tested for differentiation are shown in 

Supplementary Data Table 1.

3D kidney organoid formation

hPSCs on day 9 of differentiation, which represents metanephric mesenchyme cells, were 

dissociated with Accutase and resuspended in the basic differentiation medium 

supplemented with CHIR (3 µM) and FGF9 (10 ng/mL), and placed in 96-well, round 

bottom, ultra-low attachment plates (Corning, #7007) at 1 × 105 cells per well. The plates 

were centrifuged at 1500 rpm for 15 seconds, and the cells then cultured at 37°C, 5% CO2 

for 2 days. The medium was then changed to the basic differentiation medium supplemented 

with FGF9 10ng/mL and cultured for 3 more days. After that, the organoids were cultured in 

basic differentiation medium with no additional factors for 7–21 days (a total of 21–35 

days).
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Nephrotoxicity assay

3D kidney organoids were cultured in basic differentiation medium supplemented with 

gentamicin 5×10−4, 5×10−2, or 5 mg/mL (Sigma, #G1264) for 48 hours or cisplatin 5 or 50 

µM (Sigma, #P4394) for 2, 6, 24 or 48 hours after day 21 of differentiation. Organoids were 

then fixed with 4% paraformaldehyde (Electron Microscopy Sciences, #RT15710) for 20 

minutes for both whole- mount and frozen section immunohistochemistry.

Immunocytochemistry

Cell cultures were washed once with PBS and fixed in 4% paraformaldehyde for 15 minutes 

at room temperature (RT). Fixed cells were washed three times in PBS and incubated in 

blocking buffer (0.3% Triton X-100 and 5% normal donkey serum) for 1 hour at RT. The 

cells were then incubated with primary antibody overnight at 4°C or for 2 hours at RT in 

antibody dilution buffer (0.3% Triton X-100 and 1% BSA in PBS). Cells were then washed 

three times in PBS and incubated with Alexa Fluor 488-, 555-, or 647-conjugated secondary 

antibodies (1:500) (Life Technologies) in antibody dilution buffer for 1 hour at RT. For 

immunostaining with biotinylated LTL (Vector Labs, #B-1325), Streptavidin/Biotin 

Blocking Kit (Vector Labs, #SP-2002) and Alexa Fluor 488- or 647-conjugated streptavidin 

(Lafe Technologies) were used according to manufacturer’s instructions. Nuclei were 

counterstained with DAPI (Sigma, #D8417). A list of primary antibodies are shown in 

Supplementary Data Table 2. Immunofluorescence was visualized using an inverted 

fluorescence microscope (Nikon Eclipse Ti). Quantification was performed using ImageJ by 

counting three to five representative fields per experiment at 20X magnification. The sample 

number of biological replicates in each experiment is shown in figure legends.

Whole-mount immunohistochemistry of 3D organoids

3D kidney organoids were fixed with 4% paraformaldehyde in PBS for 20 minutes at RT in 

a 96-well plate, then washed three times in PBS. The organoids were then incubated in 

blocking buffer (0.3% Triton X-100 and 5% normal donkey serum) for 1 hour at RT, then 

washed three times in PBS. The organoids were incubated with primary antibodies in 

antibody dilution buffer (0.3% Triton X-100 and 1% BSA in PBS) overnight at 4°C. The 

organoids were then washed with PBS three times for 1 hour each, with the third washing 

performed overnight at 4°C. For immunostaining with biotinylated LTL (Vector Labs, 

#B-1325), a Streptavidin/Biotin Blocking Kit (Vector Labs, #SP-2002) was used according 

to the manufacturer’s protocol. The organoids were incubated with secondary antibodies in 

antibody dilution buffer for 1 hour at RT, then washed with PBS three times for 30 minutes 

each. Nuclei were counterstained with DAPI for more than 30 minutes. The organoids were 

then mounted with Vectashield (Vector Labs, #H-1200) and examined by confocal 

microscopy (Nikon C1, Tokyo, Japan).

Immunohistochemistry of 3D organoids

3D kidney organoids were fixed with 4% paraformaldehyde in PBS for 20 minutes in a 96-

well plate, washed three times in PBS, then incubated with 30% sucrose (w/w) overnight at 

4°C. The organoids were mounted with O.C.T compound (Fisher Scientific, #23–730-571) 

to make frozen blocks and were cut into 10-µm sections. The sections were washed three 
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times in PBS for 5 minutes each, then incubated in blocking buffer (0.3% Triton X-100 and 

5% normal donkey serum) for 1 hour. The sections were incubated with primary antibodies 

in antibody dilution buffer (0.3% Triton X-100 and 1% BSA in PBS) for 2 hours, then 

washed three times in PBS. The sections were incubated with secondary antibodies in 

antibody dilution buffer for 1 hour, then washed three times in PBS. The sections were then 

treated with Vectashield with DAPI. Imaging was performed with a Nikon C1 confocal 

microscope.

Quantitative RT-PCR

Total RNA was purified from cells using the RNAeasy MiniKit (Qiagen). 500 ng of RNA 

was used for reverse transcription with High-Capacity cDNA Reverse Transcription Kit 

(Life Technologies, #4368814) according to the manufacture’s protocol. RT-PCR reactions 

were run in duplicate using cDNA (diluted 1:10), 300 nM forward and reverse primers, and 

iTAQ SYBR Green Supermix (Bio-Rad, #172–5122). Quantitative RT-PCR was performed 

using the iQ5 Multicolor Real-Time PCR Detection System (Bio-Rad). All samples were 

run with two technical replicates. β-actin was used as the housekeeping gene. Values were 

calculated by the delta delta CT method. Primer sequences are listed in Supplementary Data 

Table 3.

Flow cytometry

Cells were dissociated using Accutase for 10 minutes, and cell clumps were removed with a 

40-µm cell strainer (Corning, #352340). Cells were fixed with 2% paraformaldehyde for 15 

minutes on ice and then permeabilized with 0.1% Triton for 15 minutes on ice. Cells were 

then blocked with PBS+5% donkey serum for 15 minutes and incubated with primary 

antibodies (PAX8 1:2500, LHX1 1:100, SIX2 1:1000, SALL1 1:100, WT1 1:100) for 30 

minutes. After washing three times with 1% BSA in PBS, cells were incubated with 

secondary antibodies (Alexa Fluor 488-conjugated donkey anti-rabbit 1:5000 [Life 

Technologies], Cy5-conjugated donkey anti-mouse 1:2500 [Jackson ImmunoResearch] or 

Alexa Fluor 647-conjugated donkey anti-mouse 1:5000 [Life Technologies]) for 20 minutes 

on ice. Cells were then washed three times with 1% BSA in PBS. Flow cytometry was 

performed using MACSQuant (Miltenyi Biotec). Optimal dilution ratios of antibodies were 

determined using negative controls, undifferentiated H9 and human proximal tubular cell 

line (HKC-8) that does not express PAX8, LHX1, SIX2, SALL1, or WT1. HKC-8 was 

kindly provided by Dr. Lorraine Racusen (Johns Hopkins Hospital).

Transmission electron microscopy

3D kidney organoids were fixed with 4% PFA for 20 minutes and subsequently fixed with 

electron microscopy (EM) fixation buffer consisting of 1.5% glutaraldehyde, 1% 

paraformaldehyde, 70 mM NaPO4 pH 7.2, and 3% sucrose in water overnight at 4°C. The 

organoids were washed three times in 0.2 M cacodylate buffer pH 7.4 for 10 minutes each 

and were incubated with 1% OsO4 for 1 hour on ice. The organoids were then washed three 

times in 0.2M cacodylate buffer pH 7.4 for 10 minutes each, dehydrated through a graded 

series of ethanol solutions, and embedded in Epon. 70 nm sections were cut and analyzed on 

a JEM-1010 (JEOL).
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Cell culture

HKC-8 was maintained in DMEM/F12 (Life Technologies, #11320-033) supplemented with 

10% fetal bovine serum (FBS) in a 37°C incubator with 5% CO2, and was passaged every 3 

or 4 days. NIH3T3-Wnt4 was maintained in DMEM (Corning, #10–013-CV) supplemented 

with 10% FBS in a 37°C incubator with 5% CO2, and was passaged every 3 or 4 days. 

NIH3T3-Wnt4 was kindly provided by Dr. Andrew P. McMahon. A mouse ureteric bud cell 

line was maintained in DMEM (Corning, #10–013-CV) supplemented with 10% FBS in a 

37°C incubator with 5% CO2, and was passaged every 3 or 4 days. A mouse ureteric bud 

cell line was kindly provided by Dr. Jonathan Barasch. Mycoplasma contamination was 

tested by DAPI staining in all cell lines.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Differentiation of hPSCs into posterior intermediate mesoderm
(a) Agents that were tested for the induction of late primitive streak and posterior IM. (b) 

Diagram and the protocol of differentiation of hPSCs sequentially into late primitive streak 

and posterior intermediate mesoderm (IM) with markers identifying both states by their 

presence or absence. In the protocol for posterior IM hESCs and hiPSCs were differentiated 

with CHIR 8 µM and 10 µM respectively. For hiPSCs Noggin 5 ng/ml was also required. (c) 

Immunocytochemistry for T and TBX6 in hESCs on day 4 of the differentiation with CHIR 

8 µM. (d) Percentage of T or TBX6 positive cells in hESCs and hiPSCs on day 4. Black bars 
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indicate mean values. n= 3 for hESCs; n=3 for hiPSCs. (e) Immunocytochemistry for WT1 

and HOXD11, posterior IM markers, in hESCs and hiPSCs on day 7. (f) 

Immunocytochemistry for PAX2 and LHX1, anterior IM markers in hESCs on day 7. (g) 

Percentage of WT1 or HOXD11 positive cells in hESCs and hiPSCs on day 7. Black bars 

indicate mean values. n=7 for hESCs; n=4 for hiPSCs. Scale bars: 100 µm.
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Figure 2. Differentiation into nephron progenitor cells and spontaneous formation of renal 
vesicles
(a) The protocol for the induction of nephron progenitor cells. (b) Immunocytochemistry for 

SIX2, SALL1, WT1, PAX2 and EYA1, markers of nephron progenitor cells, on day 9 in 

cells differentiated from hPSCs using protocol depicted in (a). Scale bars: 50 µm. (c) 

Percentage of cells positive for SIX2, SALL1, WT1 or PAX2 in hESCs and hiPSCs on day 

9. n=7, 5, 4 or 7 for SIX2, SALL1, WT1 or PAX2 respectively in hESCs. n=6, 4, 4, or 3 for 

SIX2, SALL1, WT1 or PAX2 respectively in hiPSCs. Black bars indicate mean values. (d) 

Flow cytometry for SIX2, SALL1 and WT1 in hESCs on day 8. Samples stained with 
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secondary antibodies alone were used as controls (gray). (e) Time course of gene expression 

of OSR1 and PAX2 in hESCs from day 0 to 9. OSR1 was upregulated on days 7 and 9 while 

PAX2 was upregulated on day 9. n=2. Data represent mean +/− SEM. (f, g) Time course of 

SIX2 and LHX1 expression from day 7 to 14 in hESCs treated with FGF9 10 ng/ml. (g) 

When FGF9 was continued to day 14, SIX2 expression was sustained, but spontaneous 

induction of LHX1+ cells was consistent with maturation to renal vesicles. The images are 

representative of the density of renal vesicle formation in the culture dishes. Scale bars: 100 

µm (f), 1 mm (g).
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Figure 3. Induction of pre-tubular aggregates and renal vesicles from nephron progenitor cells
(a) Diagram of differentiation into renal vesicles. (b) Whole-well scan for LHX1 in 24-well 

on day 14 of differentiation. The combination of FGF9 10 ng/ml and transient CHIR 3 µM 

treatment enhanced LHX1 expression. n=2. Scale bar: 5 mm. (c) Representative images of 

brightfield and immunocytochemistry for PAX8 and LHX1 in hESCs on day 14. Scale bar: 

100 µm. (d) Flow cytometry for PAX8 and LHX1 in hESCs on day 14. Samples treated with 

secondary antibodies alone were used as controls (gray). (e) Immunocytochemistry for 

BRN1, HNF1β and LAM (Laminin) on day 14 of differentiation. n=6. 50 µm (the lower 
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panel). (f) Brightfield imaging of the organoids that formed in culture after cells were 

resuspended on day 9, transferred to ultra-low attachment 96-well plates and studied on day 

14. Controls were cultured in the basic differentiation medium (ARPMI) after resuspension. 

FGF9 and CHIR increased the size of the organoids. Scale bar: 100 µm. (g) Whole-mount 

staining of the organoids on day 11 and 14. Polarized structures surrounded by Laminin 

were found on day 14, suggesting the differentiation into renal vesicles. n=2. Scale bars: 100 

µm.
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Figure 4. Self-organizing nephron formation in 2D culture
(a) The protocol for the induction of nephrons. (b) Representative brightfield images on day 

21 of differentiation. Scale bar: 1 mm. (c) Immunocytochemistry for CDH1, PODXL and 

LTL on day 21. Scale bar: 1mm. (d, e) Immunocytochemistry for podocyte (PODXL, 

NPHS1) proximal tubule (CDH2, LTL), loop of Henle (CDH1, UMOD) and distal tubule 

(CDH1, BRN1) markers on days 21–28. n=7. Scale bars: 50 µm unless otherwise indicated. 

(f) The number of LTL+ tubules in structures derived from hESCs and hiPSCs on day 21; 

n=2. Values were calculated from 10 fields (1 mm2/field) in each sample. Data represent 
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mean +/− SEM. CDH1: Cadherin-1 (E-cadherin). PODXL: Podocalyxin-like (Podocalyxin). 

LTL: lotus tetragonolobus lectin. NPHS1: Nephrin. UMOD: Uromodulin. CDH2: 

Cadherin-2 (N-cadherin).
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Figure 5. Self-organizing nephron formation in 3D culture
(a, b) Whole-mount staining for CDH1, PODXL and LTL on day 28 (a) and 35 (b) using 

protocol in Figure 4a. Scale bar: 50 µm. (c, d) Representative immunohistochemistry in 

structures derived from hESCs and hiPSCs on day 21–28. n=5. Scale bars: 50 µm. CDH1: 

Cadherin-1 (E-cadherin). PODXL: Podocalyxin-like (Podocalyxin). LTL: lotus 

tetragonolobus lectin. AQP1: aquaporin1. NPHS1: Nephrin. UMOD: Uromodulin. (c) Low 

magnification. (d) High magnification. (e) Representative electron microscopy images of 

glomerulus-like and tubule regions of kidney organoids derived from hESCs. Middle panels 
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represent higher magnification enlargement of the square-enclosed regions within left 

panels. n=5. Samples were taken at 21 days with the exception of the top right panel which 

was taken at day 18 and did not have transient CHIR treatment. Dotted lines: Bowman’s 

capsule. Arrows: foot process. Allow heads: tight-junction. Asterisks: mitochondria. Hashes: 

brush border-like structures. (f) Electron microscopy images of normal human kidneys 

showing foot processes (upper panel) and brush borders (lower panel).
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Figure 6. Modeling kidney development and injury in kidney organoids
(a) Schematic for kidney development analysis and nephrotoxicity assay. (b) Representative 

images of immunohistochemistry in structures derived from hESCs treated with DAPT 10 

µM from day 14 to 21. n=4. Notch inhibition suppressed proximal tubule formation. Scale 

bars: 50 µm. (c) Representative immunohistochemistry in structures treated with gentamicin 

(5 mg/ml) from day 21 to 23 or cisplatin (5 µM) from day 21 to 22. n=6. Scale bars: 50 µm. 

Gentamicin and cisplatin induced the upregulation of KIM-1, and cisplatin suppressed 

CDH1 expression. (d) A low magnification image of gentamicin-treated organoids. Scale 
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bar: 100 µm. CDH1: Cadherin-1 (E-cadherin). PODXL: Podocalyxin-like (Podocalyxin). 

LTL: lotus tetragonolobus lectin. KIM-1: kidney injury molecule-1. (e) Real-time 

quantitative PCR of KIM-1 in kidney organoids treated with gentamicin at indicated doses. 

Data is expressed as mean +/− SEM (n=10). (f) Representative immunohistochemistry of 

organoids treated with cisplatin (5 or 50 µM) from day 23 to 24 (24 hours). n=4. Scale bars: 

50 µm.
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