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Abstract 

In recent years considerable progress has been made in the 

development of approaches for human pluripotent stem cells (hPSCs) 

differentiation. An important step in this direction has been the 

derivation of hPSCs derived organoids to understand early steps of 

human organ development and disease. Here, we have developed 

new techniques and fundamental knowledge to generate hPSCs-

kidney organoids. Towards this aim we have explored on the 

possibility to emulate early steps of kidney embryogenesis forcing 

cell to cell and cell to extracellular matrix contact as a new approach 

to generate hPSCs-kidney organoids with superior treats of 

differentiation and function. To further assess on the impact of 

environmental stimuli during kidney organoid differentiation we 

have interrogated on the interaction of metabolic cues in this process 

identifying metabolic regulators, namely Esrrα, which are 

responsible of kidney differentiation and human chronic kidney 

disease. Into the light of the current COVID19 crisis we have further 

exploited hPSCs-kidney organoids to understand first steps of SARS-

CoV-2 infection also identifying a therapeutic compound which 

nowadays is in a phase II b clinical trial for COVID19 patients in 

more than 6 countries in the world. Based on the current 

developments, in the present thesis we emphasize the major 

achievements in the field of kidney morphogenesis, including 

technological advances for kidney embryonic cell culture and the use 

of animal models to understand kidney development. We further 

discuss on ongoing challenges of bringing together all this 
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knowledge to establish hPSCs-kidney organoids to study human 

kidney differentiation and disease.  
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Resumen  

En los últimos años se han conseguido grandes avances en el 

desarrollo de estrategias para la diferenciación de células madre 

pluripotentes humanas (hPSCs). Un paso importante ha sido la 

derivación de organoides a partir de hPSCs enfocado a entender los 

eventos iniciales implicados en el desarrollo y enfermedad de los 

órganos humanos. En este trabajo, aportamos conocimiento 

fundamental y nuevas técnicas para la derivación de organoides de 

riñón. Con esta finalidad, hemos explorado la posibilidad de emular 

los eventos iniciales de la embriogénesis del riñón forzando el 

contacto entre célula y célula y entre célula y matriz extracelular con 

el fin de establecer una nueva estrategia para generar organoides de 

riñón con características superiores de diferenciación y función a las 

descritas anteriormente. Con el objetivo de profundizar en el impacto 

de los estímulos del entorno durante la diferenciación renal, hemos 

analizado el papel de las señales metabólicas en este proceso y hemos 

identificado el papel de reguladores metabólicos, tales como Esrrα, 

en la diferenciación renal así como en la enfermedad renal crónica en 

humanos. En el contexto de la actual crisis de la COVID19, hemos 

utilizado, por primera vez, los organoides de riñón para investigar los 

eventos iniciales implicados en la infección por SARS-CoV-2. Estos 

hallazgos nos han permitido identificar un compuesto terapéutico 

para tratar la COVID19 que actualmente está en un ensayo clínico en 

fase 2 en más de 6 países. En base a lo expuesto, en esta tesis hemos 

querido destacar los grandes avances conseguidos en el campo de la 

morfogénesis del riñón, incluyendo los avances técnicos en el cultivo 

de células embrionarias de riñón y en el uso de modelos animales 
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para el estudio del desarrollo renal. Así mismo, exponemos los 

desafíos actuales para combinar todos estos avances y aplicarlos en 

la derivación de organoides de riñón para estudiar la diferenciación y 

la enfermedad renal en humanos.  
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1. Kidney disease and kidney development 

1.1  Kidney disease 

Kidney disease represents a worldwide major health problem 

affecting millions of people. Acute kidney injury (AKI) and chronic 

kidney disease (CKD) are linked to a high morbidity and mortality rate 

due to damage in the kidney. At the present time CKD is estimated to 

affect around 10% of the population and represents a frequent 

complication of diabetes, obesity, and cardiovascular disease so even in 

its earliest stages increases the risk of a premature death (O’Toole & 

Sedor, 2014).  Nowadays around 2-5% of CKD affected patients will 

evolve to End Stage Renal Disease (ESRD) Furthermore, the shortage of 

kidney donor for force to the vast majority of the patients to undergo 

dialysis therapy, accounting between 1% and  2% of health-care budgets 

(Wouters et al., 2015). Even when renal transplantation is possible it has 

a low succeed rate because of the high percentage of rejections and the 

loss of function within the first years after transplantation. Therefore, 

there is an urgent demand for improved public awareness, prevention 

strategies, early detection, education and subsequent management of 

CKD in clinical practice (Zoccali et al., 2018).  

1.2  Mammalian kidney embryonic development 

The kidneys are bilateral organs that eliminate nitrogenous waste, 

regulates the volume, composition, and pressure of the blood and the 

density of the bones. The evolution of the kidney reflects the need of 

land-adaptive vertebrates to conserve water, excrete waste, and maintain 

electrolyte homeostasis within a variety of challenging environments. 

(Dressler 2006; Little & McMahon, 2012). 
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Kidney function requires the coordinate development of specific 

cell types within a unique architectural framework. The functional unit 

of the kidney, the nephron, accounts for around 2 million in human 

(Bertram et al., 2011) and about 15,000 in mice (Merlet-Bénichou et al., 

1999). During kidney development in mammals the nephrons pattern and 

segment into compartmentalized epithelial segments assembled over a 

period of fetal and perinatal life. The cellular composition of the nephron 

sustains for their unique functions during all the adult life. As such, the 

blood is filtered by the glomerulus, at the proximal end of the nephron, 

and the filtrate is modified in a tubular epithelium and finally the urine 

is delivered to the collecting duct for disposal (Davidson, 2008). 

The mammalian kidney development is characterized by the 

formation of three successive pair of kidneys. The metanephros, or 

permanent kidney, is the last of the three excretory organs to form. The 

developing kidneys are termed: the pronephros, mesonephros, and 

metanephros. The pronephros is rudimentary, whereas the mesonephric 

duct or the so-called mesonephric kidney gives rise to the mesonephric 

tubules, which open into the mesonephric duct. The metanephros gives 

rise to the adult kidney. The permanent kidney begins to form at 5 weeks 

gestation in humans and becomes functional toward the end of the first 

trimester (Gregory R Dressler, 2006; Rimoin et al., 2013) . 

The mammalian kidney arises from the intermediate mesoderm 

(IM), an early embryonic germ layer that derives from the primitive 

streak (PS) which is located between the lateral and paraxial 

mesoderm(s). The IM appears soon after gastrulation, in humans by 

embryonic day (E) 22 (~E 8.0 in mice). The IM further specifies into two 

different embryonic tissues: the ureteric bud (UB) and the metanephric 
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mesenchyme (MM). Reciprocal inductive interactions between UB and 

MM subsequently lead to the formation of the collecting duct system and 

the nephrons. Specifically, the UB gives rise to all the epithelial 

epithelium of the collecting ducts (CDs), and the MM differentiates to 

the stroma and to the cap mesenchyme (CM). The CM is the embryonic 

tissue from where all the epithelial cells along the nephron will arise 

(from the glomerulus through the connecting segment). After birth the 

mammalian kidney is characterized by a significant cellular complexity 

with more than 30 different cell types, including epithelial, endothelial, 

and stromal components (J. Park et al., 2018). 

1.2.1 Mouse kidney development 

Patterning of the mesoderm 

During gastrulation, that is at E 7.5 in the mice, PS, a transient 

midline structure in the embryo, serves as a conduit through which 

epiblast cells fated to become mesoderm and endoderm ingress to 

establish the embryonic germ layers (Lawson et al., 2001) (Figure 1a). 

In the mouse embryo, prior to any morphological indication of urogenital 

development, the activation of specific marker genes is the first 

indication that the lateral plate mesoderm and subsequent IM are 

differentiated from surrounding cells. At this stage LIM homeobox 

protein 1 (Lhx1) (Tsang et al., 2000), Odd-skipped related 1 (Osr1 

(James & Schultheiss, 2003), and   Paired-box transcription factor (Pax) 

2 and Pax8 (Bouchard et al., 2002) are essential for IM specification. 

During mouse kidney development the specification of the IM occurs as 

cells migrate through the (PS). From E8.5 to E10.5 the IM patterns into 

anterior-posterior axis (Barak et al., 2005) (Figure 1a).  
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At E8.5 the mouse kidney development begins with the formation 

of the pronephric duct, or primary nephric duct. As the pronephric duct 

extends down the trunk it induces the formation of mesonephric tubules 

from the adjacent IM (known as nephrogenic cord). At this stage at the 

caudal end of the nephric duct lies the MM, a region of cells 

morphologically distinct from the surrounding mesoderm. The formation 

Figure 1. (a) Schematic representation of mouse kidney embryonic 

development at the indicated embryonic days (E). Primitive streak (labelled 

in red) gives rise to both anterior intermediate mesoderm (AIM) and posterior 

intermediate mesoderm (PIM). The AIM further epithelializes into the wolffian 

duct while the PIM gives rise to the metanephric mesenchyme (MM). An 

outgrowth of the wolffian duct forms the ureteric bud (UB) that further develops 

into collecting duct (CD) and the ureter. The MM gives rise to the nephron 

progenitors (NPs) that will form the nephrons. (b) Key molecular pathways 

involved in early metanephric kidney development. At E10.5 reciprocal 

inductive interactions between the MM and the UB promote the branching of 

the UB into the MM. Genes such Eya1, Pax2, Hox11, Six1, Sall1, Fgf 1/2, 

upregulate Gdnf production. Gdnf is secreted from the MM and binds to Ret 

receptor and Gfrα1 coreceptor and promote UB outgrowth. Ret expression is 

regulated by Gata3 that in turn is regulated by Pax2/8. The ectopic bud 

outgrowth is prevented by Bmp4 that surrounds the wolffian duct. Slit2 and 

Robo2 signaling downregulate the expression of Gdnf in the anterior part of the 

MM. Illustrations reproduced and adapted from: (a) (Takasato and Little 2016) 

and (b) (Davidson 2008).  
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of the adult kidney, or metanephros, begins at E10.5 when the UB 

protrudes from the pronephric duct and outgrowths into the surrounding 

metanephric mesenchyme (MM). Reciprocal inductive signals between 

UB and MM, the two main progenitor populations of the kidney, are 

essential for survival and differentiation of both the mesenchymal and 

epithelial components in the early kidney (GROBSTEIN, 1956) (Figure 

1b). At E11.5 the UB forms a T-shaped bifurcation and begins to undergo 

consecutives cycles of branching and elongation to generate the 

collecting duct system (Cebrián et al., 2004). As this process occurs, each 

UB tip is surrounded by a subset of MM clusters, the so-called CM from 

where all the epithelial segments of the nephron are formed (including 

glomerular and tubular epithelial cells) (Bard et al., 2001). These 

mesenchymal cell aggregates undergo a mesenchymal-to-epithelial 

transition (MET) to form the renal vesicles (RV) at E12.5. From this 

moment each RV proliferates to give rise to comma-shaped bodies 

(CSBs) and S-shaped  bodies (SSBs) that fuse with the collecting duct 

epithelium (Boyle et al., 2008) (Figure 2). Each embryonic SSB 

subsequently patterns along the proximal-distal axis being segmented 

into podocyte progenitors and the precursors of the proximal and distal 

tubule segments. The distal segment of each SSB fuses with the 

collecting duct epithelium, forming a single, continuous epithelial tubule 

(Gregory R Dressler, 2006) (Figure 2). The proximal end of each SSB 

forms the glomerulus and comprises a capillary tuft surrounded by the 

podocytes. Initial branching is dichotomous, with each new UB tip 

inducing a new CM aggregate. Dichotomous branching starts to slow at 

approximately E15.5 in the mouse (Cebrián et al., 2004). In mice, new 

nephrons continue to be induced at the tips of the growing buds until five 

days post-birth. At the perinatal stage the youngest nephrons form 
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arcades that drain into a single collecting tubule (Gregory R Dressler, 

2006).  

UB branching 

The pioneer work from Grobstein (1956) (GROBSTEIN, 1956) 

showed that the formation of nephrons requires a primary induction 

event from the UB to the CM. At E10.5, the initiation of kidney 

development is marked by the UB outgrowth (Figure 1b). The tyrosine 

kinase receptor Ret, its ligand glial-derived neurotrophic factor (Gdnf), 

and the coreceptor Gfrα1 are essential for promoting UB outgrowth. Ret 

is expressed in the nephric duct, while Gdnf is localized in the MM, and 

Gdnf receptor alpha 1 (Gfrα1) in both the nephric duct and the 

surrounding mesenchyme. The released Gdnf and Gfrα1 activates Ret 

and promote cell migration, invasion, and proliferation of the UB 

(Shakya et al., 2005). The Ret/Gdnf signaling is regulated positively by 

various transcription factors and proteins and by specific inhibitors. 

HOX family genes are essential for anterior-posterior patterning, and it 

is known that Hox11 genes control early metanephric induction by its 

interaction with the pax-eya-six regulatory cascade (Wellik et al., 2002). 

Eyes absent homolog 1 (Eya1) (P. X. Xu et al., 1999) together with Sina 

occulis (Six) 1 (P.-X. Xu et al., 2003) transcription factors are essential 

for MM specification. Wilms tumor suppressor gene (Wt)1 (Kreidberg 

et al., 1993) and Sal-like (Sall) 1 (Nishinakamura et al., 2001a) are 

expressed by the MM and regulate Gdnf expression and UB outgrowth 

(Figure 1b). UB grow is also sustained via Fibroblast grow factors (Fgf), 

such Fgf1 and Fgf2, that also promote MM survival (Poladia et al., 

2006). Importantly, Pax 2 (Brophy et al., 2001) is expressed in both the 

UB and early MM condensates and acts ensuring high levels of Gdnf, 

and together with Pax8 regulate the expression of Gata3 transcription 
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factor that is required for Ret proper expression in the nephric duct 

(Grote et al., 2006). Regarding the negative regulators, the transcription 

factors FoxC1/C2 (Kume et al., 2000), and Robo2/Slit2 pathway 

(Grieshammer et al., 2004), downregulated the expression of Gdnf in the 

anterior part of the MM to prevent ectopic UB outgrowth. Lateral 

branching is prevented by the action of Bone morphogenic (Bmp) 4 that 

acts in the UB trunk. protein acts in the UB trunk preventing lateral 

branching (Cain & Bertram, 2006; Miyazaki et al., 2000) (Figure 1b).  

Nephron induction 

The process of MET initiates at E11.5 with the appearance of 

small cluster of CM, the so-called pre-tubular aggregates (PTs), on either 

side of each unbranched UB tip. During MET the cells in the PTs become 

polarized subsequently forming the RVs in which the apical and 

basolateral sides of the forming tubules can be distinguished at this stage 

(Figure 2a). This transition is accompanied with lumen formation and 

tubule development (Rak-Raszewska et al., 2015). Specific inductive 

signals drive this transition and, among them, several Wnt proteins act 

as the main factors driving MET (Herzlinger et al., 1994). At this stage, 

the mesenchymal aggregates express Wnt4, and the UB express Wnt11 

and Wnt9a (Carroll et al., 2005; Shan et al., 2010). Ret signaling, 

activates Wnt11, which is required in a positive feed-back loop to 

maintain the expression of Gdnf in the MM (Kispert et al., 1996). Wnt9b 

secreted by the stalk region of the ureter induces canonical β-catenin 

signaling in the MM, activating a molecular cascade that involves early 

markers of nephron formation such Pax8, Fgf8, Lhx1, and Wnt4 (Carroll 

et al., 2005) (Figure 2b). Wnt4a acts in an autocrine manner to maintain 

and propagate the inductive response that promotes the formation and 

differentiation of the RV (J.-S. Park et al., 2007). 
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The induction of nephrogenesis is crucial, but it is also critical to 

maintain the precursor pool to avoid the conversion of the entire 

mesenchymal population into nephrons (Schedl, 2007) . Not all cells of 

the MM aggregate and become epithelial, some cells will remain as 

mesenchymal interstitial stromal cells between the developing tubules. 

Signaling coming from these interstitial stromal cells is essential for 

nephron formation and UB branching (Gregory R Dressler, 2006) 

(further information is found in the subsection “Renal stromal cells” 

below).  

The maintenance of the progenitors in a proliferative and 

undifferentiated state requires the transcription factor Six2 (Self et al., 

2006). The Six2 positive (+) cells also express transcription factors 

which include Pax2 and Sall1. All these genes are essential for both, the 

maintenance of the MM multipotent progenitor fate and for the ulterior 

self-organization and later differentiation (Osafune et al., 2006; Torres 

et al., 1995). At this stage Bmp7 is also required for suppressing 

tubulogenesis and for promoting survival of the CM  (Dudley et al., 

1999) . 

Nephron patterning 

By E12.5 the mesenchymal aggregates form the RVs with an end 

still in contact with ureteric epithelium (UE). A single cleft elongates 

from each RVs and form the CSBs (Figure 2c). Further morphological 

changes will generate a second cleft and CSBs become S-shaped by 

E13.5 (Figure 2d). The  SS-nephron is a transitional nephron stage with 

an additional level of patterning which includes proximal, medial, and 

distal segments that will further differentiate in glomerulus, proximal 

tubule, intermediate tubule (comprising the loop of Henle) and the distal 
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tubule (Gregory R Dressler, 2006) (Figure 2e).  The are key molecular 

mechanisms driving the patterning process in the developing nephron.  

Then Wnt-β catenin signaling induces Fgf8, which is required for 

the activation of Lhx1, that controls the expression of POU-domain 

transcription factor Brn1 and Delta-like protein 1 (DLL1) in presumptive 

distal nephron precursors (Grieshammer et al., 2005; Kobayashi et al., 

2005) (Figure 2c). Therefore, Brn1 commits the cells to becoming distal 

tubules, and together with Irx genes control the fate of intermediate 

tubule cells, giving rise to the Henle’s loop in mammals (Nakai et al., 

2003; Reggiani et al., 2007).  The distal part of the future nephron also 

presents high levels of E-cadherin  (Mugford et al., 2009), indicating 

changes in the expression of cell-cell adhesion molecules. The proximal 

tubule specification requires the activation of Notch signaling pathway, 

via its ligand Dll1 in the future proximal tubule of the nephron (Cheng 

et al., 2007; Leimeister et al., 2003) (Figure 2d). The proximal segment 

of SSBs give rise to the glomeruli, the most complex segment of each 

individual nephron. Each glomerulus is composed of endothelial, 

mesangial and podocyte cells. Wt1 expression is restricted to the 

presumptive podocyte layer and acts suppressing Pax2 expression which 

seems essential for podocyte maturation (Ryan et al., 1995). The 

developing podocyte precursors release vascular endothelial growth 

factor (Vegf) that attracts endothelial cells that contribute to the 

formation of the mature glomerulus (Eremina et al., 2003). At this stage 

endothelial cells produce factors, including the platelet-derived growth 

factor (Pdgf), that supports the differentiation of mesangial cells the 

supportive cells providing (Lindahl et al., 1998)structure and elasticity 

to the capillary tuft (Figure 2d). The glomerular basement membrane 

(GBM) generated by the podocytes separates the endothelial and 
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mesangial cells from the urinary space. Importantly, the foot processes 

of the podocytes create the slit diaphragm, a unique type of tight junction 

which defines the specific pore size essential for the selection of the 

molecules that will traverse the filtration barrier and enter the urinary 

space. Importantly, there is a specific complex of proteins, including 

Nephrin (Boute et al., 2000), Podocin (Roselli et al., 2002), CD2AP 

(Barletta et al., 2003), and Neph1(Shih et al., 1999), that are essential for 

maintaining the slit diaphragm and foot process function, and therefore, 

to maintain the integrity of the filtration barrier. The urinary space is 

surrounded by the parietal glomerular epithelium and exits into the 

proximal tubule (Quaggin & Kreidberg, 2008; Schell et al., 2014). By 

the end of kidney development, by E18.5, the different nephron segments 

(vascular loop, podocytes, Bowman’s capsule, proximal convoluted 

tubule, intermediate segments with Henle’s loop, distal convoluted 

tubule and collecting duct) are in change of particular physiological 

functions such as blood filtration, pH regulation, and the reabsorption of 

solutes (Figure 2e).  

Renal stromal cells 

During kidney development, in addition to the UB and CM, there is 

another important source of metanephric regulatory signals, these are the 

renal stromal cells. These mesenchymal cells do not undergo MET and 

are found in a disperse manner between the forming nephrons. This cell 

population is critical for the regulation of the Nephron progenitor cells 

(NPCs) and UB development. Together with NPCs, renal stromal cells 

secrete  Gdnf in the MM to promote UB branching (Magella et al., 2018). 

Additionally, the renal stromal cells produce retinoic acid (RA) which in 

turns upregulate expression of Ret in the UB and therefore contribute to 

UB branching (Rosselot et al., 2010). Another function of the renal 
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stromal cells during kidney embryonic development is to control NPCs 

expansion via FAT4 protocadherin expression which binds to DCHS1/2 

cadherin-related protein in MM while restricting NPCs self-renewal 

(Bagherie-Lachidan et al. 2015; Mao, et al 2015). Finally, renal stromal 

progenitor cells give rise to all the cell types that comprise the mural cell 

layer of both the renal blood and lymphoid vessels along with other 

relevant cell types such as glomerular mesangial cells or pericytes. All 

these cells comprise the renal interstitium whose function, a part 

providing structural support to kidney through the production of the 

extracellular matrix (ECM) production is to fulfill important endocrine 

functions with the identification of interstitial renin- and erythropoietin-

producing cells (Zeisberg & Kalluri, 2015). 
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2. Study of kidney development  

Developmental biology aims to uncover fundamental aspects of 

organ formation. This complex process, so-called morphogenesis, 

involves the interaction of genetic programs that work in concert with 

diffusible gradients and changes in the properties of the physical 

microenvironment. For many decades, the understanding of kidney 

development has been possible thanks to the possibility to isolate and 

grow ex vivo developing kidneys from many different species. As early 

as 1952, Moscona and Moscona (MOSCONA & MOSCONA, 1952) 

developed in vitro culture systems to dissociate and re-aggregate cells 

from organ rudiments of the early chick embryo. Further work in the 

field of developmental biology paved the way to monitor early steps of 

organ re-assembly ex vivo leading to seminal discoveries in the field of 

kidney development. Nowadays, our understanding of kidney 

morphogenesis largely relays on those first studies from where tissue 

Figure 2.  Key events driving nephron induction and patterning. (a) At 

E11.5 the UB has branched, forming a T-shaped structure. Each UB tip is 

surrounded by the cap mesenchyme (CM). Reciprocal signaling between the 

CM and UB, as well as signals coming from the surrounding stromal cells 

(RA), maintain the UB branching and promote the formation of the pre-tubular 

aggregates from the CM. Pre-tubular aggregates (PTAs) formation respond to 

Wnt9b action and Pax8, Fgf8 and Wnt4 are early markers of this CM 

condensates. Wnt4 initiates the mesenchymal-to-epithelial transition (MET) 

and induces the formation of the renal vesicle (RV) (b) that further gives rise 

to a Comma-shaped body (c) and then a S-shaped body (d). Wnt-β catenin 

signaling activates Lhx1 that controls the expression of Brn1 and Dll1 in the 

presumptive distal precursors of the nephron, while the proximal nephron 

development depends on Notch signaling. Angioblasts invade the proximal 

cleft of the S-shaped body and contribute to the glomerular capillary. The distal 

portion of the S-shaped body fuses with the collecting duct and the nephron 

patterning events along the proximal-distal axis result in the formation of a 

patterned nephron (e). Illustrations reproduced and adapted from: (a) (Davidson 

2008) and (b,c,d,e) (Schedl 2007). 
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dissociation and organotypic culture condition techniques have provided 

key information for the establishment of culture systems to understand 

human kidney development.  

2.1  Kidney organogenesis study 

The culture of whole developing and post-natal organs has been 

a major field of study since the early 1950s. A key advancement in the 

field was established by Grobstein  (1956) who first defined an in vitro 

culture method that sustained the culture the mouse metanephric kidney 

(GROBSTEIN, 1956). This study and further experiments showed that 

kidney organogenesis has the great advantage to occur in ex vivo culture, 

which allows the study, in a dish, of many aspects of its development, 

particularly branching morphogenesis of the collecting duct system and 

nephrogenesis. Additionally, over the last decades, important advances 

in fields like microscopy, live imaging, cell biology and specially 

genetics have been extremely valuable for increase the knowledge of 

embryonic development processes. More recently, genetic analyses 

show the conservation of genetic hierarchies across divergent species, 

showing the common origin of the embryonic kidney in all vertebrates, 

despite adult kidneys are specifically adapted to species-specific needs 

(Gregory R Dressler, 2006). 

Traditionally, mice have been the primary model to study kidney 

due to the similar structural organization between the mouse and human 

kidney. However, mammalian kidney complexity also makes 

challenging the study of its development. To overcome this issue, it is 

crucial that among the different animal species, each kidney is comprised 

of similar cell types and performs common renal functions.  
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2.2  Animal models and cell sources to study kidney 

development and disease 

The three separates kidney types that arise during embryogenesis 

make kidney development in amniotes unique (Davidson, 2008). The 

acquisition of extra kidney structures seems to respond to the transition 

from a freshwater proto-vertebrate to a dry terrestrial environment (H. 

W. Smith, 2011). In lower vertebrates with freshwater larvae, the 

pronephric kidney regulates water excretion and prevents early dead by 

edema. The mesonephric kidney responds to increased demands on 

waste extraction and fluid homeostasis, associated with bigger animals. 

The unique ability of the metanephric kidney of conserving water, is 

what allowed the transition of the amniote to the dry land (Vize et al., 

1997). Despite their differences, each type of kidney present similar 

types of cells and regulates common renal functions, what means that 

genes driving the development of one kidney type are also re-employed 

in the other. Therefore, other nonmammalian vertebrate species, such as 

frog, fish and chick, that present simpler kidneys, have been key for the 

study of the inductive signals and cellular processes at the single nephron 

level, and investigate genetic mechanisms and cell processes that shape 

kidney development. 

2.2.1 Amphibians  

In contrast with mammals, amphibians present a kidney that is 

less complex and with a faster development. The study of inductive cell 

signaling events and morphogenesis in amphibians such Xenopus is 

possible due to the fact that analogous genetic networks regulate 
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mammalian and amphibian nephric organ development (Krneta-Stankic 

et al., 2017). 

Xenopus present several advantages that complement the 

mammalian models in the study of nephrogenesis. Xenopus female 

develops the eggs externally and in a large number (100-500), enabling 

easy manipulation and visualization during all the development (FOX, 

1963; Krneta-Stankic et al., 2017). As previously mentioned, all 

vertebrates in early stages present primitive embryonic kidneys that 

eventually will be replaced by more complex adult kidneys (pro-, meso-

, metanephros). The mammalian pronephros are nonfunctional and will 

be replaced by the mesonephros, and finally by the metanephros, the 

adult kidneys (Saxén & Sariola, 1987).  

Xenopus embryos develop the pronephros as fully functional 

kidneys after 2-3 days of fertilization, and each pronephros consists of a 

single nephron with structural and functional similarities with the 

mammalian nephron (Wessely & Tran, 2011). Therefore, amphibian 

pronephros can be divided in three domains: the glomus (responsible for 

blood filtration), the tubules and the duct (responsible for filtering and 

eliminating waste products) (Brändli, 1999).   

The conservation of the genetic mechanism that specify early 

kidney development, make the Xenopus one of the most excellent model 

systems for genetic screens and tissue transplantations assays. 

Experiments showing the ability of isolated mesodermal explants from 

presumptive pronephric regions to form glomus tissue and nephric 

tubules in culture has been key to study pronephric development 

(Brennan et al., 1998; Vize et al., 1995). The Xenopus embryo has been 

used to demonstrate the in vitro induction of nephric tubules in isolated 
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animal cap explants (mass of undifferentiated cells) when treated when 

specific doses of Activin A and RA (Moriya et al., 1993; Osafune et al., 

2002). These experiments have been critical to assess the role of these 

morphogens in the differentiation and proliferation of mesodermal 

tissues. These experiments have been also fundamental to assess the role 

of Notch signaling in proximal-distal patterning of pronephros in where  

Notch-1 seems to regulate the decision between pronephric duct and 

tubule cell fate in Xenopus (McLaughlin et al., 2000).  

Importantly, it has been showed that in vitro-induced pronephros 

are capable of restoring the function of native pronephros in host 

Xenopus embryos in which the kidney rudiments were removed (T. C. 

Chan et al., 1999). Moreover, Xenopus embryos and tissue explants are 

a good tool for high-throughput drug screening and for drug 

development, and given that the embryos develop outside of the mother 

the formation of the pronephric tubules can be visualized in vivo (Kyuno 

et al., 2008; Schmitt et al., 2014; Tomlinson et al., 2012). Live imaging 

experiments in Xenopus kidneys has allowed to visualize the cellular 

movements during nephrogenesis, such the convergent extension 

movements during tubule formation (Lienkamp et al., 2012).  

Therefore, Xenopus is a simple and fully functional model of 

nephrons and pronephros. These great advantages also offer the 

possibility to use this animal model in ex vivo organ culture assays 

modulating the environmental factors and assessing the impact in tissue 

development. 
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2.2.2 Zebrafish 

Zebrafish is another lower vertebrate with freshwater larvae, like 

Xenopus, presenting a pronephric kidney that plays a critical role in water 

excretion and prevents embryo early death by edema (Iain A Drummond, 

2005). Zebrafish pronephros consists of a single midline glomerulus 

filter from the dorsal aorta and drains into two, mediolateral pronephric 

tubules that empty into converging ducts (Iain A Drummond, 2005). 

Zebrafish as model of vertebrate organogenesis presents several 

advantages that made it an ideal tool for studies of kidney development 

and disease. Zebrafish embryos are transparent and grow outside the 

mother, facilitating the observation and manipulation. What is more, 

they present highly fecundity and rapid development, being free-

swimming larvae after 2.5 days (Kimmel et al., 1995), this allow the 

study of cellular processes and genes controlling kidney development in 

a short period of time. Additionally, despite being simple in form, 

zebrafish pronephric glomerulus presents different cell types that are 

normally presented in higher vertebrates (endothelial cells, podocytes 

and polarized tubular epithelial cells) (I A Drummond et al., 1998).  

These characteristics together with the advances in gene targeting 

strategies, make zebrafish the ideal tool for mutagenesis screens, and a 

perfect in vivo system to model mammalian diseases affecting 

glomerular and tubular development. 

Taking advantage of the common features between zebrafish 

pronephric podocytes and mammalian podocytes several defects on 

glomerulus formation have been studied. Experiments using mutant 

embryos with defects on their vasculature, support the idea that Vegf 

secreted by the podocyte acts attracting and assembling the glomerular 
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capillary tuft (Majumdar & Drummond, 2000). The relevance of 

degradation and remodeling of the GBM in the capillary tuft formation 

has been assessed with zebrafish mutants that fail to express specific 

matrix protease (Serluca et al., 2002). Remarkably, zebrafish podocytes 

also show slit diaphragms between their foot processes, being one of the 

major characteristics of mammalian glomerulus blood filter (Reiser et 

al., 2000). As previously mentioned, specific proteins such Nephrin and 

Podocin are key for maintaining the filtration barrier integrity. Therefore, 

defects on the formation of the slit diaphragm result in proteinuria or 

filtration on high molecular weight proteins (Roselli et al., 2002; 

Ruotsalainen et al., 1999). Glomerular filtration assays taking advantage 

of zebrafish homologs of Podocin and Nephrin offer a model of study of 

human proteinuria (Iain A Drummond, 2005). 

This animal model also enables to study defects on kidney tubule, 

such polycystic kidney disease, one of the most common human genetic 

diseases (Calvet & Grantham, 2001). Several studies have identified 

genes that when mutated resulted in cystic pronephroi, including: 

Polycistin (Pc) 1 and Pc2 (mediate calcium entry) (Nauli et al., 2003), 

Nek8 (member of the serine/threonine kinases) (Liu et al., 2002) or Nphp 

proteins (regulate function of basal bodies and/or cilia) (Otto et al., 2003) 

or Hnf1-β (regulate other cyst-associated genes) (Sun & Hopkins, 2001). 

 

The fact that genes mutated in human diseases are also key for 

the development and function of the zebrafish pronephros, together with 

the amenability of this model system to genetic manipulation strategies, 

makes this animal model an excellent system to study genes function and 

cell-cell interactions that underline kidney development and disease. 
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2.2.3 Chicken 

In avian embryos the regulation of the ion and water homeostasis 

relies on the developing metanephric kidneys and on the chorioallantoic 

membrane (CAM) (Bolin & Burggren, 2013). Early in development, the 

embryo depends on the CAM to regulate ion and water balance, but as 

the development proceeds, the mesonephric kidney, later replaced by the 

metanephric kidney, assumes increasingly important roles in water 

balance, ion regulation and nitrogenous waste excretion (Gabrielli & 

Accili, 2010). 

The CAM comprises amniotic and allantoic compartments that 

serves as sources/sinks for both fluid and electrolytes (Graves et al., 

1986). During avian embryo development, the kidneys develop in a 

similar manner that in mammals and reptiles, showing successive 

nephron types change as the embryo develops. First, the pronephros 

emerges from the surrounding mesoderm, and it is quickly replaced by 

the mesonephros that start to grow around E3. Around E15 the 

mesonephros degenerates as it is replaced by the metanephros (definitive 

kidney) (Friedmann, 1960). The avian metanephric kidney present 

nephrons with extended tubular loops and large glomeruli (“mammalian-

type” of nephron), and also nephrons with shorter loops and smaller 

glomeruli (“reptilian-type” of nephron) (Narbaitz & Kacew, 1978). 

The avian kidney has been extensively used to study the 

mechanism governing kidney development. (Garreta et al., 2020).By the 

1940s, different researchers demonstrated that growing tissue removed 

from the avian limb rudiment would rearrange and pattern in vitro 

(RUDNICK, 1946) and in ovo (SAUNDERS, 1947) . In addition, 

disaggregated and reaggregated chick embryonic kidneys became proper 
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kidney epithelial tubules surrounded by mesenchyme-derived stroma in 

culture (MOSCONA & MOSCONA, 1952)  These experiments 

pinpointed that cell reaggregation could result in self-reassembly of 

tissue-like structures, whereby cells organized autonomously into pre-

patterned structures. Paul Weiss and A. Cecil Taylor (1960) showed that 

when chick embryonic cells from different organs at advanced stages of 

development were reaggregated and grafted into a highly vascularized 

“neutral environment”, as the CAM, the resulting “cell-masses” formed 

well-organized organs ex vivo (Weiss & Taylor, 1960).  Interestingly, in 

that study the authors highlighted the phenomenon of self-organization 

as the major cause driving morphogenesis instead of “external 

inductions”, which was the major trend explaining development at that 

time (Weiss & Taylor, 1960). 

Chick embryo has been used in induction experiments to study 

the role of specific morphogens during kidney development. In the 

context of signals driving IM specification, it has been showed that in 

the chick embryo the specification of Pax2-positive IM requires contact 

with axial mesoderm (Mauch et al., 2000). The role of Bmps as potent 

ventralizing factors has been studied in Xenopus, zebrafish, and chicken, 

showing that this proteins act during gastrulation to determine the size 

and location of the IM along the medial-lateral axis (James & 

Schultheiss, 2005; Kishimoto et al., 1997). Another experiment in chick 

embryos showed that Bmps are also required after gastrulation to drive 

specific events of metanephric development, such nephric duct 

formation (Obara-Ishihara et al., 1999).  

Renal function in mammals and birds share many similarities, 

most importantly in the development and maturation of the kidney, being 



I. INTRODUCTION 

21 
 

a key model to use in the investigation of different of this organ 

development and function. Despite differences in organ morphology 

between the different types of kidneys presents in vertebrates, all the 

cited studies collectively show that many parallels do exist at the cellular 

and molecular level between all these different model systems. 

Nevertheless, the study of the metanephric kidney relays on the use of 

mammalian animal models.  

2.2.4 Mouse models 

The use of murine models for the study of mammalian kidney 

development has experienced incredible advances in the last decades. 

This has been possible thanks to the progression in techniques such, 

organ culture, gene targeting (allowing the creation of transgenic 

knockin and kockout animals), and the isolation of embryonic stem cells 

in culture.  

Kidney in vitro culture 

Kidney culture methods set up had as central event Clifford 

Grobstein (1956) studies, who is considered the “father of kidney organ 

culture”. In his pioneering studies, Grobstein separated mouse 

embryonic kidney rudiments at E11.0, isolating the mesenchyme from 

the UB epithelium leading to the observation  that none of them 

developed separately (GROBSTEIN, 1956). This seminal experiment 

showed the necessity of inductive signals between these progenitor 
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tissues for the proper development of the kidney while providing an ex 

vivo culture platform study kidney organogenesis (Figure 3). 

 

Grobstein assay and its ulterior variants allowed the study of the 

basic mechanisms of renal development. Of importance, the work of 

Saxen and colleagues (1987) (Saxén & Sariola, 1987) showed that it was 

possible to culture mouse embryonic isolated MM under a specific 

inducing condition. In this regard, it was shown that the MM is 

competent to respond to inductive signals from several embryonic 

Figure 3. In vitro culture of E11.5 mouse embryonic kidneys (a) Bright-

field images of E11.5 mouse kidney grown in culture for 0, 3 and 7 days. Scale 

bar: 0.5 mm.(b) Immunofluorescence of E11.5 mouse kidneys after 7 days in 

culture and stained for different renal markers to show maturation. Calbidin 

(Calb) is a marker of the UB (green) and Laminin a marker of the basement 

membrane (red) (upper panel). Ecad is a marker of the UB (green) and distal 

tubule and Wt1 a marker of podocytes and CM (red) (lower panel). Scale bar: 

100 µm. 
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tissues, including the embryonic spinal cord (eSC) (Saxén & Sariola, 

1987). This seminal discovery demonstrated that nephrogenesis 

induction is permissive rather than instructive, as renal MM is already 

committed to generate renal epithelial tubules regardless of the origin of 

the inductive signals. 

Importantly, the in vitro culture of mice developing kidney 

culture has helped to study other transcription factors and signaling 

pathways that can act as mesenchymal inducers. Chemicals as lithium 

has been studied as putative inducers of MM. Lithium chloride by 

inhibiting Glycogen Synthase Kinase-3 (GSK-3) disrupts the Wnt/β-

catenin signaling and allows MM formation (J A Davies & Garrod, 1995; 

Halt & Vainio, 2012). Inhibition of GSK-3 implies the cytoplasmic 

stabilization of β-catenin which leads to the activation of target genes 

(Kuure et al., 2007). Further studies using lithium chloride, 

bromoindirubin-3’-oxime (BIO), or 6-[[2-[[4-(2,4-dichlorophenyl)-5-(5-

methyl-1H-imidazol-2-yl)-2-pyrimidinyl]amino]ethyl]amino]-3-

pyridinecarbonitrile (CHIR99021) showed that by inactivating GSK-3, 

they act preventing MM apoptosis and enhancing tubulogenesis (Ye et 

al., 2012). Other molecules can also interfere with the Wnt signaling and 

act blocking kidney development. Experiments with the inhibitor of Wnt 

production 2 (IWP2) and the inhibitor of Wnt response 1 (IWR1) showed 

inhibition of correct kidney formation (Voronkov & Krauss, 2013). 

These studies reinforce the relevance of Wnt/β-catenin signaling in 

tubulogenesis.  
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Mouse transgenic models 

The combination of genetic models and the different systems to 

culture ex vivo the mouse developing kidney has allowed to start 

elucidating on the role of specific genes during embryogenesis.  

Several knock-out or loss-of-function mouse models have 

confirmed the relevance of specific genes during UB outgrowth and MM 

induction. Mutants for Pax2 (G R Dressler et al., 1990; Rothenpieler & 

Dressler, 1993), Wt1 (Kreidberg et al., 1993) or Sall1 (Nishinakamura et 

al., 2001b) showed how UB failed to grow while the MM stayed 

uninduced. Regarding factors involved in UB growth and branching, 

mutants of Ret receptor (Shakya et al., 2005) or regulator factors such 

Wnt11, Fgf, Egf, resulted in kidney agenesis or impaired UB branching 

(Jamie A Davies, 2002). In the same manner, defects in negative 

regulators also affects UB branching. This was demonstrated in Bmb4-

null embryos which showed ectopic UBs (Miyazaki et al., 2000). It has 

been also reported that  in transgenic animal models for genes driving 

MET and nephron patterning events, as Wnt9b mutants (Carroll et al., 

2005), there is failure to form PTAs and as consequence to undergo 

tubulogenesis. Also, that mice  deficient for Notch2 (Cheng et al., 2007) 

lack glomeruli and proximal tubules. Studies of genes involved in 

podocyte formation such as Vegf, showed that when Vegf expression is  

blocked or genetically abrogated,  the formed glomeruli lack  capillary 

tuft and present important  vascular defects (Kitamoto et al., 1997; Sison 

et al., 2010).  

All these studies show that in vitro kidney culture is a valuable 

tool, however it presents important limitations. Kidneys is a complex 

three-dimensional (3D) organ, therefore when cultured in two-



I. INTRODUCTION 

25 
 

dimensions (2D) on the top of culture filters the morphology of the UB 

branching is not equal as in vivo. This limitation showed the need for 

developing 3D culture techniques.  

3D culture approaches 

It has been reported that the culture of UB in ECM compounds 

such Matrigel or collagen IV, together with the addition of growth 

factors, results in a branching pattern similar to the in vivo UB (Meyer et 

al., 2004). Similarly, the Davies group developed a variant of the 

Grobstein assay, the so-called dissociation-reaggregation assay (Figure 

4a,b). In their work, the authors isolated mouse kidney MMs and UBs 

between E11.5 and E13.5 and further dissociated the embryonic tissues 

into singe-cell suspensions which were then reaggregated and cultured 

using standard organotypic culture conditions. To reduce cell apoptosis, 

the authors transiently cultured the kidney  reaggregates with Rho kinase 

inhibitors observing that the kidney structures formed present normal 

morphology, expressed correct differentiation markers and were 

attached at their distal ends with the UB (Unbekandt & Davies, 2010). 

With this work the authors were able to stablish a 3D culture method for 

the generation of kidney tissues alike to the normal mouse embryonic 

kidneys (Figure 4a,b) 

The dissociation-reaggregation assay opened the door to the 

generation of chimeric kidney rudiments ex vivo by mixing different cell 

types and testing their nephrogenic potential (Figure 4c). By mixing cells 

genetically modified before reaggregation these works also asses the 

contribution of the specific genes to nephron formation (Junttila et al., 

2015; Unbekandt & Davies, 2010).  
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Mouse embryonic stem cells  

 As early as during 1964 Kleinsmith and Pierce showed on a 

rare type of tumor, called teratocarcinoma which contained cells that 

were both pluripotent and self-renewing (KLEINSMITH & PIERCE, 

Figure 4.  Kidney disaggregation-reaggregation assays for the study of 

kidney development ex vivo. (a) E11.5 mouse kidneys are dissociated into 

single cell suspensions and further reaggregated and cultured ex vivo. 

Representative immunofluorescence images of the generated mouse kidney 

reaggregates showing MM (Wt1, in red) and UB (Gata 3, in green) positive 

structures. Notice the formation of multiple small branching UBs rather than 

the single normal-tree arrangement. Scale bar: 100 µm, 

50µm.  (b) Dissociated mouse MM is combined with intact mouse UB and 

cultured ex vivo. Representative immunofluorescence images of the generated 

mouse kidney reaggregate showing MM (laminin, in red) and UB (Calbidin, 

in green) positive structures.  Nephrons are arranged around one single-

collecting duct. Scale bar: 100 µm, 50 µm. (c) hPSC-NPCs are 

combined with cell suspensions from dissociated E11.5 mouse kidneys and 

cultured for 5 days to assess the ex vivo capacity of hPSC-NPCs to further 

engraft into nascent tubular or glomerular developing 

structures. Representative immunofluorescence images of chimeric kidney 

reaggregates showing nascent nephron structures (Pax8, in green) in 

where human cells (HuNu, in red) engraft in both glomerulus- or tubular-like 

structures (Wt1, in white). Magnified area shows human cells (HuNu, in red) 

in the proximal segment of a developing nephron structures (Pax 8, in red) a 

nascent glomerular-like structure. Scale bar: 250 µm, 50µm  
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1964). Pluripotent means the capacity of an individual cell to give rise to 

all other cell types of the body and the germline. This property is 

normally restricted to a brief window in early development. Self-renewal 

refers to the intrinsic ability to produce identical daughter cells while 

retaining the ability for differentiation. As such, it is the defining feature 

of a stem cell. The study of teratocarcinoma stem cells led to the 

definition of culture conditions sustaining for their propagation ex vivo 

while preserving their pluripotent capacities, that is with no spontaneous 

differentiation. In 1981 Martin Evans, Matt Kaufman and Gail Martin 

found that cells from early mouse embryos exposed to the same culture 

environment as the one defined  by Kleinsmith and Pierce could suspend 

embryonic stem cells developmental progression and continue to 

multiply while remaining pluripotent (Evans & Kaufman, 1981). From 

that moment mouse embryonic stem cells (mESCs) provided a crucial 

tool for manipulating mouse embryos to study mouse genetics, 

development and physiology. In this regard, mESCs have not only 

revolutionized experimental mammalian genetics but, with the advent of 

equivalent human ES cells (hESCs), have now opened new vistas to 

understand renal differentiation in the Petri dish. In this regard, the 

strategy to developing an in vitro differentiation method for the 

generation of renal cells has been to recapitulate embryonic kidney 

development. 

 With regards to kidney differentiation, almost all mouse 

differentiation protocols use embryoid bodies (EBs) as an intermediate 

step to generate renal progenitor cells.  Kim and Dressler   were the first 

authors to use a combination of Activin A, Bmp7, and RA to differentiate 

mouse PSCs into renal cells (D. Kim & Dressler, 2005). By a first step 

inducing EBs from undifferentiated mESCs the authors committed the 
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initial mESCs cultures into cells expressing markers for IM and early 

derivatives of the MM, such as Pax2, Wt1, Lim1, Gdnf, Cadherin-6, and 

Eya1. In addition, the authors injected the resulting cells into developing 

kidneys and observed their integration into tubules, along with the 

expression of proximal tubule markers. Following this work, Morizane 

and colleagues  used mouse induced pluripotent stem cells (miPSCs) 

generated from mouse fibroblasts which upon EB induction were further 

committed into cells  expressing Six2, Wt1, Pax2, Nephrin, and KSP (the 

last one being a tubular specific marker) (Morizane et al., 2009). During 

the entire process, Activin A, Gdnf, and Bmp7 or only Activin-A were 

added to the differentiation media. When the three nephrogenic factors 

were used, the authors found that the miPSC could differentiate into 

MM-like cells, while the sole use of Activin A enabled for the generation 

of tubular-like cells (Chow et al., 2020).  

2.2.5 Human pluripotent stem cells 

  NPCs can be isolated from the mouse embryonic kidney and 

it has been recently described on the possibility to identify cell culture 

conditions for their expansion in vitro raising the prospect of 

nephrogenesis in vitro (Brown, et al 2015). Nevertheless, access to NPCs 

from human embryonic kidney is not affordable and rises important 

ethical concerns. An alternative to recreate NPCs stands in the 

identification of human cell sources with renal differentiation potential. 

In this regard, human pluripotent stem cells (hPSCs) due to their inherent 

functional properties represent a unique cell source to virtually generate 

any cell type of our body. Profiting from this characteristic both hESCs 

(Thomson et al. 1998) and human induced pluripotent stem cells 

(hiPSCs) (Takahashi et al. 2007) are being used to phenocopy early steps 
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of tissue specification and differentiation. This has resulted in the 

establishment of cell culture procedures which recapitulate 

developmental signals by culturing hPSCs in front of cell culture media 

containing soluble factors or chemical compounds emulating the 

biochemical signaling that hPSCs encounter during tissue development. 

These approaches are largely relaying in the use of other external stimuli 

as the presentation of ECM proteins promoting differentiation or the use 

of supportive cells that act as producers of paracrine signaling in these 

culture systems. 

3. Derivation of kidney organoids from hPSCs  

3.1 Major milestones in the field of kidney organoid 

derivation 

Accumulated findings on the genetic mechanisms and cell 

processes that shape kidney development using animal models such as 

chick and mouse have been crucial when providing a correct 

understanding of early kidney embryogenesis. Because most of our 

knowledge on kidney development is derived from these model 

organisms, it is expected that a better knowledge of how human kidney 

development proceeds will result in our comprehension on species-

related differences and to envision new strategies to regenerate the 

human kidney. Despite the difficulty in accessing human embryos and 

their ethical use, the field has recently been able to investigate human 

embryonic kidney samples. These works have started to shed light on 

differences between human and mouse kidneys. (Lindström, et al. 2018). 

With the advance of powerful tools such as single-cell RNA-sequencing 

(scRNA seq) it is now possible to start performing a thorough 
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characterization of the multiple cell types encountered in the human 

kidney as well as the proportion of a specific cell population with respect 

to the others. When generating this data sets from mouse and kidney 

organs at different stages during embryonic development the resolution 

of differentiation state and spatial distribution at single cell level may 

help to improve our understanding on kidney development. To date 

different reports have defined culture conditions for the isolation and 

expansion of embryonic kidney cells (reviewed in  Shankland et al. 2007; 

Romagnani, et al 2013a; Romagnani and Anders 2013b;). An alternative 

methodology for the generation of unlimited quantities of kidney‐related 

cell types is the differentiation of hPSCs. In the last few years 

independent research groups have described for the first time the 

possibility of generating different kidney populations from hPSCs. In 

this regard, Song and colleagues were the first to describe on the 

derivation of podocyte progenitor cells from hiPSCs. In their work the 

authors showed that hiPSCS-derived podocytes were efficiently 

integrated in mouse metanephric tissues. Yet, the question of which 

embryonic progenitor cells during development are equivalent to Song's 

iPSC‐immature podocytes remained to be answered (Song et al., 2012). 

In this regard, the recent work from Nishinakamura laboratory has shown 

on the derivation of podocyte-like cells using a hiPSCs reporter cell line 

to monitor the expression of Nphs1, this line was previously described 

by the same group (Sharmin et al., 2016). In this recent work the authors 

first employed mouse embryonic NPCs to define the experimental 

conditions to be used in Nphs1-GFP hiPSCs line, which consisted in the 

use of Wnt signaling to induce MET and podocyte differentiation, 

together with the inhibition of Tgf-β signaling to support the domination 

of the RV proximal domain which resulted in the suppression of other 
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nephron lineages. This approach enabled successful induction of human 

podocytes from PSCs with >90% purity exhibiting global gene 

expression signatures comparable to those of adult human podocytes 

(including foot process–like and slit diaphragm–like structures), and 

showed functional responsiveness to drug-induced injury (Yoshimura et 

al., 2019). In another approach, the group from Melissa Little has 

recently isolated 3D human glomeruli from iPSC-derived kidney 

revealing improved podocyte-specific gene expression, maintenance in 

vitro of polarized protein localization, and an improved glomerular 

basement membrane matrisome compared to 2D cultures. Importantly, 

in that same work the authors also showed that organoid-derived 

glomeruli retain marker expression in culture for 96 h, allowing for 

toxicity screening (Hale et al., 2018). 

Other protocols on the development of renal cell types were also 

described by Narayanan and colleagues who described on generation of 

renal epithelial cells from hESCs. The differentiated stem cells exhibited 

markers characteristic of renal proximal tubular cells and their precursors 

generating tubular structures in vitro and in vivo (Narayanan et al., 2013). 

By the same time, Mae and colleagues differentiated, for the first time, 

monolayers of hESCs towards IM making use of a reporter hiPSC line 

in which GFP was targeted into Osr1. In their work Mae and colleagues 

first performed a screen of ~40 different growth factors and identified 

that Bmp7 was the most potent inducer of Osr1 expression. Then the 

authors set up a straightforward methodology to generate IM-like cells 

out of different cell lines using monolayer cell culture or EBs, 

nonetheless the generated cells also showed signatures of other kidney 

mature cell types and limited tubular structures. To further explore on 

the identification of chemically defined medium sustaining for the 
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derivation of IM‐differentiated iPSCs the same group pursued the 

identification of two retinoid‐like molecules inducing IM derivation 

from iPSCs and further showed that the resulting IM-like cells exhibit 

the capability to differentiate into multiple kidney cell types, also 

developing 3D renal‐tubule‐like structures in ex vivo organ culture 

settings (Mae et al., 2013). 

Into the quest of straight forward procedures to generate kidney 

progenitor cells the Izpisua Belmonte laboratory did show on the 

possibility to generate, for the first time, UB progenitors from both 

hESCs and from hiPSCs derived from patients affected by polycystic 

kidney disease (PKD). Making use of a two‐step protocol the authors 

first induced mesodermal specification by Bmp4 and Fgf2. Then IM 

anteriorization was induced exposing the cells to RA, Activin A and 

Bmp2. After only 4 days in culture UB progenitor cells expressed 

Hoxb7, Ret and Gfra1. Moreover, when UB‐like‐hiPSC‐derived cells 

were co‐cultured with dissociated E11.5 mouse metanephric cells, UB‐

like‐hiPSC‐derived cells only integrated into cytokeratin 8 (Ck8) + UB‐

like structures, suggesting, for the first time, the induction of UB lineage‐

committed IM cells ex vivo (Xia, et al 2013). Another strategy was 

described by the Little group which developed different procedures for 

the generation of well‐characterized kidney progenitor cells from both 

hESCs and hiPSCs into IM first generating posterior primitive streak 

cells.  To achieve this, the authors generated a reporter hESC line for 

monitoring the expression of Mixl1 (a gene transiently expressed in the 

primitive streak during embryogenesis) by knock‐in GFP into the Mixl1 

locus. In this manner it was possible to individually generate UB cells or 

simultaneously generate MM and UB derivatives from hPSCs. Making 

use of re‐aggregation assays the authors assessed the differentiation 
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potential of both hPSCs derived MM and cells (M. Takasato et al., 2014). 

Interestingly, Lam and colleagues followed a different approach to 

efficiently generate Pax2+Lhx1+ IM cells that spontaneously form 

tubular‐like structures. Furthermore, the generated cells generated in the 

study of Lam and colleagues efficiently integrated into mouse 

metanephric cultures and differentiated into multipotent NPCs exhibiting 

a CM-like signature, including Six2, Sall1 and Wt1 markers (Lam et al., 

2014). In the same manner, Taguchi and colleagues reported on the 

derivation of both mESCs- and hiPSCs- which showed the ability to 

reconstitute 3D nephron‐like structures (including both glomerulus‐ and 

renal tubule‐like structures in vitro). These co-cultures made use of 

embryonic spinal cords as an external inducing source for kidney 

differentiation ex vivo (Taguchi et al., 2014). 

Based upon these findings, Imberti and colleagues derived NPCs 

from hiPSCs following a two‐step protocol by first exposing hiPSCs to 

RA, RhoA and PI3K inhibitors and Activin A to induce IM generation. 

Next IM‐committed hiPSCs were treated with Fgf2, Bmp7 and Gdnf for 

13 additional days to generate MM‐derived hiPSCs. Although other 

authors had already demonstrated the possibility of generating MM‐

derived hPSCs, in this work Imberti and colleagues demonstrated for the 

first time that hiPSC‐derived renal progenitors robustly engrafted into 

damaged tubuli restoring renal function (Imberti et al., 2015). Other 

approaches to recapitulate MM derivation were also reported by the 

group of Bonventre, which showed on the generation of 

Six2+Sall1+Wt1+Pax2+ NPCs with 90% efficiency after 9 days. More 

importantly, the authors proved that NPCs form hPSCs-derived kidney 

organoids (kidney organoids) in both 2D and 3D settings after 21–28 

days, containing epithelial nephron‐like structures expressing markers of 
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podocytes (Podxl, Nphs1), proximal tubules (Cdh2, Ltl), loops of Henle 

(Ecad, Umod) and distal tubules (Ecad, Brn1) mimicking nephron 

development. Importantly, the organoid culture system was used to study 

the mechanisms of proximal and/or distal tubular toxicity by exposing 

kidney organoids to chemical agents routinely used in animal models in 

vivo (Morizane et al., 2015). Along this same line, another work from the 

same laboratory, showed that kidney stem cells derived from hPSC can 

be induced to form spheroids mirroring tissue‐specific epithelial 

physiology. In this work, Freedman and colleagues were able to knock 

out Podxl , polycystic kidney disease (Pkd) 1 or Pkd2 genes by clustered 

regularly interspaced short palindromic repeat (CRISPR)/CAS9 RNA‐

guided nucleases CRISPR/Cas9, proving for the first time the feasibility 

of 3D renal‐derived structures to model human kidney disease 

(Freedman et al. 2015). 

 Then, the laboratory of Melissa Little went one step further in 

the generation of kidney organoids containing individual nephrons (~100 

nephrons/organoid) that further segmented into distal and proximal 

tubules, early loops of Henle and glomeruli containing podocytes 

elaborating foot processes. In this work the authors performed bulk RNA 

seq for transcriptomically profile the extent of kidney organoid 

differentiation also comparing the matureness of the generated organoids 

with human embryonic kidneys and demonstrated that upon 25 days of 

differentiation kidney organoids transcriptomically resembled the first 

trimester gestational kidney (Takasato et al. 2015). 

 Into the light of all these findings our group hypothesized that 

enhancing cell-to-cell contact by the aggregation of IM-hPSCs cells soon 

after their derivation would result in the generation of kidney organoids 
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with superior characteristics of renal differentiation. Following this logic 

our procedure resulted in the generation of kidney organoids with 

augmented differentiated features which were confirmed by an 

exhaustive analysis using both immunohistochemistry and bulk RNA 

seq, the later showing that our procedure led to the generation of kidney 

organoids which upon 16 days in culture transcriptomically matched the 

second trimester human gestational kidney (Garreta et al., 2019). Indeed, 

both these works benefit from already available organ-specific datasets 

and the use of KeyGenes (Roost et al., 2015) a machine-learning 

algorithm that accurately predicts the identity score of the different cell 

types present in organoids confirming the differentiation progression of 

kidney organoids towards the first (Takasato et al. 2015) or the second 

trimester kidneys, respectively (Garreta et al., 2019). All in all, these 

procedures highlight on the utility of hPSCs as unique cells sources to 

understand on the growth factor signaling required across kidney 

embryogenesis (Takasato and Little 2015). As a result, all these different 

approaches broadly use the same signaling pathways and arrive to 

different stages of differentiation in a remarkably congruent time frame 

supporting on the relevance of kidney organoids as a model human 

nephrogenesis (Little & Combes, 2019). 

3.2 Major drawbacks in the field of kidney organoid 

derivation 

Besides all the advances mentioned above, the kidney organoid 

field is already facing important drawbacks, which include the lack of a 

well-defined nephron progenitor population able to support 

nephrogenesis within the short lifespan of kidney organoids (~35 days in 

culture). In this regard, it is well known that nephrogenesis within the 
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mammalian kidney depends on the reciprocal interactions between the 

UB and the surrounding Six2+ CM, however, the majority of the 

protocols for the derivation of kidney organoids first differentiate kidney 

progenitor through the formation of NPCs that are then induced to 

epithelialize using a pulse of the GSK3 inhibitor CHIR (an analog of 

Wnt9b, the natural epithelialization stimulus in the mammalian 

embryonic kidney). Importantly, this single epithelialization induction 

differs from the process of differentiation in the native developing 

kidney, where cells at numerous stages of differentiation co-exist within 

the organ as recently described by McMahon laboratory (Lindström, et 

al. 2018). Following this logic, the laboratory of Oxburgh has recently 

shown that the asynchronous mixing of hPSCs-derived NPCs with 

epithelializing nephrons over time results in the generation of 

heterochronic organoids in where the proximal and distal nephron 

components preferentially derive from different cell populations. 

Furthermore, the resulting organoids were well vascularized when 

engrafted under the kidney capsule (Kumar Gupta et al., 2020). Thus, 

further studies exploiting this approach may increase our understanding 

on how to develop new venues to define new differentiation procedures 

sustaining for the derivation of NPCs supporting nephrogenesis. This 

basic knowledge will be of major benefit when envisioning new 

prospects for renal replacement applications.  

Another area of intense research stands in the definition of new 

approaches to provide a vascular compartment to kidney organoids. In 

this regard, in vivo vascularization (host-derived vascularization) of 

either hiPSC-derived nephron progenitor cell aggregates (Bantounas et 

al., 2018; Sharmin et al., 2016) or kidney organoids (Tanigawa et al., 

2018; van den Berg et al., 2018) has been partially achieved after 
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organoid transplantation under the kidney capsule of immunodeficient 

mice profiting from the high vascularization capacity of this tissue. In a 

different approach, our group has shown on the possibility to engraft 

kidney organoids onto the chick CAM showing host vascularization, but 

also the formation of capillary loop stage glomeruli-like structures with 

endothelial cells of human origin in close contact to podocyte-like cells 

(Garreta et al., 2019). Another recent study has designed a 3D printed 

chamber at the millimeter scale to culture hPSC-derived kidney 

organoids under constant fluid flow that sufficed for the expansion of 

endothelial progenitors within the organoids and a higher degree of 

vascularization compared to the static culture conditions (Homan et al., 

2019). Altogether, these findings indicate that the formation of 

functional vascular networks upon transplantation likely rely on the 

synergistic modulation of the microenvironment together with the 

formation of the proper interactions between the host vasculature and the 

endothelial-committed cells that do exist in hPSCs-derived organoids 

prior transplantation. This last point will benefit from recent findings 

showing on the generation of kidney organoids with enhanced 

endothelial cell compartment such as the recent findings reported from 

the Xia laboratory on the definition of a new procedure protocol to 

generate vascularized organoids by modulating Wnt signaling (Low et 

al., 2019). In their work the authors  took advantage of WNT signaling 

modulation to control the relative proportion of proximal versus distal 

nephron segments for the production of Vegfa , the major factor 

responsible for the maintenance of the glomerular vasculature (Eremina 

et al., 2003; Sison et al., 2010). More importantly, in the work from Low 

and colleagues made use of scRNA seq to further identify a subset of 

NPCs as a potential source of renal vasculature which was further 



I. INTRODUCTION 

38 
 

supported by the revelation of Six1+Cd31+ (Sall1+Cd31+) cells (Low et 

al., 2019). In this regard, recent work from McMahon laboratory has 

shown on the utility of single-nucleus droplet-based sequencing of the 

human fetal kidney for the identification of nephron, interstitial, and 

vascular cell types that together generate the renal corpuscles identifying 

factors predicting precursors or mature podocytes which express Fbln2, 

Bmp4, or Ntn4, in conjunction with recruitment, differentiation, and 

modeling of vascular and mesangial cell types into a functional filter (A. 

D. Kim et al., 2019). In vitro studies using primary cells from fetal 

kidneys proved that these factors exhibit angiogenic or mesangial 

recruiting potential also exerting inductive properties consistent with a 

key organizing role for podocyte precursors in kidney development. It 

will be interesting to challenge developing hPSCs kidney organoid to 

boost these processes. 

Another technical challenge, regardless of the approach used to 

induce vascularization, is to recapitulate embryonic branching 

morphogenesis in kidney organoids. As predicted from mice (Costantini 

& Kopan, 2010), recent analysis in the human fetal kidney would suggest 

that the collecting duct tips should be marked by Ret expression 

(Lindström, et al. 2018; Menon et al. 2018; Hochane et al. 2019). 

Nonetheless, there is no study showing Wnt9b expression in kidney 

organoids nor any evidence for the existence of UE. In this regard, the 

Melissa Little group referred to the Gata3+Ecad+ structures encountered 

in kidney organoids as collecting duct (Takasato, et al. 2015), however, 

in that same work RNA seq analysis did not reveal Wnt9b or Ret 

expression. Recently, the same group has referred to those structures as 

connecting segment (Little & Combes, 2019), which refers to the region 

of the nephron which bridges to the collecting duct epithelium (Little et 
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al., 2007). Nonetheless, the same group did not find that this presumptive 

connective segment derives from Six2+ cells as happens in mouse 

(Georgas et al., 2011) suggesting that this epithelium may arise from an  

UE during the time course of organoid formation. In this regard, the work 

from the Nishinakamura laboratory has been the only one providing a 

comprehensive overview on the distinct origins and developmental 

processes of the ureteric bud (Taguchi & Nishinakamura, 2017). 

Towards this aim the authors took advantage of the Hoxb7-GFP 

transgenic mouse line in order to establish a kidney reconstruction assay 

by modifying previously reported methods (Auerbach & Grobstein, 

1958; Ganeva et al., 2011; GROBSTEIN, 1953). Through the 

reaggregation of E11.5 MMs, including NPs and SPs with a wolffian 

duct or UB from E9.5, E10.5, and E11.5 E the authors were able to show 

that UB or WD from the E11.5 embryo would robustly branch in front 

of WD from E10.5 and E9.5. Importantly, the authors employed the best 

culture condition supporting WD-acquired branching capacity in order 

to further define the biochemical cocktail inducing the maturation of WD 

progenitors into UB-like cells. This information allowed for the 

derivation of novel culture procedures for the differentiation of mESCs 

into induced UB which effectively reconstructed the higher-order 

structure of the embryonic kidney by their assembly with NPCs and 

isolated renal embryonic stromal cells. Then the authors translated these 

findings to applying the different procedures using hiPSCs. All in all, the 

work of Nishinakamura showed that reassembled organoids developed 

the inherent architectures of the embryonic kidney, including the 

peripheral progenitor niche and internally differentiated nephrons that 

were interconnected by a ramified UE. Thus, exploiting the selective 

induction on hPSCs together with the reassembly of the different cell 
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types will be a powerful approach to recapitulate organotypic 

architecture in hPSC-derived organoids and to further assess on the role 

of human UB branching epithelium as an organizer of tissue geometry 

and cell viability during human embryonic kidney development. A 

summary of recent published reports on the generation of hPSC-derived 

kidney progenitors and kidney organoids is compiled in Table 1. 

 

 

 

 

 

 

 

 

 

 



Table 1. Main methodologies for the derivation of hPSCs-renal cells and hPSCs-kidney organoids. This table provides a 

comparison between the main protocols published for the derivation of hPSCs-renal cells (A) and hPSCs-kidney organoids (B) 

including schematic explanation of the protocol differentiation (steps, duration, growth factors, cytokines and cell lines used); 

renal cell types and renal structures obtained, and functional/validation and in vivo assays performed to assess the maturation 

and functionality of the derived renal cells generated. 

 

A) hPSCs-derived renal cells 

Song et al.              

(2012) 

 (d0-d3) EB formation: 10 ng/ml Activin A + 15 

ng/ml Bmp7 + 0.1 µM  RA        

(d3-d11) Glomerular podocytes: 10 ng/ml 

ActivinA + 15 ng/ml Bmp7 + 0.1 µM RA                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

                                                                                                                                                                                    

Cell lines used: Human iPSC (human kidney 

mesanglial cells)      

Derivation of hiPSC-derived podocytes showing 

protein localization of mesodermal and podocyte 

markers: Wt1, Pax2, Nephrin, Podocin and 

Synaptodin.

Contractile response to angiotensin II and 

endocytosis of FITC-labeled albumin.

Efficient integration into WT1-

positive glomerular aggregates 

in mouse metanephric tissues. 

Narayanan et al.    

(2013)

(d0-d20) Proximal tubular cells:  10 ng/ml 

Bmp2 + 2.5 ng/ml Bmp7 + 10 ng/ml Activin A + 

0.1 µmol/l RA                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

                                                                                                                                                                                    

Cell lines used: Human ESCs

Derivation of renal PTCs expresing Aqp1 and other 

markers of renal epithelial cells and PTCs, showing 

expression patterns comparable to  human PTCs.

Integration into CK18-positive tubular 

epithelia when injected into the cortex of 

kidney explants from newborn mice.                                                                       

                                                                                   

Response to PTH and GGT activity in vitro 

and under bioreactor conditions.

Formation of tubular-like 

structures in subcutaneous 

implants into immunodeficient 

mice.

Protocol Renal differentiation protocol hPSC-derived renal cells Functional and validation assays In vivo  validation

Detection of cells positive for 

renal markers such Aqp1, Ltl, 

Ecad and Dba, after 

transplanting Osr1+ cells into 

the epididymal fat pads of 

immunodeficient mice.

Generation of IM cells expressing Osr1 (90% 

postive cells) that differentiate into multiple cell 

types of IM-derived organs. Renal-like cells 

expressing specific markers of proximal tubule 

(Ltl/Aqp1), glomerulus (Pna, Podxl), epithelial 

markers (Cytokeratin, Ecad) and UB (Dba/Sall4).

Mae et al.               

(2013)

(d0-d2) Mesoderm:100 ng/ml Activin A + 3µM 

CHIR +/-  10µM Y27632  

(d2-d10) Early intermediate mesoderm: 100 

ng/ml  Bmp7 + 3µM CHIR 

(d10-d17) Intermediate mesoderm: 10 ng/ml 

Tgfβ1                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

                                                                                                                                                                                    

Cell lines used: Human iPSCs (201B6, 201B7, 

253G1 and 253G4) and human ESCs (H9, khES1 

and khES3)

Integration into mouse metanephric tissues and 

formation of tubule-like cells after co-cultuting 

of Osr1+ with mouse metanephric cells.
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Table 1. (Continued) 

Xia et al.                     

(2013)

(d0-d2) Mesoderm progenitors: 30 ng/ml Bmp4 

and 50 ng/ml Fgf2            

(d2-d4)Intermediate Mesoderm - Ureteric bud 

progenitors: 1µM RA + 10 ng/ml Activin A + 

100 ng/ml Bmp2                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

                                                                                                                                                                                    

Cell lines used: Human ESCs and human iPSCS  

(dermal fibroblasts)

Derivation of UB progenitors expressing Hoxb7, 

Ret and Gfra1 markers rather than markers from 

MM.  

Integration into Ck-8 + UB-like structures 

when co-cultured with dissociated E11.5 

mouse metanephric kidneys.

N/A

Ltl+ Ksp+ tubular structures 

injected beneath the kidney 

capsule of a immunodeficient 

mice, resulted in human 

growths expressing Aqp1

Generation of Pax2+ Lhx1+ IM cells . Upon growth 

factor withdrawal, IM cells give rise to tubular 

structures expressing Ltl/N-cadherin /Ksp. With the 

addition of Fgf9 and Activin A, the IM cells 

differentiates into CM nephron progenitors 

expressing Six2/Sall1/Wt1.

Lam et al.                

(2014)

(d0-d2) Mesoderm: 5µM CHIR                           

(d2-d4) Intermediate Mesoderm: 100ng/ml Fgf2 

+ 1µM RA                                                                     

(d4-d7) Cap mesenchyme:100 ng/ml Fgf9 + 10 

ng/ml Activin A                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

                                                                                                                                                                                    

Cell lines used: Human ESCs and human iPSCs 

(foreskin and dermal fibroblasts)

IM cells of d3 (Pax2+ Lhx1+) and d9 (Ltl+ 

KSP+) reaggregated with dissociated cells 

from wild-type E12.5 mouse embryonic 

kidney. Human d3 cells integrated into mouse 

metanephric interstitium, and human d9 cells in 

both mouse metanephric interstitium and 

within organized laminin-bounded structures 

containing mouse cells.   

                                                                                       

CHIR treatment to Six2+ cells  resulted in 

changes in cell morphology and formation of 

tubular-like structures (mimicking in vivo 

tubulogenesis)

Re-aggregation assays of Six2+  cells with 

mouse embryonic kidney  showed organization 

into clusters Ltl+ cells. 
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Table 1. (Continued) 
Strategy A:                                                                                                                                 

(d0-d2) Posterior Primitive Streak: 30 ng/ml 

Bmp4 + 10 ng/ml Activin A  

(d2-d6) Intermediate mesoderm: 200 ng/ml 

Fgf9 + 1µg/ml heparin 

(d6-d17) Metanephric mesenchyme and 

ureteric bud epithelium: 200 ng/ml FGF9 + 50 

ng/ml BMB7 + 0.1 µM RA + 1 µg/ml heparin

Derivation of PS cells (Mixl1+, Lhx1+) that 

differentiate into IM (Osr1+, Pax2+, Lhx1+) that 

simultaneously generate both MM (Six2+, Wt1+, 

Gdnf+, Hoxd11+) and UE cells (C-Ret/Hoxb7)

Prolonged differentiation showed UE structures 

(Ecad+) and surrounded by MM cells 

N/A

Reaggregation assays of 

dissociated mouse embryonic 

kidneys (E12.5-13.5) with d12-

13 hESC-derived renal cells. 

Integration only into MM and 

UE

Strategy B:                                                                                                                                 

(d0-d2) Posterior Primitive Streak: 8µM CHIR

(d2-d12) Intermediate mesoderm: 200 ng/ml 

Fgf9 + 1µg/ml heparin 

(d12-d18) Metanephric mesenchyme and 

ureteric bud epithelium:  no growth factors                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

                                                                                                                                                                                    

Cell lines used: Human ESCs and human iPSCs

Faster induction of kidney markers and more 

prolonged expression of MM genes. Identification 

of Gata3 co-expressing with Pax2+ UE with MM 

condensed tightly around the UE tips. Presence of 

Foxd1+ renal stroma cells.

Later differentiation showed  Ecad+ UE structures 

surrounded by clumps of MM (Wt1+, Six2+, 

Pax2+). The MM expressed early nephron/renal 

vesicles such Cdh6 and Jag1. 

                                                                                                                                          

hESC-derived kidney cells (d18) enzymatically 

dissociated into single cells, pelleted and cultured 

following standard culture conditions for embryonic 

mouse kidney rudiments.Within 4 days, detection of 

Ecad+ tubules expressing UE markers (Pax2+, 

Aqp2+) and proximal tubule markers (Aqp1+, 

Slc3a1+).

N/A

Reaggregation assays of 

dissociated mouse embryonic 

kidneys (E12.5-13.5) with d12-

13 hESC-derived renal cells. 

Integration into all major 

compartments of the 

developing kidney including 

UE,  early nephron/renal 

vesicles and nephron 

progenitor mesenchyme

Takasato et al.      

(2014)
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Table 1. (Continued) 

Imberti et al.                    

(2015)

(d0-d6)  Intermediate mesoderm: 0.1 µM  RA + 

5 µM LY294002 + 10 ng/ml Activin A (from d2 

to d4) 

(d6-d19) Metanephric mesenchyme:  50 ng/ml 

Bmp7 + 10 ng/ml Fgf2 + 15 ng/ml Gdnf                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              

                                                                                                                                                                                    

Cell lines used: Human iPSCs (SC101 A1) 

Generation of IM cells expressing Wt1, Pax8, Pax2, 

Six2 and SALL1 that progressively adquired renal 

progenitor phenotype expressing markers of 

nephrogenic zone(NCAM), and  markers of MM 

and glomerular cells (CD133,CD24). It was also 

assessed the expression of Claudin1 (glomerulus), 

and AQP1 and GGT1 (proxima tubule)

N/A

D12 MM-derived were 

intravenously infused into 

cisplatin-induced AKI mouse 

model. It was observed a 

robustly engraftment of the 

MM-derived cells into the 

damaged tubuli and restorment 

of renal function 

 

 

B) hPSCs-derived kidney organoids 

Taguchi et al.       

(2014)

Derivation of 3D neprhon-like structures 

showing roubust tubulogenesis and clustered 

podocyte formation. Formation of well-

specified nephron components: glomeruli 

(Wt1+, Neprhin+), proximal tubule 

(Cadherin6+) and distal tubule (Ecad+). 

N/A N/A

In vivo  validationProtocol Kidney organoid  derivation protocol Cell types within the kidney organoid  Functional and validation assays

(d0-d1) EB formation : 0.5 ng/ml Bmp4 + 10 µM 

Y27632                                                                                                                                                                                                                                                                                                                                                                                 

(d1-d2) Epiblast: 1 ng/ml Actvin A + 20 ng/ml Fgf2                                                                                                                                                                                                                                                                                                                                                                                  

(d2-d8) Posterior nascent mesoderm: 1 ng/ml Bmp4, 10 

µM CHIR                                                                                                                                                                                          

(d8-d10)Posterior intermediate mesoderm: 10 ng/ml 

Activin A + 3  ng/ml Bmp4 + 3µM CHIR + 0.1 µM RA + 

10 µM  

(d10-d13) Metanephric mesenchyme: 5ng/ml Fgf9 + 1 

µM CHIR + 10 µM Y27632                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

d14 NPCs co-cultured with mouse embryonic spinal cord 

(E11.5-E12.5)                                                                                                                                                                                                                                                                                                                                                                                                                                          

                                                                                                                                                                                    

Cell lines used:  human iPSCs (from dermal fibroblasts)                                                                                                                                                            
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Table 1. (Continued) 
Morizane et al.     

(2015)

Derivation of kidney organoids  with 

epithelial nephron structures expressing 

markers of podocytes (Wt1+, Podxl+, 

Nphs1+), proximal tubule (Ltl+, Aqp1+), 

loops of Henle (Ecad+, Umod+) and distal 

tubules (Ecad+), mimicking nephron 

development.

Kidney organoids exposed to DAPT ( Notch inhibitor) 

supressessed proximal tubular formation.  

Kindey organoids exposed to cisplantin and gentamicin 

(chemical agents used in animal models in vivo ), enabled 

assessment of  proximal and/or distal tubular toxicity 

N/A

Freedman et al. 

(2015)

Derivation of  nephron-like organoids 

containing cell populations with 

characteristics of proximal tubules (Ecad+, 

Ltl+), podocytes (Wt1+, Podxl+, Synpo+) 

and endothelium (Cd31+,vWF+). All major 

components of the developing proximal 

nephron are represented within each organoid 

in a kidney-like architecture.

Kidney organoids showed selective uptake of dextran and 

methotrexate cargoes in tubules, and expression of Kim1 after 

nephrotoxic chemial injury (cisplatin and gentamicin).                                                                                                                                                                                                                                                                                                                                                                                                                                       

                                                                                                                                                                                     

CRISPR/Cas9 knockout of Podxl and Pkd1, Pkd2 genes  for 

human kidney disease modeling.

Tubular organoids dissociated and 

implated into kidneys of neonatal 

immunodeficient mice. After 3 weeks, 

observation of Hna+ epithelial 

structures within mouse kindey 

cortex, with expression of Ltl at 

similar intensities as neighboring 

mouse tubules.

Takasato et al.     

(2015)

Derivation of kidney organoids with 

nephrons associated with collecting duct 

network sorrounded by renal interstitum and 

endothelial cells. Within each organoids 

identification of early podocytes (Wt1+, 

Nphs1+), proximal tubules (Ltl+, Ecad+), 

early loops of Henle (Umod+), distal tubules 

(Ecad+), collecting ducts (Pax2+, Gata3+, 

Ecad+) and endothelial network (Cd31+, 

Kdr+, Sox17+).

Proximal tubule endocytosis capacity by the selective uptake of 

dextran from the media.

Specific acute apoptosis in mature proximal tubules after 

cisplatin treatment.

RNA seq of kidney organoids, clustered kideny organoids at d11 

and d18 with first trimester human fetal kidney.

TEM analysis showed the presence podocyte-like cells aligned 

on a basement membrane and developing primary and secondary 

cell processes.

N/A

(d0-d4) Late primitive streak: 8 µM CHIR for ESCs, 10 

µM CHIR + 5 ng/ml Noggin for iPSCs  

(d4-d7) Posterior Intermediate mesoderm: 10 ng/ml 

Activin A

(d7-d9) Metanephric mesenchyme: 10 ng/ml Fgf9                                                                                                           

d9 NPCs aggregation into spheroids                                                         

(d9-d11) Pretubular aggregates: 3 µM CHIR + 10 ng/ml 

Fgf9                                                                                        

(d11-d14) Renal vesicle: 10 ng/ml Fgf9                                                                                         

(d14-d21) Nephrogenesis: no growth factors                                                                                                                                                                                                                                                                                                                                                                                                                                       

                                                                                                                                                                                    

Cell lines used: Human ESCs (H9) and human iPSCs 

(dermal fibroblasts).                                                                                                                                                                                                              

               

(d0-d7) Intermediate Mesoderm: 8 µM CHIR for 2-5d 

(CHIR exposure time determine anterior and/or posterior 

commitment) + 200 ng/ml Fgf9 + 1 µg/ml heparin for 2-

5d.                                                                                          

d7 IM cells aggregated into spheroids

(d7-d25) Nephrogenesis: 5 µM CHIR for 1h, then 200 

ng/ml Fgf9 + 1 µg/ml heparin for 5d and then non growth 

factor for another 6-13d.                                                                                                                                                                                        

                                                                                                                                                                                   

Cell lines used: Human iPSCs (CRL1502, clone C32)

(d0-d3) Sandwiched spheroid colonies: 10 µM Y27632, 

matrigel                                                                                               

d3 hPSC-derived spheroids directly differentiated into 

kidney organoid s

(d3-d16) Tubular organoid differentiation: 12 µM 

CHIR for 36h, then retrieved, media replacement every 3 

days thereafter                                                                                                                                                                                           

                                                                                                                                                                                   

Cell lines used: Human ESCs (H9 and WA09) and human  

iPSCs (foreskin and dermal fibroblasts)
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Table 1. (Continued) 
NPCs not cultured in 3D

N/A

Derivation of UB branching organoids, 

ureteric epithelium showed tips with cells 

expressing Sox9 and stalk regions with cells 

expressing Ck8.  Detailed analysis of the  tip 

region identified the typical ampulla or 

dichotomous bifurcation with cells 

expressing Pax2/Ecad. 

N/A

NPC induction (Modification of the previous reporter 

protocol (Taguchi et al. 2014))                                                                                    

(d0-d1)  EB formation: 10µM Y27632 + 1ng/ml Activin 

A + 20 ng/ml Fgf2                                                                                                                                                                                                                                                                                                                                                                                                                                                                          

(d1-d7) Posterior nascent mesoderm: 10 µM CHIR + 10 

µM Y27632                                                                                                                                                                                                                                                                                                                                                                                 

(d7-d9) Posterior intermediate mesoderm:   10 ng/ml 

AA + 3  ng/ml BMP4 + 3µM CHIR + 0.1 µM RA + 10 

µM  Y276321  ng/ml BMB4, 10 µM CHIR99021                                                                                                                                                                                          

(d9-d12) Metanephric mesenchyme: 5 ng/ml FGF9 + 1 

µM CHIR + 10 µM Y27632  

	                                                                                                                                                           

Reconstitution assays of induced NPCs and UB cells from 

mESCs with primary stromal progenitors generated murine 

organoids with nephrons interconnected by branched epithelium. 

These assays were NOT characterized with human cells in this 

report.

Evaluation of Pax2 knockout hiPSCs for NPCs or UB 

differentiation elucidated the role of this transcription factor into 

MET of WD precursors.

UB lineage induction                                                                                                                                                                                                                                                                                                                                          

(d0-d2.5) Nascent mesoderm: 10 µM Y27632 + 10 ng/ml 

AA + 1 ng/ml Bmp4 for 24h and 1 ng/ml Bmp4  + 10 µM 

CHIR for 36h

(d2.5-d4.5) Anterior Intermedia Mesoderm: 0.1 µM RA 

+ 100 ng/ml FGF9 + 100 nM LDN193189 + 100 µM 

SB431542 for 24h                                                                                                               

(d4.5-d6.25) Committed Wolfian Duct progenitor:  0.1 

µM RA + 100 ng/ml FGF9 + 5 µM CHIR + 30 nM 

LDN193189 for 18h                                                                                                   

d6.25 Reaggregatio of sorted Crcr4+/Kit+ WB cells                                                                                                                            

(d6.25-d12.5) Ureteric Bud maturation: 10 µM Y27632 

+ 0.1 µM RA + 1 µM CHIR (first 24h) 3 µM CHIR (last 

48h) + 5 ng/ml FGF9 (first 48h) + 100 ng/ml FGF1 + 2 

ng/ml Gdnf (last 48h) + 10 nM LDN193189 + 10 % GFR 

matrigel for 36h                                                                                                                                                                                                                                                                                                                                                                                                                                       

                                                                                                                                                                                    

Cell lines used: Human iPSCs (201 B7 from dermal 

fibroblasts)                                                                                                                                                                        

	                                                                                                                             

Taguchi et al.       

(2017)
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Table 1. (Continued) 
Garreta et al.       

(2019)

Derivation of nephron-like kidney organoids 

(d20) segmented into proximal tubules ( Ltl+, 

Aqp1+, Slc3a1+), loops of Henle (Ecad+, 

Umod+), distal tubules (Ecad+) and 

glomeruli expressing ( Podxl+, Podocin+, 

Nphs1+, Wt1+). 

TEM analysis indicated presence of podocyte-like cells with 

deposition of a basement membrane and developing primary and 

secondary cell processes. Presence of brush borders and high 

mitochondrial content in epithelial tubular-like cells.

Comparative RNA seq analysis clustered kidney organoids with 

second trimester human fetal kidney.

Reagregation with mouse embryonic kidney cells showed human 

cells integration into mouse nascent nephron.

Assessnemt of nephron patterning with β- catenin induction 

(distalization) or Notch disruption (loss of glomeruli and 

proximal tubuli). 

Exposition to cell culture medium promoting OXPHOS enhanced 

proximal tubular differentiation. Acceleration of kidney organoid 

differentiation when cultured in a soft-environtment (mimicking 

in vivo  microenvironment).

Implantation of kidney organoid into 

the chick CAM promoted 

vascularization (Cd34+ cells) and 

enhanced nephron maturation of 

nephron. Implanted organoid showed 

ability to respond to injected cisplatin 

through chick vasculature. 

Assessment of increased levels of 

Kim1 and Caspase 3 in proximal 

tubule structures. 

Low et al.              

(2019)

Derivation of kidney organoids (d24) densely 

packed showing multiple nephron 

components, including podocytes (Npsh1+), 

proximal tubules (Ltl+), medial tubules 

(Jag1+) and distal tubules (Ecad+). 

Identification of a vascular network (Cd31+, 

Cd34+) spreading alongside nephron 

structure of the entire kidney organoids.

Introduction of HUVECs into the kidney organoids showed that 

the exogenous endothelial cells formed a vascular network, 

intetrated with the resident vascular network. 

VEGF receptor inhibitors comprissed organoid vascular 

networks without afecting nephron structures.

sc RNA seq identified a subset of NPCs with vascular progenitor-

like property that further differentiate into more mature 

endothelial cells.

Patterning CHIR treatments showed kidney organoids full of 

tubules in presence of CHIR, and the absence of it resulted in 

high glomerulus-to-tubule ratio.

In vitro  dextran uptake by proximal tubule epithelial cells.

Implantation of kidney organoids into 

a immunocompromised mice showed 

structural and functional maturation. 

Formation of glomerular capillary 

tufts of human origin, development of 

glomerular filtration barrier and size-

selective dextran handling. 

(d0-d4) Primitive Streak (4d): 10 µM CHIR                                                                                                          

(d0-d7) Intermediate Mesoderm: no growth factors                                                                                            

(d7-d9) Nephron progenitor cells: 50 ng/ml Fgf9+ 3 µM 

CHIR                                                                                            

d10-d12 NPCs reaggregated into spheroids                                                                      

(d10/12-d24) Nephrogenesis: 50 ng/ml Fgf9 + 10 µM 

y27632 (only for 24h)  + /-  10 µM  CHIR (determines 

proportion of proximal-versus-distal segments)                                                                                                                                                                                                  

                                                                                                                                                                                                                                                                                                                                                                                                                            

Cell lines used: Human ESCs (H9 and H1) and human 

iPSCs ( GM10287 from fibroblasts)                                                                                                                                                                                                     

(d0-d3) Posterior primitive streak: 8 µM CHIR  

(d3-d4) Intermediate mesoderm: 10 ng/ml Activin A + 

200 ng/ml Fgf9 + 1 µg/ml heparin                                                                                               

d4 IM cells eaggregated into spheroids

(d4-d7) Nephron progenitor cells:  3 µM CHIR + 200 

ng/ml Fgf9 + 1 µg/ml heparin                                                                                                                                               

(d7-d11) Renal vesicle: 200 ng/ml Fgf9 + 1 µg/ml heparin                                                                                      

(d11-d20) Nephrogenesis: no growth factors                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

                                                                                                                                                                                    

Cells lines used: Human ESC (ES[4], H1, H9) and human 

iPSCs (CBiPSsv-4F-40 from CD133+ cord blood cells)
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Table 1. (Continued) 
Yoshimura et al. 

(2019)

Derivation of podocytes with  90% purity 

expressing Wt1, Nephrin, Neph1 and 

Podocin at d12, and showign foot process-

like and slit diaphragm-like strcutures.

RNA seq analysis indicated similar gene expression profile to 

human adult podocytes.

Induced podocytes also showed higher protein expression levels 

of podocyte-related proteins than inmortalized podocytes or 

podocytes derived from convectional kidney organoids.

PAN treatment induced podocytes injury as in vivo .

TEM showed protrusions of the basolateral domain expressing 

NPHS1 on their surface membrane. Slit diaphragm–like 

structures were also detected. 

N/A

Kumar Gupta et al. 

(2020)

Derivation of kidney organoids showing 

proximal tubuli (Ltl+), distal tubuli (Brn1+, 

Ecad+), collecting duct (Ecad+,  Gata3+, 

Dba+), podocytes (Podxl+, Wt1+), 

endothelial network (Cd31+) and pericytes 

(Pdgfrβ+). 

Heterocronic kidney organoids showerd the 

double number of structures stained for each 

molecular marker and less remnant 

undifferentiated NPCs expressing Six2 when 

compared with control organoids.

Systemic perfused FITC-IB4 labeled endotelial vascular cells in 

close contact with kidney organoid podocytes.

Systemic perfusion of dextran showed its accumulation in kidney 

organoids tubules.

Engrafted heterocronic organoids 

under the kidney capsules of 

immunocompromised mice showed 

enhanced maturation and functional 

vascularization.

NPCs derived following Morizane et al. 2015 protocol and 

aggregated into spheroids at d9                                                                         

Direct differentiation of kidney organoids                                                 

(d0-d9): 100 ng/ml Bmp7 + 100 ng/ml Fgf9 + 1 µg/ml 

heparin for 4 d and without growth factors for 5d.                                                                        

Organoids with heterochronic recombination                                                

(d0-d2): 100 ng/ml Bmp7 + 100 ng/ml Fgf9 + 1 µg/ml 

heparin                                                                                                 

d2 aggregates dissociated and reaggregated with new 

differentiated NPCs                                                                      

(d2-d11):100 ng/ml Bmp7 + 100 ng/ml Fgf9 + 1 µg/ml 

heparin for 4 d and without growth factors for 5d.         

                                                                                                                                                                                                                                                                                                     

Cell lines used: Human ESCs (H9) and human iPSCs 

(WTC11  derived from fibroblasts)           

Nephron progenitors: derived following Taguchi et al. 

2017 protocol, sorting of NPCs Itga8+/Pdgra- population 

and aggregation into spheroids

(d0-d1) Pretubular aggregates: 3 µM CHIR + 10 µM 

Y27632                                                             (d1-d3) 

Proximalized renal vesicle: 10 µM Fgf9 + 5 µM Iwr1 + 5 

µM SB431542 + 10 µM RA     

(d3-d9/d12) Podocytes: 2 µM IWR1 + 5 µM SB431542 

                                                                                                                                                                                                

Cell lines: Human iPSCs (201 B7 from fibroblasts)
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4. hPSCs-Kidney organoids to understand human 

disease  

As mentioned in the previous sections in the last decades 

different organisms have been extremely helpful to model kidney disease 

and development prior to the advent of the organoid technology. As an 

example, immunodeficient mice such as the nude and severe combined 

immunodeficiency (SCID) have been commonly used as recipients of 

human cells or tissues as these are permissive to foreign cells due to a 

lack of host immunity. Other example includes the use of humanized 

mice which have been shown to be re-populated with human immune 

cells by human hematopoietic stem cells upon transplantation  

For many diseases, mice models have been instrumental in 

understanding the mechanisms underlying pathogenesis. Yet, their utility 

CKD has been limited because they fail to recapitulate important 

functional, structural, and molecular features of advanced human kidney 

disease. For these reasons, the use of human kidney organoids is 

envisioned as a new model system to generate functional renal cell types 

suitable and to explore on the effect of prevalent systemic conditions 

compromising kidney function.  

4.1  The importance of metabolism in kidney function in 

health and disease 

The kidney is a highly metabolically active organ that uses the 

20% of the cardiac output to develop its activities. Renal epithelial 

tubular cells (PTCs) due to absorption functions contains one of the 

highest mitochondrial density in the body (Bhargava P., and 

Schnellmann RG., 2017; Li S. and Susztak K., 2018) and account for 
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almost the total of the renal mass. To afford with the energy requirements 

sustaining their physiological functions, PTCs use fatty acid oxidation 

(FAO) for the generation of ATP. Therefore, mitochondrial metabolism 

is key, since any imbalance in its functioning can lead to the development 

of kidney diseases including AKI, CKD and renal fibrosis (He L., et al., 

2017). Indeed, it is being shown that during AKI both mouse and human 

PTCs exhibit structural damage which correlates with kidney function. 

In this regard, CKD is defined by more than 40% decline in estimated 

glomerular filtration rate (eGFR) for more than 3 months and is 

characterized by PT cell atrophy almost independent of disease etiology. 

Furthermore, PTCs atrophy strongly correlates with kidney function in 

CKD (Chang-Panesso and Humphreys, 2017) (Kang et al., 2015; Li et 

al., 2012).  

To date, several approaches have been proposed to explore 

molecular pathways that drive such structural and functional changes in 

AKI and CKD. Comprehensive genome-wide kidney tissue 

transcriptomics analysis has identified molecular hallmarks of this 

complex process both in patient samples and mouse models (Beckerman 

et al., 2017; Qiu et al., 2018; Woroniecka et al., 2011). These studies 

have highlighted a correlation between a large number of transcripts and 

kidney fibrosis. Cellular metabolism, such as genes in lipid metabolism, 

FAO and oxidative phosphorylation (OXPHOS) showed strong 

correlation with disease state both in human and mouse CKD models 

(Chung et al., 2019; Kang et al., 2015). Conversely, pharmacological, or 

genetic approaches that enhance FAO and mitochondrial biogenesis are 

being envisioned as putative treatments to restore kidney damage 

(Gomez et al., 2015; Tran et al., 2011).  
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It is well known that mitochondrial biogenesis is orchestrated by 

specific nuclear transcription factors that regulate the expression of 

genes encoding mitochondrial proteins (Ploumi C., et al., 2016). 

Peroxisome proliferator-activated receptor gamma coactivator 1-α 

(Pgc1α) and Estrogen-related receptor α (Esrrα) are key components of 

the regulatory network that controls mitochondrial biogenesis. Pgc1α 

was discovered as a coregulator of Peroxisome proliferator-activated 

receptor γ (Ppparγ) expressed in the brown fat at low temperatures that 

mediates adaptive thermogenesis (Puigserver P. et al., 1998). However, 

there have been discovered many new aspects of Pgc1α’s role, such as, 

its implication in mitochondrial functions. When Pgc1α is induced, 

mitochondrial biogenesis is enhanced, which leads to an increase in the 

number of mitochondria, and therefore promotes OXPHOS. However, 

during this process reactive oxygen species (ROS) can also be generated. 

Importantly, and to avoid these toxic effects, Pgc1α can also induce the 

transcription of ROS-detoxification-enzymes such as Sod2, Gpx1, Ucp2. 

In this way, it is being shown that PTCs can obtain more energy without 

suffering from oxidative damage in vivo (Li S. and Susztak K., 2018). 

Moreover, Pgc1α can interact with other transcriptional factors such as 

Ppar α/β involved in the regulation of oxidation and FAO enzymes, and 

with Retinoid X receptors (Rxrs) for FAO regulation as well.  On the 

other hand, Pgc1α is also being described to bind to the Nuclear 

respiratory factor (Nrfs) for the electron transport chain (Etc) assembly 

and with the mitochondrial transcription factor A (Tfam) needed for the 

transcription and replication of mitochondrial DNA. Finally, the 

interaction of PGC1α with Errs is essential for the regulation of 

angiogenic growth factors and mitochondrial biogenesis (Lin J et al., 

2005; Handschin C. et al., 2006). Indeed, Errα is mainly expressed in 
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metabolically active tissues such as heart, brown adipose tissue, liver, 

and kidney with a preferential use of fatty acids as fuel. 

During both AKI and CKD, Pgc1α levels are decreased and lipid 

droplets accumulate. During AKI, nutrient or oxygen deficit in PTCs 

lead to a loss of kidney function (Bonventre JV., and Yang L., 2011) that 

if prolonged evolves into CKD (Izquierdo-Lahuerta A., et al., 2016). As 

PTCs can only rely on FAO for energy obtention PTCs dedifferentiate 

as a strategy to lower energy requirements, but when energy depletion 

persists over time it can lead to a loss of mitochondrial function and 

cause several metabolic diseases such as diabetic kidney disease or 

kidney fibrosis. Studies suggest that FAO, and not mitochondrial density 

or Pgc1α levels, is determinant for CKD development and kidney 

fibrosis (Li SY. and Susztak K., 2018; Kang HM., et al., 2015).  

Moreover, tubule epithelial expression of Pgc1α is essential for the 

recovery of the damaged kidney. Its overexpression can reduce the 

expression of profibrotic genes and revert Notch-induced renal fibrosis 

(Lynch MR., et al., 2017). Pgc1α levels can also attenuate the 

physiological changes of AKI, and it has been associated with an 

improvement of the renal function after ischemia. Therefore, although 

Pgc1α and Pprα are dispensable for basal metabolism, their increase is 

associated with a protective phenotype in the kidney leading to the 

investigation of its role as a potential target for therapeutic interventions 

aiming to ameliorate AKI and CKD effects (Fontecha-Barriuso M., et 

al., 2020). Whereas much more attention has been raised on the role of 

Pgc1α linking metabolism and function in kidney development and 

disease, the role of other Pgc1α co-factors as Errα  is totally elusive 

opening new venues to target kidney disease through the regulation of 

PTCs metabolism. 
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4.1.1 Boosting metabolism to generate hPSCs derivatives 

and organoids. 

In the renal field PTCs metabolism and toxicity has historically 

relied on various PT cell lines, such as LLC-PK1, MDCK, and HK2 

(Rezzani et al., 2002; Gunness et al., 2010); nonetheless, these cell lines 

are not adequate for use as predictive models. Other alternatives have 

relayed in the use of primary PTCs (Pizzonia et al., 1991; Baer et al., 

1997; Qi et al., 2007) or commercial PT cells (e.g., ATCC, Lonza, and 

Biopredic). Besides these advances one major challenge with PT derived 

cells is their limited capacity to be expanded in culture, even when 

ectopically expressing telomerase reverse transcriptase (Wieser et al., 

2008). All these issues seem to be now overcome with the advent of 

hPSCs-kidney organoids and the possibility to isolate PT-like cells from 

these 3D cultures.  

Biologically, coupling of metabolism and cell state makes perfect 

sense as it harmoniously couples energy production and utilization with 

cellular function. Indeed, in the last decade, several works have also 

started to assess on the relevance of metabolism in cell function taking 

advantage of metabolomics for the examination and identification of 

endogenous biochemical reaction products. In this regard Yanes and 

colleagues questioned the molecular framework that controls 

pluripotency and differentiation demonstrating that hPSCs present a 

unique metabolic signature characterized by the presence of highly 

unsaturated endogenous molecules (Yanes et al., 2010). Importantly, 

they suggested that this highly unsaturated metabolome reacts to pro-

oxidative events that influence cell fate and postulated that stem cell 

redox status is regulated during differentiation. These observations agree 
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with previous studies postulating that intracellular oxidative state 

regulate the balance between self-renewal and differentiation (J. Smith 

et al., 2000). The same group was pioneer to analyze the metabolome in 

the iPSCs context comparted to ESCs and to their somatic cells of origin 

(Panopoulos et al., 2012). Cellular bioenergetics confirmed their 

previous findings, showing that somatic cells convert from an oxidative 

state to a glycolytic state in pluripotency, and therefore confirming that 

the inhibition of oxidative pathways is relevant for maintaining 

pluripotency (Yanes et al., 2010). Additionally, their data suggested that 

changes in cell metabolism are critical for somatic cell reprograming, 

showing a correlation between the bioenergetic state of somatic cells and 

their reprogramming efficiency. These and further studies, established 

the strong link between oxidative metabolism and pluripotency 

regulation, demonstrating the metabolic shift towards oxidative 

phosphorylation during cell differentiation and towards a glycolytic 

metabolism during cell reprogramming (Wanet et al., 2015). In this 

regard our laboratory has recently hypothesized that the presentation of 

a cell culture regime boosting a cellular specific metabolic profile in the 

time course of organoid derivation would result in the generation of that 

specific cell type. To that aim, we challenged kidney developing 

organoids in front of a specific culture regime promoting OXPHOS and 

showed that this regime promoted the generation of kidney organoids 

with higher numbers of PTCs which in turn exhibited a significant 

increased respiratory capacity (Garreta et al., 2019). As cell metabolism 

captures the biochemical phenotype of any given cell and connects the 

biochemical extracellular microenvironment (i.e., availability of 

nutrients, such as glucose and oxygen) with the functional cellular need 

(i.e., pluripotency exit, differentiation, among others) in the next years it 
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will be important to further explore on the direct crosstalk between 

metabolism and epigenetics as a new approach to guide hPSCs 

differentiation and organoid generation.   

4.2  hPSCs-kidney derived organoids to understand SARS-

Cov-2 infection and target COVID19 disease. 

Early in December 2019 a novel coronavirus—severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2)—emerged in 

humans in Wuhan, China, and has since disseminated globally(Q. Li et 

al., 2020; Zhu et al., 2020). As of December 12, 2020, the confirmed case 

count of coronavirus disease 2019 (COVID-19) had surpassed 68 million 

with 1,5 million of confirmed deaths.  

Based on full-genome sequence analysis, SARS-CoV-2 shows 

high homology to SARS-related coronaviruses identified in horseshoe 

bats (P. Zhou et al., 2020). The coronaviruses are a large family of single-

stranded RNA (ssRNA) viruses associated with respiratory diseases in 

humans. Most of the coronaviruses provoke non-severe clinical 

symptoms, except severe acute respiratory syndrome coronavirus 

(SARS-CoV) (R. D. Smith, 2006), Middle East respiratory syndrome 

coronavirus (MERS-CoV) (O’Keefe, 2016) , and now SARS-CoV-2. All 

these diseases are linked to a high mortality rate. In this regard, SARS 

was a new illness firstly identified in 2003 and associated to a novel 

coronavirus identified as SARS pathogen (SARS-CoV) (Drosten et al., 

2003). From December 2019, several studies have demonstrated that 

SARS-CoV-2 share multiple similarities with SARS-CoV, including a 

high conservation in the receptor binding domain (RBD) thereby 

suggesting a common host cell receptor (Andersen et al., 2020; Lu et al., 

2020; Zhu et al., 2020). Indeed, nowadays accumulated evidence show 
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that the surface unit of the spike protein (S) of SARS engages the 

angiotensin-converting enzyme 2 (ACE2) as the entry receptor. This step 

is followed by TMPRSS2 protease priming which is required for fusion 

and internalization of the ACE2-viral spike complex priming (Hoffmann 

et al., 2020; Letko et al., 2020; Walls et al., 2020). . Upon the fusion of 

viral and cellular membranes viral particles entry into the cells and 

SARS-CoV infection is established (Bourgonje et al., 2020; Imai et al., 

2005; Kuba et al., 2005; W. Li et al., 2003). Furthermore, nowadays 

other recent studies have suggested that SARS-CoV-2 strike protein 

directly binds to human ACE2 with even higher affinity that Spike 

protein from SARS-CoV (Walls et al., 2020; Wan et al., 2020; Wrapp et 

al., 2020). 

ACE2 is a homologue of angiotensin-converting enzyme (ACE) 

and has an essential role in the renin-angiotensin-aldosterone system 

(RAAs), being involved in the regulation of vasoconstriction, renal 

sodium  reabsorption and potassium secretion, aldosterone synthesis, 

blood pressure elevation, and induction of inflammatory and pro-fibrotic 

pathways (Ferrario et al., 2005; Tikellis & Thomas, 2012). The most 

common symptoms of patients infected with SARS-CoV-2 are fever and 

cough (Chen et al., 2020) and this can be explained by ACE2 expression 

in alveolar epithelial type II cells (Y. Zhao et al., 2020), which are key 

for lung gas exchange (Dobbs, 1989) . The injury of these cells during 

SARS-CoV-2 infection explains the severe lung injury associated with 

this disease, however, it has been observed a multi-organ dysfunction in 

COVID-19 patients (Guan et al., 2020; Huang et al., 2020). Importantly, 

different works have shown ACE2 expression in multiple 

extrapulmonary tissues including heart, kidneys, blood vessels, and 

intestine (Crackower et al., 2002; Danilczyk & Penninger, 2006; Ding et 
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al., 2004; Gu et al., 2005; Hamming et al., 2004; Zhang et al., 2020), 

overall showing the wide distribution of ACE2 across the human body. 

Multi-organ damage and dysfunction associated with SARS-CoV-2 

includes myocardial dysfunction (Bonow et al., 2020), gastrointestinal 

and liver (Fan et al., 2020) disorders, and AKI (Z. Li et al., 2020). In this 

regard, it has been postulated that SARS-CoV-2 cell entry and 

pathological events mainly occurs in the cells of the respiratory tracts 

and further dissemination of the infection is related to local ACE2 

expression. In the renal context, previous works have already shown that 

ACE2 is strongly expressed in kidney proximal tubules (Danilczyk & 

Penninger, 2006). Since ACE2 exists both in membrane-bound and 

soluble circulating forms, one proposed therapy for COVID19 disease 

would be administering the soluble form of ACE2 (sACE2).  In this 

manner sACE2 would act as a decoy to interfere with the binding of 

SARS-CoV-2 to the full-length ACE2 that is membrane bound. 

The study of ACE2-SARS-Cov-2 interactions and downstream 

molecular cascades upon virus-cell interactions has mainly relayed in the 

use of animal models, animal cells from humans or primates (including 

Caco-2 or VeroE6 cell lines, respectively) or simple cell cultures using 

human immortalized cells. The mentioned models of study present 

several limitations such species barriers and the potential lack of the 

specific target cells. In this regard, kidney organoids represent a more 

physiological in vitro approach in where to study the ACE2-SARS-CoV-

2. Eventually, these model systems are providing rapid and effective 

toolsets to interrogate and target ACE2-SARS-CoV-2 interactions as 

well as to explore therapeutic compounds blocking or disrupting these 

processes. 
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In this regard, two early works have generated human bronchial 

organoids for human for SARS-CoV-2 research (Han et al., 2020; Suzuki 

et al., 2020). Briefly, the authors showed that their organoids were 

permissive to the SARS-CoV-2 infection and could evaluate antiviral 

effects of COVID-19 candidate therapeutic compounds, including 

camostat (Suzuki et al., 2020). As mentioned above besides the lung 

damage caused by pneumonia, SARS-CoV-2 affects several organs like 

the kidney (Z. Li et al., 2020), liver (Fan et al., 2020), and the 

cardiovascular system (Zheng et al., 2020). For this reason we have 

recently led the first study showing that the supernatant of SARS-CoV-

2 infected kidney organoids differentiated from hESCs can efficiently 

infect Vero E6 cells, showing that the kidney organoids produce 

infectious progeny virus (Monteil, Kwon, et al., 2020). In the same line, 

the work from Zhao and colleagues has demonstrated that human liver 

ductal organoids are permissive to SARS-CoV-2 infection and support 

replication (B. Zhao et al., 2020). Interestingly, virus infection impaired 

the bile acid transporting functions of cholangiocytes (B. Zhao et al., 

2020). This effect might be the reason for the bile acid accumulation and 

consequent liver damage in patients with COVID-19. Importantly, the 

intestine is another viral target organ (Z. Zhou et al., 2020)  and  two 

independent laboratories have recently reported that human intestinal 

organoids, which were established from primary gut epithelial stem cells, 

support SARS-CoV-2 replication (Lamers et al., 2020; J. Zhou et al., 

2020b). 

To further explore on the amenability of the organoid technology 

to identify treatments for COVID19 treatment in our study we have also 

explored on how SARS-CoV-2 can directly infect human blood vessel 

organoids differentiated from human induced pluripotent stem cells 
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(Monteil, Kwon, et al., 2020). These findings were confirmed lately by 

Varga and colleagues who detected the presence of viral elements within 

endothelial cells and an accumulation of inflammatory cells in human 

samples (Varga et al., 2020). Taken together, our study together with the 

observations made by Vargas and colleagues suggested that SARS-CoV-

2 infection induces endotheliitis in several organs as a direct 

consequence of virus involvement. Still, while true that hPSCs organoids 

can reproduce the pathology of COVID-19 in specific tissues on which 

they are modeled, they still cannot reproduce the systemic symptoms 

associated with whole body responses to the viral infection. A summary 

of the in vitro and in vivo models that are being used in SARS-CoV-2 

research is compiled in Table 2. 

 

 

 

 

 

 

 

 

 



Table 2. In vitro and in vivo models of study described for SARS-CoV-2 research. This table provides an overview 

of the different models that are being used in COVID-19 research and their major findings. 

Source Main outcomes Work

Commercial cell lines (Lonza, 

PromoCell, etc.)

These cells show the ability to isolated SARS-CoV-2 and 

to present cytopathic effect after SARS-CoV-2 infection, 

mimicking infected human lung cells.

Zhu et al.                                      

(2020)

Wild type cells The high expression of ACE2 make these cells the most 

common clone used to replicate and isolate the SARS-CoV-

2. 

P. Zhou et al.                                       

(2020)

TMPRSS2-

overexpressing 

cells

Cuture supernatants of TMPRSS2-overexpressing cells 

present viral RNA copies > 100 times higher than in wild 

type Vero E6 cells. 

Matsuyama et al.                                     

(2020)

Immortalized cell line of human 

colorectal adenocarcinoma cells

These cells showed effective replicate SARS-CoV-2. J. M. Kim et al.                              

(2020)

Human lung cancer cell line In the assesment of the capacity of SARS-CoV-2 S 

pseudovirions to transduce human cells, SARS-CoV-2 S 

pseudovirions showed an onver 500-fold increase un 

luciferase activities in Calu-3  cells.  

Ou et al.                           

(2020)

Human embryionic kidney cells After SARS-CoV-2 inoculation, HEK293T cells showed 

modest viral replication
Harcourt et al.                                   

(2020)

Human liver cells In the assesment of the capacity of SARS-CoV-2 S 

pseudovirions to transduce human cells, Huh7 cells showed 

aroun 10-fold increase in luciferase activities.

Ou et al.                                   

(2020)

Cell lines 

Obtained from kidney epithelial 

cells of an African green monkey 

(1963)

Vero E6 

cells

Caco-2 cells

Type

Calu-3 cells

HEK293T cells

Huh7 cells

Primary human airway 

epithelial cells  
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Source Main outcomes Work

Derived from comercially 

available human bronchial 

epithelial cell lines  

SARS-CoV-2 infection of these bronchial organoids lead to 

the detection of intracellular viral genome, progeny virus, 

cytotoxicity, pyknotic cells, and  increases of the type I 

interferon. Treatment with camostat (inhibitor of 

TMPRSS2) reduced the viral copy number to 2% of the 

group of control.

Suzuki et al.                                     

(2020)

Derived from human ESCs Alveolar type II cells present in the lung organoids, express 

ACE2 and allow SARS-CoV-2 infection. Treatment with 

imatinib and mycophenolic acid (inhibitors of SARS-CoV-

2 entry) decreased SARS-CoV-2 infection of lung 

organoids.  

Han et al.                                      

(2020)

Supernatant of SARS-CoV-2 infected human kidney 

organoids, could effectively infect Vero E6 cells, indicating 

that kidney organoids produce infectious progeny virus.

Monteil, Kwon, et al.                     

(2020)

Treatment of kidney organoids with remdesivir in 

combination with human recombinant soluble ACE2, 

enhance their anti-viral efficacies and  improved the 

therapeutic windows agains SARS-CoV-2. 

Monteil, Dyczynski, et al.                            

(2020)

Derived from primary bile ducts

isolated  from human liver 

biopsies

SARS-CoV-2 infection damages the barrier and bile acid 

transporting functions of cholangiocytes, by modulating the 

the expression of genes driving tight junction formation 

and bile acid transportation. 

Zhao et al.                                         

(2020)

Established from primary gut

epithelial stem cells

Enterocytes of human intestinal organois were easily 

infected by SARS-CoV and SARS-CoV-2, and productoin 

of infectious viral particles was detected. 
Lamers et al. (2020)  and                            

J. Zhou et al. (2020)

Engineered from human induced

pluripotent stem cells

Infection of blood vessel organoids showed active 

replication SARS-CoV-2.
Monteil, Kwon, et al.     

(2020)

Human liver ductal 

organoids

Human bronchial organoids

Human kidney organoids Derived from human ESCs 

Human lung organoids

Human intestinal organoids

Human blood vessel 

organoids

Organoids

Type
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Animals models

Work

Wild type mice P. Zhou et al.               

(2020)

Transgenic mice 

expressing 

human ACE2

Bao et al.                            

(2020)

Chan et al.                       

(2020)

Y. Il Kim et al.                 

(2020)

Shi et al.                                   

(2020)

Rockx et al.                          

(2020)

van Doremalen et al. (2020),  

Williamson et al. (2020) and 

Yu et al. (2020)

Cynomolgus macaques Cynomolgus macaques are permissive to SARS-CoV-2 infection, incubated the virus for 

prolonged time and showed COVID19-like disease.  SARS-CoV-2 presented efficient 

replication in respiratory epithelial cells, including nasal cavity, bronchi, bronchioles, and 

alveoli.  

Mice

Rhesus macaques After SARS-CoV-2 infection, the macaques showed high viral loads in the upper and lower 

respiratory tract, and presented  humoral and cellular immune responses, and viral pneumonia.  

Rhesus macaques have been used to assess adenovirus-vectored vaccine, DNA vaccine 

candidates expressing different froms of S protein, and remdesivir therapeutic effects. 

Ferrets

Cats

SARS-CoV-2 infected ferrets showed elevated body temperature and virus replication. Viral 

antigens were found in nasal turbinate, trachea, lungs, and intestine together with acute 

broncholitis in infected lungs.

In cats infected with SARS-CoV-2 the virus replicated in the mose and troat leading to 

inflammation of the respiratory tract. It was shown that cats are suspectible to airbone 

transmission. Replication in the upper respiratory tract was associated with high tramission, 

and replication in the lower respiratory tract with lung disease.

Origin

Syrian hamster Hamsters infection with SARS-CoV-2 lead to fast breathing, weight lost, alveolar damage, 

high lung viral load and spleen and lymphoid atrophy.

Observations

SARS-CoV-2 can use all ACE2 proteins, except for mouse ACE2, as host receptor for 

infection.

Infection with SARS-Cov-2 lead to animal weight lost, interstitial pneumonia and detection of 

viral antigens in bronchial epithelial cells, macrophages and alveolar epithelia. These 

phenomena was not observed in wild type mice infected with SARSR-CoV-2.

 

62



 

 
 

 

 

 

 

 

 

 

 

II. OBJECTIVES 



 
 

 
 

 



 
 

65 
 

 

II. OBJECTIVES 

This thesis has been focused in four aims: 

1. To generate a procedure for the generation of hPSCs-kidney 

organoids forcing cell-to-cell contact and cell to ECM 

interactions as a new approach to promote differentiation. 

2. To provide a vascular component to hPSCs-kidney organoids 

taking advantage of the chick CAM. 

3. To interrogate for the impact of experimentally-induced 

metabolic challenges as a new approach to favor the generation 

of renal cells during hPSCs-kidney differentiation. 

4. To underscore on the impact of metabolic-induced changes in the 

generation of hPSCs-kidney organoids to model early stages of 

kidney disease. 

5. To generate a platform for the interrogation of early steps of 

SARS-CoV-2 infection taking advantage of hPSCs-kidney 

organoids. 
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K
idney organoids have been produced from human pluripotent 
stem cells (hPSCs) by specific induction of the metanephric 
mesenchyme (MM) lineage (including nephron progeni-

tor cells, NPCs)1–7, or by the simultaneous induction of MM- and 
ureteric bud (UB)-like progenitors8,9, the two progenitor cell pop-
ulations that give rise to the adult kidney during development. 
Recently, NPCs and UB progenitors were separately induced and 
then aggregated together into three-dimensional (3D) spheroids 
that generated kidney organoids with higher-order architecture10. 
For kidney organoids generated from human embryonic stem cells 
(hESCs), CRISPR/Cas9 technology can be used to recapitulate the 
molecular features of kidney diseases4. Human kidney organoids 
can also be used as unprecedented in vitro models to screen for 
nephrotoxicity3,4,9. Besides the importance of these findings, major 
concerns related to the lack of vascularization and insufficient 
maturation still require further investigation to advance the field 
of hPSC-derived kidney organoids (kidney organoids). Biophysical 
cues have been shown to regulate cell behaviour, including the 
stemness and differentiation of different stem cell populations. 
Recently, application of fluid flow enhanced hPSC-derived podo-
cyte-like cell differentiation in monolayer culture11, and the modu-
lation of adherent forces in kidney organoids, resulted in changes in 
the functional performance of proximal tubular epithelial-like cells 
within kidney organoids12.

Efficient generation of kidney organoids in 3D culture
During mammalian kidney development, the posterior primitive 
streak (PPS) and anterior primitive streak (APS) give rise to the 
intermediate mesoderm (IM) and definitive endoderm, respectively. 
The posterior IM generates the MM, whereas the anterior IM forms 
the UB. The PPS can be generated from hPSCs using a combination 
of growth factors (including BMP4)1,7,8, or by exposing undiffer-
entiated cells to varying doses and durations of the Wnt signalling 
agonist CHIR99021 (CHIR), a widely used inhibitor of glycogen 
synthase kinase 3 (GSK3β)1–5,8,9. Building upon these observations, 
we asked whether PPS cells could be generated by exposing hPSCs 
to a high dose of CHIR (8 µM) in two-dimensional monolayer cul-
ture over three consecutive days (Supplementary Fig. 1a; Methods). 
This treatment regimen was sufficient to induce PPS-committed 
cells that were positive for the PPS marker BRACHYURY (referred 
to as T), at 82.2 ± 2.6% efficiency (Supplementary Fig. 1b,c). PPS-
committed cells upregulated the expression of PPS genes in compar-
ison with APS genes (Supplementary Fig. 1d). Subsequent exposure 
of PPS-committed cells to a combination of FGF9 and activin A 
(20:1) for an additional day resulted in acquisition of the early IM 
marker PAX2 at 85.0 ± 1.4% efficiency (Supplementary Fig. 2a–c; 
Methods). Accordingly, messenger RNA levels for the posterior IM 
markers OSR1 and HOXD11 and the anterior IM marker GATA3 
were also upregulated at this stage (Supplementary Fig. 2d).
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We next reasoned that increasing the time that IM-committed 
cells are exposed to 3D culture, which increase cell-to-cell and cell-
to-extracellular matrix interactions, would generate kidney organ-
oids at higher efficiencies than previously reported3,8,9. Therefore, 
3D spheroids were generated by the self-aggregation of IM cells and 
maintained under 3D organotypic culture until day 16 (Fig. 1a; see 
Methods). Treatment of IM-committed 3D spheroids (day 0) with 
CHIR (3 µM) for 3 d (from day 0 to day 3), while maintaining FGF9 
signalling (from day 0 to day 7), resulted in the formation of numer-
ous renal vesicles (RVs) on day 8 (Supplementary Fig. 3a,b), which 
were analysed by immunofluorescence for RV-associated markers, 
including PAX2, WT1, LHX1, PAX8, HNF1β, ECAD and BRN1 
(Supplementary Fig. 3a,c,d). Remarkably, SIX2-positive cells were 
absent on day 8, indicating the lack of MM progenitors at this stage 
(Supplementary Fig. 3d). In addition, downregulation of the epithe-
lial-to-mesenchymal markers TWIST and SNAIL and upregulation 
of WNT4 and ECAD coincided with initiation of the mesenchy-
mal-to-epithelial transition, which is essential for nephrogenesis 
(Supplementary Fig. 3e). RV-stage organoids were then differentiated 
in the absence of growth factors (from day 7 to day 16). This resulted 
in the derivation of kidney organoids with multiple nephron-like 
structures that were segmented into typical nephron components, 
including proximal tubules (LTL+ AQP1+/SLC3A1+), loops of Henle 
(ECAD+ UMOD+), distal tubules (UMOD− ECAD+), and glomer-
uli (PODXL+/PODOCIN+/NEPHRIN+/NEPH1+/WT1+ PODXL+ 
LTL−/PODOCIN+ LTL−) (Fig. 1b, Supplementary Fig. 4a–g).  
In addition, quantitative PCR (qPCR) and immunofluorescence 
analyses confirmed that isolated LTL− and LTL+ cell fractions from 
day 16 organoids expressed markers of glomerular and proximal 
tubular identity, respectively (Supplementary Fig. 5a–f). Similarly, 
markers representative of the major steps of differentiation were 
analysed by qPCR (Supplementary Fig. 6). Our methodology was 
quite robust, as kidney organoids from two commercial hESC lines 
and one human induced pluripotent stem cell (hiPSC) line were also 
generated (Supplementary Fig. 7a–d, Supplementary Fig. 8).

To gain insight into the sequence of transcription regulatory 
events necessary to promote renal differentiation from hPSCs, we 
performed RNA sequencing (RNA-Seq) analysis at major stages 
during the differentiation process. We compared our results with 
transcriptional data from human fetal organs/tissues from the 
first and second trimesters of gestation13,14 (Supplementary Fig. 9, 
Supplementary Table 1; Methods), demonstrating that our tech-
nique specifically generated renal lineages. Importantly, RNA-Seq 
analysis showed that day 8 RV-stage organoids transcriptionally 
matched human fetal kidneys at 16 weeks of gestation, whereas day 
16 kidney organoids matched human fetal kidneys at 22 weeks of 
gestation (Fig. 1c, Supplementary Table 2; Methods). We validated 
these findings by analysing markers of nephron progenitors (SIX2, 
SALL1, PAX2), the proximal tubular segment (SLC3A1) and the glo-
merular compartment (NPHS1, PODXL, SYNPO, WT1) via qPCR 
(Fig. 1d). Additionally, immunofluorescence analysis showed that 
localization of late-stage nephron markers was comparable between 
kidney organoids and human fetal kidney samples (Supplementary 
Fig. 4a–g). Transmission electron microscopy (TEM) analysis was 
performed on day 16 kidney organoids (Fig. 1e–j). Ultrathin sec-
tions revealed the presence of primitive podocyte-like cells with 
deposition of a basement membrane (Fig. 1g) and developing pri-
mary and secondary cell processes (Fig. 1h). Epithelial tubular-like 
cells with brush borders and high mitochondrial content were also 
detected (Fig. 1i,j).

Kidney organoids recapitulate human kidney development
The formation of kidney organoids with segmented nephrons may 
depend on the existence of a transient population of NPCs respon-
sible for the generation of nephron structures in vitro. We analysed 
by immunofluorescence the expression of OSR1, WT1, PAX2 and 

SIX2, confirming that cells exhibiting a NPC signature were present 
in day 5 spheroids (Supplementary Fig. 10a,b). The posterior origin 
of NPCs was also confirmed by the detection of HOXD11, OSR1, 
and WT1 mRNA by qPCR (Supplementary Fig. 10c). Interestingly, 
the anterior IM fate was also generated at this stage, as GATA3 
mRNA was detected (Supplementary Fig. 10c). We next evalu-
ated the ability of day 5 NPCs to form kidney chimaeric structures  
ex vivo, taking advantage of a faithful reaggregation assay with mouse 
embryonic kidney cells15,16. After 6 d of culture, differentiated NPCs, 
identified by the expression of human nuclear antigen (HuNu), inte-
grated into nascent nephron structures that expressed WT1 in the 
glomerular segment and PAX8 in the nascent nephron (Fig. 2a–f; 
Methods). Thus, day 5 NPCs exhibited the capacity to integrate into 
mouse nascent nephron structures, but not into the UB compart-
ment, suggesting that the induction of UB derivatives from hPSCs 
may depend on additional exogenous signals. These results chal-
lenge previous findings9 and agreed with a recent study that iden-
tified optimal time windows and exogenous signals for selectively 
inducing NPC and UB lineages from mouse and human PSCs10.

Next, we investigated the capacity of human kidney organoids 
to faithfully recapitulate complex nephron patterning events that 
have been mainly studied in the mouse model17. Day 8 RV-stage 
organoids were exposed to inhibitors of tankynase (IWR1) and 
GSK3β (CHIR) to decrease or increase β-catenin signalling, respec-
tively. CHIR treatment reduced the number of WT1+ glomerulus-
like structures when compared with vehicle (control) and IWR1. 
In contrast, the percentage of LTL+ proximal tubule-like structures 
was unchanged (Fig. 2g,h). qPCR analysis confirmed a decrease 
in the expression of WT1 and PODXL (proximal segment), and 
the induction of WNT4 (a β-catenin target gene) in CHIR-treated 
organoids relative to control, whereas PAX2 (whole nephron) 
remained unchanged (Fig. 2i). We next determined the effect of dis-
rupting Notch signalling by treating day 8 RV-stage organoids with 
the γ-secretase inhibitor DAPT. Inhibition of Notch resulted in a 
severe loss of proximal tubule-like structures (LTL+), together with 
a reduction in PODXL+ glomerulus-like structures when compared 
with control (Supplementary Fig. 11a,b). qPCR analysis confirmed 
the downregulation of proximal (WT1) and medial (SLC3A1) 
nephron segment markers (Supplementary Fig. 11c). These find-
ings agree with the role of Notch signalling in specifying proximal 
and medial identity during nephron patterning in the mouse17, and 
expand previous knowledge about the effect of Notch signalling on 
kidney organoids3.

The kidney is a highly metabolic organ that generates ATP 
through oxidative phosphorylation. Into the light of this knowl-
edge, we hypothesized that the energy metabolism profile of cells 
should be taken into account to promote the differentiation of 
hPSCs into renal subtypes. Therefore, we exposed day 8 RV-stage 
organoids to either cell culture medium that promotes glycolysis in 
stem cells18 (endothelial cell growth medium, EGM) or cell culture 
medium favouring oxidative phosphorylation (renal epithelial cell 
growth medium (REGM) with insulin) for 8 d. Seahorse analysis 
revealed that REGM increased mitochondrial respiration in kid-
ney organoids when compared with EGM (Fig. 2j–l), promoting an 
oxidative phosphorylation bioenergetic phenotype. Kidney organ-
oids under REGM conditions enhanced tubule differentiation, as 
shown by the development of prominent proximal tubular struc-
tures (LTL+), more than with EGM (Fig. 2m,n), in agreement with 
previous findings19.

Vascularization of kidney organoids
Kidney organoids have shown the presence of nascent vascular endo-
thelial cells surrounding renal structures, but lack a proper vascular 
pattern4,9. Of note, only two independent studies have reported in vivo 
vascularization of either hiPSC-derived NPCs20 or kidney organoids21 
when transplanted under the kidney capsule of immunodeficient  
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mice, identifying in both cases host-derived vascularization. We 
decided to explore an alternative approach for providing a vascular 
environment to kidney organoids. We made use of the chick chorio-
allantoic membrane (CAM), a highly vascularized extraembryonic 
tissue that has been used in tumour angiogenesis research22,23 and 
for the grafting of biomaterials24. More so than other in vivo mod-
els, such as the mouse, CAM represents a naturally immunodeficient 
environment that offers direct, minimally invasive access to the assay 
site, thereby facilitating the monitoring of the experiments in situ. 
We implanted day 16 kidney organoids into the CAM of 7-day-old 
chick embryos, and then maintained them in ovo for 5 d (Fig. 3a; 
Methods). On day 3 of implantation, multiple blood vessels from 
the CAM were macroscopically distinguished throughout kidney 
organoids (Fig. 3b, Supplementary Video 1). The circulation of chick 
blood within kidney organoids was clearly observed after 5 d (Fig. 3c,  
Supplementary Video 2). At this stage, in vivo injection of dextran–
FITC (fluorescein isothiocyanate) into the CAM allowed for live 
imaging of the vasculature, confirming the grafting of the organoids 
into the CAM (Fig. 3d, Supplementary Video 3). Compared with in 
vitro counterparts (Supplementary Fig. 12a), CAM-implanted kid-
ney organoids (implanted organoids) exhibited glomeruli with an 
enlarged Bowman’s space and tubule-like structures with enlarged 
lumens (Supplementary Fig. 12b,c, magnified views). Furthermore, 
CAM blood vessels (indicated with asterisks in Supplementary 
Fig. 12b,c,d) were found in close vicinity to glomerulus structures. 
Immunofluorescence analysis of consecutive sections confirmed the 
presence of chick blood vessels (labelled with Lens culinaris agglutinin) 
within implanted organoids. The latter were identified by the expres-
sion of the human marker HuNu and the presence of glomerulus-like 
structures (WT1+) (Supplementary Fig. 12e). Next, we tested the abil-
ity of implanted organoids to respond to the well known nephrotoxic 
agent cisplatin. Twenty-four hours after injecting cisplatin into the 
chick vasculature, levels of KIM-1 (a marker of renal tubule toxicity) 
and cleaved CASPASE 3 (a classical apoptotic marker) were upregu-
lated in proximal tubular structures (LTL+), compared with speci-
mens injected with a control solution (Supplementary Fig. 12f,g).

We next analysed semithin (Fig. 3e) and ultrathin sections  
(Fig. 3f–k) of implanted organoids. TEM images revealed the pres-
ence of aligned podocyte-like cells on one side of a linear basement 
membrane (Fig. 3f–h). Endothelial-like cells were found on the 
opposite side of the basal lamina (Fig. 3f) and, occasionally, chicken 
erythrocytes were observed within the glomerular-like structures 
(Fig. 3h). Podocyte-like cells exhibited multiple microvilli on the 
apical surface and extended primary and secondary cell processes on 
the basal side (Fig. 3f–i, Supplementary Fig. 12h–j). Secondary cell 
processes were bridged by slit diaphragm-like structures (Fig. 3g–i,  
Supplementary Fig. 12h–j). These features, which reflect func-
tional differentiation, were not detected in the organoids cultured 
in vitro (Fig. 1g, h). Furthermore, tubular-like cells with thick brush 
borders and high mitochondrial content were observed (Fig. 3j,k). 
Immunofluorescence analysis showed apical localization of PODXL 
in aligned podocyte-like cells situated on the basement membrane 
(LAMININ+). Conversely, podocin and NEPH1 localized on the 
podocyte basal side (Fig. 3l). Likewise, CD34+ endothelial-like cells 
(stained with an antihuman specific CD34 antibody) were closely  
associated with NEPHRIN+/PODXL+ podocyte-like cells within 
glomerulus-like structures in implanted organoids (Fig. 3m, 
Supplementary Fig. 12k). Moreover, endothelial-like cells (CD31+) 
within glomerulus-like structures (PODXL+) coexpressed the 
human marker HuNu (Fig. 3n). In contrast, for kidney organoids 
cultured in vitro, CD34+ endothelial-like cells were not found within 
glomerulus-like structures (PODXL+) (Supplementary Fig. 12l).

soft hydrogels enhance the formation of kidney organoids
Mirroring the exact biochemical (for example, site-specific bioactive 
ligands) and biophysical (for example, extracellular matrix stiffness, 

fluid flow, oxygen tension) properties of a physiological environ-
ment represents an as yet unaffordable technical approach in tissue 
engineering. By contrast, fabrication of hydrogels with mechanical 
properties (for example, Young’s modulus) similar to native tissues 
is a key methodology for guiding cellular responses and differentia-
tion25. Therefore, we decided to characterize the specific mechani-
cal properties of the CAM (by measuring the Young’s modulus, 
Supplementary Fig. 13a; Methods), which exhibited a stiffness value 
of about 1 kPa (Supplementary Fig. 13b), representative of an early 
embryonic microenvironment26 in which undifferentiated cells are 
primed for lineage commitment27. We next explored whether sub-
strates mimicking a soft microenvironment may favour the genera-
tion of kidney organoids, compared with stiffer substrates. Thus, we 
fabricated functionalized polyacrylamide hydrogels of tunable stiff-
ness (ranging from soft, 1 kPa, to very rigid, 60 kPa) as substrates for 
hPSC differentiation (Supplementary Fig. 14a; Methods). In com-
parison with rigid hydrogels, hPSCs grown on soft hydrogels under 
undifferentiated conditions formed tightly compacted hPSC colonies 
(ECAD+) (Supplementary Fig. 14b), showing reduced nuclear local-
ization of the mechanotransduction marker Yes-associated protein  
(YAP) (Supplementary Fig. 14c). RNA-Seq analysis of hPSCs 
revealed that soft hydrogels promoted the expression of genes related 
to embryo and mesodermal differentiation (Supplementary Table 3),  
suggesting that a soft milieu may better replicate early stages of 
embryonic development, during which time counteracting gene 
regulatory networks control both pluripotency and differentiation 
ground states28. Based on these observations, we hypothesized that 
using soft hydrogels during the first steps of monolayer differentia-
tion (including PPS and IM induction) may help guide hPSCs toward 
renal commitment. PPS induction of hPSCs differentiated on soft 
hydrogels resulted in higher mRNA levels of T and SALL1 markers 
when compared with rigid conditions (Supplementary Fig. 15a,b). 
PPS differentiation was also analysed by RNA-Seq, showing that soft 
hydrogels induced the expression of genes related to transcription 
regulation and downregulated genes related to extracellular matrix 
and basement membrane (Supplementary Table 4, Supplementary 
Fig. 15c). Induction of PPS-committed cells into IM-committed 
cells (Supplementary Fig. 16a) showed that soft hydrogels promoted 
increased mRNA levels of the early IM marker PAX2, the posterior 
IM marker HOXD11, the anterior IM marker LHX1, and SALL1 
when compared with rigid conditions (Supplementary Fig. 16b). 
Upon differentiation under 3D organotypic culture, IM-committed 
cells derived on soft hydrogels began to develop RVs one day ear-
lier (at day 7: Supplementary Fig. 16c), and resulted in the genera-
tion of more RVs than those derived on rigid hydrogels, as shown 
by quantitative analysis of PAX2+ RVs (Fig. 4a,b). Moreover, day 
16 kidney organoids from soft conditions developed more WT1+ 
glomerulus-like and LTL+ tubule-like structures than those derived 
from rigid conditions (Fig. 4c,d), and expressed increased mRNA 
levels of late-stage nephron (NPHS1, SCNN1B) and vascularization 
(ENDOGLIN, VEGFR) markers (Fig. 4e). TEM of day 16 kidney 
organoids showed the presence of tubule-like structures containing 
epithelial cells with prominent brush borders in both soft and rigid 
conditions (Fig. 4f, Supplementary Fig. 17). Interestingly, soft hydro-
gels induced the differentiation of podocyte-like cells containing slit 
diaphragm-like structures between the cell processes (Fig. 4g–i),  
a podocyte differentiation feature that was absent in rigid condi-
tions (Fig. 1g,h, Supplementary Fig. 17). Considering these find-
ings, day 16 kidney organoids derived from soft hydrogels were 
then implanted into the CAM for 5 days (Fig. 4j). TEM revealed the 
presence of tubular epithelial-like cells with brush borders (Fig. 4k)  
and numerous glomerular structures containing podocyte-like cells 
above a dense basement membrane and in close vicinity to endothe-
lial cells and chicken erythrocytes (Fig. 4l). Furthermore, induced 
podocyte-like cells exhibited secondary cell processes with slit dia-
phragm-like structures (Fig. 4m,n).
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Outlook
The methodology described here reduced the time needed to gen-
erate kidney organoids when compared with previous protocols 
by about 30%1,3–5,9, leading to the generation of kidney organoids 
that transcriptionally resembled second-trimester human fetal 
kidneys. This is an improvement over previous findings, in which 
kidney organoids clustered with trimester 1 human fetal kid-
neys9. Furthermore, here we have shown that kidney organoids 
implanted into chick CAM successfully engrafted and were vas-
cularized in ovo, providing a straightforward model for nephro-
toxicity and kidney disease modelling applications. Importantly, 
CAM-implanted kidney organoids showed morphological features 
that reflect functional differentiation compared with in vitro con-
ditions. When CAM stiffness was mimicked in vitro via compli-
ant hydrogels, hPSCs differentiated on soft substrates (CAM-like) 
generated IM-committed cells that showed an accelerated forma-
tion of more RVs and nephron structures than those produced on 
rigid substrates. Furthermore, kidney organoids generated from 
soft hydrogels exhibited improved differentiation characteristics 
when compared with those found under stiffer conditions. These 
differentiation features were also enhanced after CAM transplanta-
tion. Overall, the methodology described here paves the way toward 
further developing biomimetic approaches that will enhance organ-
oid differentiation (either in vitro or in vivo). These advances will 
enable future studies of kidney development and disease.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of data availability and asso-
ciated accession codes are available at https://doi.org/10.1038/
s41563-019-0287-6.
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Methods
Culture of hPSCs. All hPSC lines were obtained after the approval of the 
Ethics Committee of the Center of Regenerative Medicine in Barcelona and 
the Comisión de Seguimiento y Control de la Donación de Células y Tejidos 
Humanos del Instituto de Salud Carlos III (project numbers: 0336E/7564/2016; 
0336E/5311/2015; 0336E/15986/2016; 0336E/79489/2015; 00336E/20031/2014). 
ES[4] hESC and CBiPSsv-4F-40 were obtained from The National Bank of Stem 
Cells (ISCIII, Madrid). H1 and H9 hESC lines were purchased at Wicell. All the 
lines were maintained in Essential 8 medium (A1517001, Life Technologies) in cell 
culture plates coated with 5 µg ml−1 vitronectin (A14700, Fisher Scientific) with 
5% CO2 at 37 °C. Cells were passaged every 4–6 d.

hPSC differentiation into renal progenitor cells and generation of 3D kidney 
organoids. hPSCs grown on vitronectin-coated plates were rinsed twice with 
PBS (1001–015, Life Technologies) and disaggregated into small cell clusters with 
0.5 mM EDTA (E9884, Sigma). Cells were then seeded onto vitronectin-coated 
culture plates at a density of 5 × 104–1.5 × 104 cells per cm2 in Essential 8 medium 
(day −5). After overnight culture, the differentiation was initiated by treating 
hPSCs with 8 µM CHIR (SML1046, Sigma) in advanced RPMI 1640 basal 
medium (12633-012, Life Technologies) supplemented with 2 mM L-GlutaMAX 
(35050–038, Life Technologies) and penicillin/streptomycin (penicillin 
10,000 U ml−1:streptomycin 10,000 μg ml−1; 15140122, Life Technologies) for 
3 d (from day −4 to day −1). Next, cultures were treated with 200 ng ml−1 FGF9 
(100–23B, Peprotech), 1 µ ml−1 heparin (H3149-10KU, Sigma) and 10 ng ml−1 
activin A (338-AC-050, Vitro) for 1 d (from day −1 to day 0). Media changes 
were performed every day. On day 0, single-cell suspensions were obtained by 
dissociating cells with Accumax (07921, Stem Cell Technologies). Cells were 
then resuspended in advanced RPMI 1640 basal medium containing  
3 μM CHIR, 200 ng ml−1 FGF9 and 1 µg ml−1 heparin, placed in 96-well plates  
(V bottom) at 5 × 105 cells per well, spun down (300 g for 3 min) and maintained 
in culture for 2 d without medium change. On day 2, cell spheroids were placed 
onto Transwells (CLS3460, Sigma) and cultured in advanced RPMI 1640 basal 
medium containing 3 μM CHIR, 200 ng ml−1 FGF9 and 1 µg ml−1 heparin for 
another 1 d. On day 3, CHIR was removed and organoids were maintained in 
advanced RPMI 1640 basal medium with 200 ng ml−1 FGF9 and 1 µg ml−1 heparin 
for another 4 d. From day 7 organoids were maintained in advanced RPMI 1640 
basal medium until day 16 unless otherwise indicated, changing the medium 
every second day.

Immunocytochemistry. After a single wash with PBS, samples were fixed with 
4% paraformaldehyde (153799, Aname) for 20 min at room temperature. Next, 
samples were washed twice with PBS and further blocked using Tris-buffered 
saline (TBS) with 6% donkey serum (S30, Millipore) and 1% Triton X-100 (T8787, 
Sigma) for 1 h at room temperature. Samples were then treated overnight at 4 °C 
with primary antibodies diluted in antibody dilution buffer consisting of TBS 
with 6% donkey serum and 0.5% Triton X-100. After three rinses with antibody 
dilution buffer, samples were treated for 4 h at room temperature with fluorescent-
conjugated secondary antibodies (Alexa Fluor (A) 488-, Cy3- or A647-; 1:200). 
A previous blocking step with a streptavidin/biotin blocking kit (SP-2002, Vector 
Labs) was performed when samples were assayed for biotinylated LTL (B-1325, 
Vector Labs) and Alexa Fluor 488-conjugated streptavidin (SA5488, Vector 
Labs) was used to detect LTL+ cells. Nuclei were detected using 4,6-diamidino-2-
phenylindole (DAPI; 1:5000, D1306, Life Technologies) for 30 min. For mounting, 
samples were immersed in Fluoromount-G (0100-01, Southern Biotech). Image 
acquisition was carried out using an SP5 Leica microscope or a Zeiss LSM780 
confocal microscope. Primary antibodies and associated information are provided 
in Supplementary Table 5.

Electron microscopy. After fixation of samples with 2.5% glutaraldehyde 
containing 1% tannic acid in 0.1 M phosphate buffer (pH 7.4), samples were 
postfixed for 1 h at 4 °C with 1% OsO4 in 0.1 M phosphate buffer. Graded ethanol 
series were performed followed by epoxy resin embedding. Toluidine blue staining 
was performed in semithin sections before examination using a light microscope. 
Then, ultrathin sections were obtained using an EM UC7 ultramicrotome (Leica 
Microsystems) and collected on copper grids. 4% uranyl acetate and lead citrate 
were then used for staining. Samples were subsequently analysed with a JEM 1230 
electron microscope (JEOL).

Total RNA isolation and qPCR with reverse transcription. TRI Reagent 
was employed for total RNA purification following the manufacturer’s 
recommendations (T9424, Sigma). TURBO DNase inhibitor (AM1907, Ambion) 
was used in order to eliminate any residual genomic DNA. Complementary DNA 
was synthesized from 1 µg of RNA using a Cloned AMV First-Strand cDNA 
synthesis kit (12328, Invitrogen). Quantitative PCR with reverse transcription 
(QUANTSTUDIO 5 Applied Biosystems, Thermo Fisher Scientific) was used 
to quantify gene expression from cDNAs (25 ng/well) using PowerUp Sybr 
Green Master Mix (A25742, Thermo Fisher Scientific). GAPDH or Rplp0 were 
used for data normalization. Primer sequences used in this study are listed in 
Supplementary Table 6.

Next-generation RNA sequencing. Sequencing libraries were prepared from 1 µg 
of total RNA (previously isolated using TRI Reagent—T9424, Sigma) using an 
Illumina TruSeq RNA Sample Prep Kit (catalogue no. FC-122–1001). Sequencing 
was carried out to produce between 50 and 60 million paired end reads/sample 
using the Illumina Hiseq 2500 platform. Raw sequences were inspected for their 
quality using FastQC (version v0.11.5)29 and trimmed using Skewer (version 
0.2.2)30. STAR mapper (version 2.5.3a)31 was used to align the data to the human 
reference genome (GRCh38). The option ‘–quantMode’ was employed to count the 
number of mapped tags within genes (annotation Gencode v26). On average, 90% 
of tags were univocally mapped either to the genomic or to a splice junction. Data 
from Chuva de Sousa Lopes (SRP055513)13 were analysed in the same way. Read 
counts per genes were finally analysed using the R statistical package DESeq232. 
Since the two experiments were performed using different techniques (RNA-Seq 
and DeepSAGE), we used the ComBat function from the svaseq R package33 on 
rlog-transformed read counts in order to mitigate the batch effect. Scaled rlog 
values were then used to calculate the sample-to-sample distance and plotted 
as a dendrogram. Data from Little (SRP059518)9 and McMahon (SRP111183)14 
were analysed using the same procedure. The package Keygenes13 was used to 
classify every sample according to its similarity to a tissue. Keygenes compares the 
transcriptional profiles of test samples with that from organs or cell types from 
a training set. In this study, the ‘fetal wo’ training set was used. This training set 
contains transcriptional data from17 fetal organs.

Flow cytometry. Cells were dissociated using Accumax (07921, Stem Cell 
Technologies) for 5 min at 37 °C. Next, cells were resuspended in PBS and 
incubated with LIVE/DEAD Fixable Violet stain reagent (L23105, Life 
Technologies) (1:1000) for 30 min in the dark. For intracellular staining, a Foxp3/
Transcription Factor Staining Buffer Set (00–5523–00, Labclinics) was used 
according to manufacturer’s instructions. Briefly, cell suspensions were fixed in 
the dark for 30–60 min at room temperature with Foxp3 fixation/permeabilization 
working solution. Permeabilization of samples was performed using the 
permeabilization buffer for 5 min at room temperature. Blocking was performed 
using 2% fetal bovine serum for 15 min. Incubations with conjugated antibodies 
were performed for 30 min. The antibodies used were OCT4 conjugated to Alexa 
Fluor 488 (560253, BD Pharmigen), brachyury conjugated to allophycocyanin 
(IC2085A, R&D Systems) and PAX2 (AF3364, R&D Systems) conjugated to A488 
using a Lightning-Link® Rapid conjugation kit (322–0010, Innova Biosciences) 
following the manufacturer’s instructions. Samples were then washed with 
permeabilization buffer and resuspended in PBS + 2% fetal bovine serum. 
For cell sorting experiments, kidney organoids were stained with fluorescein-
conjugated LTL (FL-1321, Vector Laboratories) as described elsewhere12. Kidney 
organoids were then dissociated to single cells using Accumax (07921, Stem Cell 
Technologies) for 15 min followed by 0.25% (wt/vol) trypsin (25300–054, Life 
Technologies) for 15 min at 37 °C. SA3800 software version 2.0.4 (SONY) was 
used to acquire flow cytometry samples in the Sony SA3800 spectral cell analyser 
(SONY). FACSDiva software version 8.0.1 (BD Biosciences) was used in the FACS 
Aria Fusion instrument (BD Biosciences) for cell sorting experiments. FlowJo 
software version 10 was used to analyse the data.

Reaggregation of mouse embryonic kidney cells with hPSC-derived NPCs. 
These experiments were performed following approval by the Ethics Committee on 
Animal Research of the University of Barcelona, Spain (protocol no. OB 391/18). 
Reaggregation experiments were carried out as previously described in ref. 16.  
In brief, embryonic kidneys from 11.5–12.5 d post conception were collected from 
time-mated pregnant C57BL/6J mice. Kidney rudiments were removed from 
mouse embryos by manual dissection under a dissecting microscope. Dissociation 
of kidney rudiments into single cells was performed by incubating kidneys with 
0.25% (wt/vol) trypsin (25300–054, Life Technologies) for 1–2 min at 37 °C, 
followed by quenching of trypsin using complete medium (MEM + 10% fetal 
bovine serum + penicillin/streptomycin) and pipetting up and down vigorously 
for 30 s to disaggregate kidneys. Day 5 organoids were dissociated into single cells 
with Accumax (07921, Stem Cell Technologies). The resultant cell suspensions 
were sieved through a 40 μm pore cell strainer. Next, 7.2 × 105 mouse kidney cells 
were combined with 8 × 103 cells from day 5 organoids, placed in a 96-well plate 
(V bottom) in complete medium with 10 μM ROCK inhibitor (72304, Stem Cell 
Technologies), spun down (300 g for 3 min) and incubated at 37 °C, 5% CO2 to 
allow aggregate formation. After overnight culture, aggregates were placed onto 
Transwells (CLS3460, Sigma) and maintained in complete medium at 37 °C and 
5% CO2 for 4–6 d. Medium changes were performed every 48 h.

Nephron patterning assays. For nephron patterning assays, samples were 
cultured in basic differentiation media supplemented with 10 μM DAPT (565770, 
Sigma), 3 µM CHIR (SML1046, Sigma) or 5 µM IWR1 (681669, Sigma) from 
day 8 to day 16. Organoids were then collected for RNA isolation and fixed with 
4% paraformaldehyde for immunocytochemistry.

Seahorse analysis. Kidney organoids at day 16 of differentiation were resuspended 
in warm Seahorse XF Assay Medium (Seahorse Bioscience). Individual organoids 
were transferred to an islet plate (one organoid per well) containing 400 µl of 
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medium per well. After 1 h of incubation at 37 °C, plates were loaded into an XF24 
respirometry machine (Seahorse Bioscience). Uncoupled and maximum OCR were 
assayed with oligomycin (1 µM) and FCCP (1.5 µM). To inhibit complex I- and 
III-dependent respiration, rotenone (1 µM) and antimycin A (1 µM) were used, 
respectively. OCR represents the oxygen tension and acidification of the medium 
as a function of time (pmol min−1).

Implantation of kidney organoids onto chick CAM. Following animal care 
guidelines in Spain, no approval was required to perform the experiments 
described here. Briefly, fertilized white Leghorn chicken eggs were supplied by 
Granja Gibert. Eggs were placed horizontally in a humidified atmosphere at 38 °C 
in a Javier Masalles 240 N incubator. After 24 h, 3 ml of albumin was evacuated 
from the egg using a 18-gauge syringe. At embryonic day 7 (ED 7), a small window 
was created by cutting the egg shell using a sterile scalpel. Then, day 16 kidney 
organoids were implanted onto the surface of the CAM (one kidney organoid per 
egg) by gently scraping the upper CAM layer (avoiding bleeding or visible rupture 
of capillaries) at the desired implantation site. Egg windows were sealed with 
conventional plastic tape and incubated for 3–5 additional days (until ED 10–12).

Intravital imaging of the CAM vasculature. Under a dissecting microscope, 
superficial CAM veins were injected with 1 mg ml−1 FITC–dextran (2 MDa)  
(FD-2000S, Sigma) in PBS using a 30-gauge Hamilton syringe, allowing solutions 
to circulate for 5 min. Injected volumes were kept at 50 µl. Live imaging was 
performed using a MZ10 F Leica stereomicroscope equipped with a MC170 HD 
Leica camera.

Nephrotoxicity assay. Chick embryos (ED 14) that contained kidney organoids 
implanted into the CAM were intravenously injected with desired dosages 
of cisplatin (P4394, Sigma) using a 30-gauge Hamilton syringe, as previously 
reported34. Specimens injected with control solution (without cisplatin) were used 
as controls. Eggs were then sealed with conventional plastic tape and incubated 
overnight at 38 °C. After 24 h, CAM-implanted kidney organoids were collected 
and analysed.

Histological analysis and immunohistochemistry on CAM-implanted kidney 
organoids. CAM-implanted kidney organoids were harvested at day 5 of the 
implantation period, fixed in 4% paraformaldehyde at 4 °C overnight and 
embedded in paraffin. For histological analysis, 5 µm thick sections were stained 
with haematoxylin and eosin. For immunohistochemistry, antigen retrieval 
consisting of citrate buffer (pH 6) at 95 °C for 30 min was performed. Samples were 
then blocked with TBS containing 3% donkey serum and 1% Triton X-100 for 1 h 
at room temperature. Subsequently, primary antibodies were used overnight at 
4 °C in TBS with 3% donkey serum and 0.5% Triton X-100. After three washing 
steps with TBS containing 3% donkey serum and 0.5% Triton X-100, samples were 
treated with the appropriate conjugated secondary antibodies (Alexa Fluor 488-, 
Cy3- or A647-; all 1:200) for 2 h at room temperature. Nuclei were stained with 
DAPI (1:5000, D1306, Life Technologies) for 10 min. Samples were immersed in 
Fluoromount-G (0100-01, Southern Biotech). Image acquisition was carried out 
using a SP5 Leica microscope or a Zeiss LSM780 confocal microscope. Primary 
antibodies and associated information are provided in Supplementary Table 5.

Determination of the Young’s modulus of the chick CAM. The ball indentation 
method was used to assess the Young’s modulus (E) of the chick CAM, as described 
in ref. 35. The indentation depth (d) was calculated based on the derivative 
of fluorescence intensity profile using a custom-made MATLAB code. E was 
calculated from the indentation force (F), d and the radius of the ball indentor (R). 
For d < 0.3 R, the Hertz contact mechanics model was used to calculate E as follows: 
E = [3(1 −2)F]/4R0.5d1.5, where  ν is the Poisson’s ratio of the CAM.

Fabrication of functionalized polyacrylamide hydrogels. Glass-bottom 
dishes were loaded with a solution of acetic acid, 3-(trimethoxysilyl)propyl 
methacrylate (Sigma) and ethanol (1/1/14). Wells were next rinsed three times 
with 96% ethanol. Different concentrations of acrylamide and bis-acrylamide 
were combined with a solution containing 0.5% ammonium persulfate, 0.05% 
tetramethylethylenediamine (Sigma) and 2% fluorescent 200 nm far-red 
carboxylated nanobeads (Invitrogen). Specifically, concentrations of 5 and 0.04% 
of acrylamide and bis-acrylamide were used for the softer hydrogels, and 12% and 
0.25% of acrylamide and bis-acrylamide for the stiffer hydrogels, resulting in a 
nominal Young’s modulus of 1 kPa and 60 kPa, respectively, according to ref. 36.  
The substrates were functionalized as previously described in ref. 37. Briefly, a drop 
containing 1 mg ml−1 acrylic acid NHS (A8060, Sigma), 0.2% bis-acrylamide, 0.2% 
tetramethacrylate (408360, Sigma) and 0.05% (w/v) Irgacure 2959 was added 
on the surface of the hydrogel and photoactivated under exposure to ultraviolet 
light for 10 min. Afterwards, functionalized hydrogels were washed with HEPES 
and PBS and incubated overnight with 50 µg ml−1 vitronectin (A14700, Fisher 
Scientific) at 4 °C.

Quantification of immunofluorescence images. A custom-made MATLAB 
code was used to perform the quantification of immunofluorescence images. For 

quantification of number and area of RVs, the DAPI image was first smoothed 
with a mean filter to homogenize the intensity values of the nuclei within an RV. 
This image was converted into a binary image after applying an intensity threshold. 
The binary image was used to segment the RVs by applying a watershed algorithm. 
From this segmentation, a list containing the area of each RV and the number of 
RVs was obtained. The entire area of the organoid was identified using the same 
principle but reducing the threshold for the binary conversion. The percentage 
of area occupied by RVs was calculated by adding the area of all RVs identified 
divided by the entire area of the organoid. For quantification of LTL+ and PODXL+ 
structures, the percentage of area occupied by LTL+ and PODXL+ structures was 
calculated using the same procedure as described above. For quantification of 
WT1+ cells, the DAPI image was converted into a binary image after applying an 
intensity threshold. The binary image was used to segment the nuclei by applying a 
watershed algorithm. All nuclei found were counted. The same procedure was used 
to identify WT1+ nuclei. The positive nuclei in WT1 images were divided by the 
number of DAPI nuclei, giving a percentage of WT1+ cells for each condition.

Human kidney material. Primary human proximal tubular cells were obtained 
from collaborators at Hospital Clinic de Barcelona, Spain. The procedure was 
approved by the ethics committee of Hospital Clinic de Barcelona (project no. 
2009/5023). Primary renal proximal tubular epithelial cells were obtained in 
the laboratory of origin as previously described38. Human fetal kidney samples 
included in this study were provided by the Fetal Tissue Bank of Vall d’Hebron 
University Hospital Biobank (PT13/0010/0021), part of the Spanish National 
Biobanks Network, and they were processed following standard operating 
procedures with the appropriate approval of the Ethical and Scientific Committees 
(project no. 0336E/9934/2015). The gestational age of human fetal kidney samples 
was determined using ultrasound heel-to-toe and crown-to-rump measurements39. 
Human fetal kidney samples from 13, 16 and 22 weeks of gestation were supplied 
as whole tissues embedded in OCT (at −80 °C) and as frozen tissue samples for 
RNA extraction.

Statistics and reproducibility. Data are mean ± standard deviation (s.d.). 
Statistical differences between two groups were tested with a two-tailed Student’s 
t-test or one-way analysis of variance followed by Tukey’s post hoc test. Data 
were statistically significant if P < 0.05. Number of replicates (n = x), P values and 
degrees of freedom are included in the figure legends. GraphPad Prism version 
6.01 software was used for statistical analysis. A table summarizing sample size, 
number of experiments and statistical test results (when applicable) for each figure 
panel is also provided as Supplementary Table 7.

For in vitro experiments, two to six organoids were analysed at the times and 
conditions indicated in each experiment. For ex vivo reaggregation assay, we used 
one to three pregnant mice (to collect embryonic kidneys from mouse embryos) 
per experiment. Two or three reaggregates were analysed per experiment. For 
implantation of organoids into chick CAM in ovo, about 6–22 chicken eggs were 
used per experiment and about 2–10 implanted kidney organoids were analysed 
per experiment.

RNA-Seq of kidney organoids during the time course differentiation was 
performed on six pooled kidney organoids at each time analysed from two 
independent experiments (Fig. 1c and Supplementary Fig. 9).

For main figures where representative immunofluorescence images are 
shown, at least n = 2 biologically independent kidney organoids were analysed 
from independent experiments showing similar results (Fig. 1b, n = 2 
organoids; Fig. 2g, n = 3 organoids per treatment; Fig. 2m, n = 4 organoids 
per culture condition; Fig. 3l,m, n = 2 implanted organoids; Fig. 3n, n = 3 
implanted organoids; Fig. 4a, n = 2 organoids per stiffness condition; Fig. 4c, 
n = 3 organoids per stiffness condition).

For main figures where representative TEM images are shown, n = 2 
biologically independent kidney organoids were analysed from independent 
experiments showing similar results (Fig. 1e–j, Fig. 3e–k, Fig. 4f–i and Fig. 4k–n).

Macroscopic images of kidney organoids after implantation into chick CAM 
are representative of three independent CAM implantation experiments (Fig. 3b,  
n = 6 implanted organoids; Fig. 3c, n = 10 implanted organoids; Fig. 3d, n = 3 
implanted organoids after dextran–FITC injection).

For supplementary figures, complete information on the number of 
independent experiments and samples analysed is provided in the corresponding 
figure legends.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Code availability
MATLAB codes can be requested from the corresponding author.

Data availability
RNA-Seq data are publicly available in Gene Expression Omnibus (GEO, http://
www.ncbi.nlm.nih.gov/geo) under the accession numbers GSE108349, GSE108350 
and GSE108351. All remaining datasets supporting the findings described here are 
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available within the article and its supplementary information files. Additionally, 
data are available from the corresponding author upon reasonable request.
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Reporting Summary
Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 

in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistical parameters
When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main 

text, or Methods section).

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 

Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND 

variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 

Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Clearly defined error bars 

State explicitly what error bars represent (e.g. SD, SE, CI)

Our web collection on statistics for biologists may be useful.

Software and code

Policy information about availability of computer code

Data collection SA3800 version 2.0.4 (SONY) was used for flow citometry. FACSDiva version 8.0.1 (BD Biosciencies) was used for fluorescence-activated 

cell sorting. Zeiss ZEN 2012 SP5 FP1 version 14.0.11.201 and Leica LAS AF vesion 2.6.3.8173 were used for confocal microscopy. Cell^D 

version 3.2 and LAS EZ version 3.4.0 were used for optical microscopy. QuantStudio Real time PCR software was used for qPCR data 

collection.

Data analysis FlowJo version 10 was used for flow cytometry data analysis. ImageJ version 2006.02.01 was used for image processing. MATLAB version 

9.1.0.441655 (R2016b) was used. Matlab analysis procedures that were employed to calculate the young modulus of the CAM and to 

quantify immunofluorescence images can be made available upon request to the corresponding author. A description of the procedures 

is available in Methods section of the manuscript. Microsoft excel was used for qPCR and RNA-seq data analysis. Graphpad Prism version 

6.01 was used for graphing and statistical analysis. FastQC version 0.11.5, Skewer version 0.2.2, STAR mapper version 2.5.3a and R 

statistical package DESeq2 were used for RNA-seq data analysis. 

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers 

upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 

- Accession codes, unique identifiers, or web links for publicly available datasets 

- A list of figures that have associated raw data 

- A description of any restrictions on data availability

RNA-seq data are publicly available in Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo) under the accession numbers GSE108349, GSE108350 

and GSE108351. All remaining datasets that support the findings of this study are available within the article and its supplementary information files, and from the 

corresponding author upon reasonable request. 

Field-specific reporting
Please select the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/authors/policies/ReportingSummary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to determine sample size. A minimum of two independent experiements were carried out.  

For in vitro experiments, 2-6 organoids were analyzed at the time points and conditions indicated in the manuscript for each experiment. 

Sample size was determined based on previous studies in the field. 

For ex vivo reaggregation assay, we used 1-3 pregnant mice (to collect embryonic kidneys from mice embryos) per experiment. A number of 

2-3 reaggregates were analyzed per experiment. Sample size was determined based on previous studies in the field. 

For in vivo implantation of organoids, a number of about 6-22 chicken eggs were used per experiment. A number of 2-10 implanted kidney 

organoids were analyzed per experiment from a total of six experiments. Sample size was determined based on previous studies using 

tumoral cell lines in the chick CAM. model.  

All sample sizes, statistical tests and P values are indicated in the figure legends or described in the "Statistics and reproducibility" section of 

the manuscript.

Data exclusions No data were excluded from the analyses.

Replication All experimental findings were reproduced independently at least two times. All attempts at replication were successful. To ensure the 

reproducibility of our methodology for generating kidney organoids, we used three different human embryonic stem cell (hESC) lines and one 

human induced pluripotent stem cell line.  

The number of times that each experiment was repeated  is indicated in the figure legends or described in the "Statistics and reproducibility" 

section of the manuscript.

Randomization Cells/organoids were chosen at random for measurements within each condition. 

Blinding Blinding was not used during data collection and analysis in experiments that did not involve direct comparisons between groups. Blinding 

was used for quantitative measurements comparing different conditions in which data analysis was carried out using a custom made code 

(Fig. 2g,h; Fig. 2m,n; Fig. 4a,b; Fig.4c,d).

Reporting for specific materials, systems and methods

Materials & experimental systems

n/a Involved in the study

Unique biological materials

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Methods

n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging
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Antibodies

Antibodies used Antibodies and other staining reagents used for immunocytochemistry/immunohistochemistry:  

OCT4 (Santa Cruz, Cat# sc-5279, clone C-10, Lot# L2216, Dilution 1:25);  

Nanog (R&D Systems, Cat# A F1997, polyclonal, Lot# KKJ0616121, Dilution 1:25);  

YAP (Santa Cruz, Cat# sc-101199, clone 63.7, Lot# I0315, Dilution 1:200);  

Brachyury (R&D Systems, Cat# AF2085, polyclonal, Lot# KQP031611, Dilution 1:100);  

PAX2 (R&D Systems, Cat# AF3364, polyclonal, Lot# XOT0215072, Dilution 1:20);  

SALL1 (R&D Systems, Cat# PP-K9814-00, clone K9814, Lot# A-3, Dilution 1:100);  

WT1 (Abcam, Cat# ab89901, clone CAN-R9(IHC)-56-2, Lot# GR177328-54, Dilution 1:100);  

OSR1 (Abnova, Cat# H00130497-M04, clone 3F3, Lot# DB041-3F3, Dilution 1:25);  

LHX1 (Developmental Studies Hybridoma Bank, Cat# 4F2-s, clone 4F2, Dilution 1:50);  

SIX2 (Proteintech, Cat# 11562-1-AP, polyclonal, Dilution  1:500);  

PAX8 (Proteintech, Cat# 10336-1-AP, polyclonal, Dilution 1:500);  

ECAD (BD Bioscience, Cat# 610181, clone 36/E-cadherine, Lot# 7187865, Dilution 1:50);  

PODXL (R&D Systems, Cat# BAF1658, polyclonal, Lot# JLV0112111, Dilution 1:25);  

HNF1β (Santa Cruz, Cat# sc-7411, clone C-20, Lot# B0116, Dilution 1:100);  

BRN1 (Santa Cruz, Cat# sc-6028-R, clone C-17, Lot# J2512, Dilution 1:200);  

NEPHRIN (R&D Systems, Cat# AF4269, polyclonal, Lot# ZMU0114031, Dilution 1:300);  

KIM1 (R&D Systems, Cat# AF1750, polyclonal, Lot# JTB0317031, Dilution 1:300);  

cleaved Caspase-3 (Cell Signalling, Cat# 9661S, clone D175, Lot# 45, Dilution 1:200);  

CD34 (Abcam, Cat# ab8536, cloneQBEND-10, Lot# GR49632-21, Dilution 1:200);  

CD31 (Abcam, Cat# ab28364, polyclonal, Lot# GR31176844-16, Dilution 1:50);  

HuNu (Abcam, Cat# ab191181, clone 235-1, Lot# GR3185051-2, Dilution 1:100);  

Uromodulin (UMOD) (R&D Systems, Cat# AF5144, polyclonal, Lot# CBRF0114081, Dilution 1:50);  

Aquaporin 1 (AQP1) (Santa Cruz, Cat# sc-20810, clone H-55, Lot# C1815, Dilution 1:50);  

SLC3A1 (Sigma, Cat# HPA038360, polyclonal, Lot# R35388, Dilution 1:100);  

Laminin (Sigma, Cat# L9393, polyclonal, Lot# 028M4890V, Dilution 1:50);  

PODOCIN (Sigma, Cat# P0372, polyclonal, Lot# 064M4780, Dilution 1:50);  

NEPH1 (Santa Cruz, Cat# sc-373787, clone F-6, Lot# A0313, Dilution 1:50);  

SGLT2 (Abcam, Cat# ab37296, polyclonal, Lot# GR320725-7, Dilution 1:100);  

Sodium potassium ATPase (NaK) (Abcam, Cat# ab209299, clone ED1845Y, Lot# GRZ64184-1, Dilution 1:200);  

Biotinylated Lotus Tetragonolobus Lectin (LTL) (Vector Laboratories, Cat# B-1325, Lot# ZC2428, Dilution 1:200);  

Biotinylated Lens Culinaris Agglutinin (LCA) (Vector Laboratories, Cat# B-1045, Lot# ZC1221, Dilution 1:500);  

Alexa Fluor 488-conjugated streptavidin (Vector Laboratories, Cat# SA5488, Lot# ZD0313, Dilution: 1:50); 

 

Antibodies and other staining reagents used for flow cytometry: 

Fluorescein labeled LTL (Vector Laboratories, Cat# FL-1321, Lot# ZC0914, Dilution: 1:500);  

OCT4 conjugated to Alexa Fluor-488 (BD Pharmigen, Cat# 560253, Lot# 7110598, Dilution: 20 μl/test);  

Alexa Fluor 488 Mouse IgG1k isotype control (BD Pharmigen, Cat# 557721, Lot# 7082749, Dilution: 5 μl/test); 

Brachyury conjugated to allophycocyanin (APC) (R&D Systems, Cat# IC2085A, Lot# ADUQ0216041, Dilution: 10 μl/test); 

Goat IgG APC-conjugated antibody (R&D Systems, Cat# IC108A, Lot# AAOE0516031, Dilution: 10 μl/test); 

PAX2 conjugated to A488 using the Lightning-Link® Rapid conjugation kit (322-0010, Innova Biosciences) (R&D Systems, Cat# 

AF3364, Lot# XOT0215072, Dilution: 1:200); 

Normal Goat IgG Alexa Fluor® 488-conjugated Control (R&D Systems, Cat# IC108G, Lot# ABWO41607, Dilution: 5 μl/test); 

LIVE/DEAD Fixable Violet stain reagent (Life Technologies, Cat# L23105, Dilution: 1:1000) 

 

Information of all antibodies / staining reagents is provided in the Methods section or Supplementary information of the 

manuscript. 

Validation Antibody validations for the species and assay used were performed by antibody suppliers as described in the manufacture's 

web page, or were published in previous studies. Relevant articles are: 

 

Xia Y, Nivet E, Sancho-Martinez I, Gallegos T, Suzuki K, Okamura D, Wu MZ, Dubova I, Esteban CR, Montserrat N, Campistol JM, 

Izpisua Belmonte JC. Directed differentiation of human pluripotent cells to ureteric bud kidney progenitor-like cells. Nat Cell Biol. 

2013 Dec;15(12):1507-15. doi: 10.1038/ncb2872. Epub 2013 Nov 17. PubMed PMID: 24240476. (OCT4, OSR1, SIX2: human, 

immunofluorescence).  

 

Martí M, Mulero L, Pardo C, Morera C, Carrió M, Laricchia-Robbio L, Esteban CR, Izpisua Belmonte JC. Characterization of 

pluripotent stem cells. Nat Protoc. 2013 Feb;8(2):223-53. doi: 10.1038/nprot.2012.154. Epub 2013 Jan 10. PubMed PMID: 

23306458. (OCT4, Nanog, Brachyury: human, immunofluorescence).  

 

Elosegui-Artola A, Andreu I, Beedle AEM, Lezamiz A, Uroz M, Kosmalska AJ, Oria R, Kechagia JZ, Rico-Lastres P, Le Roux AL, 

Shanahan CM, Trepat X, Navajas D, Garcia-Manyes S, Roca-Cusachs P. Force Triggers YAP Nuclear Entry by Regulating Transport 

across Nuclear Pores. Cell. 2017 Nov 30;171(6):1397-1410.e14. doi: 10.1016/j.cell.2017.10.008. Epub 2017 Oct 26. PubMed 

PMID: 29107331. (YAP: human, immunofluorescence) 

 

Morizane R, Lam AQ, Freedman BS, Kishi S, Valerius MT, Bonventre JV. Nephron organoids derived from human pluripotent stem 

cells model kidney development and injury. Nat Biotechnol. 2015 Nov;33(11):1193-200. PubMed PMID: 26458176; PubMed 

Central PMCID: PMC4747858. (SALL1, LHX1, SIX2, PAX8, PODXL, HNF1β, BRN1, KIM1, LTL: human, immunofluorescence) 

 

Takasato M, Er PX, Chiu HS, Maier B, Baillie GJ, Ferguson C, Parton RG, Wolvetang EJ, Roost MS, Chuva de Sousa Lopes SM, Little 

MH. Kidney organoids from human iPS cells contain multiple lineages and model human nephrogenesis. Nature. 2015 Oct 
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22;526(7574):564-8. doi: 10.1038/nature15695. Epub 2015 Oct 7. Erratum in: Nature. 2016 Aug 11;536(7615):238. PubMed 

PMID: 26444236. (SIX2, ECAD, NEPHRIN, Caspase-3, LTL: human, immunofluorescence). 

 

Sharmin S, Taguchi A, Kaku Y, Yoshimura Y, Ohmori T, Sakuma T, Mukoyama M, Yamamoto T, Kurihara H, Nishinakamura R. 

Human Induced Pluripotent Stem Cell-Derived Podocytes Mature into Vascularized Glomeruli upon Experimental 

Transplantation. J Am Soc Nephrol. 2016 Jun;27(6):1778-91. doi: 10.1681/ASN.2015010096. Epub 2015 Nov 19. PubMed PMID: 

26586691; PubMed Central PMCID: PMC4884101. (CD31: human, immunofluorescence). 

 

Cai G, Lai B, Hong H, Lin P, Chen W, Zhu Z, Chen H. Effects of cryopreservation on excretory function, cellular adhesion molecules 

and vessel lumen formation in human umbilical vein endothelial cells. Mol Med Rep. 2017 Jul;16(1):547-552. doi: 10.3892/

mmr.2017.6664. Epub 2017 May 31. PubMed PMID:28586042; PubMed Central PMCID: PMC5482135. (CD34: human, 

immunofluorescence). 

 

Lei P, Ding D, Xie J, Wang L, Liao Q, Hu Y. Expression profile of Twist, vascular endothelial growth factor and CD34 in patients with 

different phases of osteosarcoma. Oncol Lett. 2015 Jul;10(1):417-421. Epub 2015 May 20. PubMed PMID: 26171042; PubMed 

Central PMCID: PMC4487166. (CD34: human, immunofluorescence). 

 

Cruz NM, Song X, Czerniecki SM, Gulieva RE, Churchill AJ, Kim YK, Winston K, Tran LM, Diaz MA, Fu H, Finn LS, Pei Y, Himmelfarb 

J, Freedman BS. Organoid cystogenesis reveals a critical role of microenvironment in human polycystic kidney disease. Nat 

Mater. 2017 Nov;16(11):1112-1119. doi: 10.1038/nmat4994. Epub 2017 Oct 2. PubMed PMID: 28967916; PubMed Central 

PMCID: PMC5936694. (NEPHRIN, PODXL, LTL, Fluorescein labeled LTL: human, immunofluorescence). 

 

Lindström NO, Tran T, Guo J, Rutledge E, Parvez RK, Thornton ME, Grubbs B, McMahon JA, McMahon AP. Conserved and 

Divergent Molecular and Anatomic Features of Human and Mouse Nephron Patterning. J Am Soc Nephrol. 2018 

Mar;29(3):825-840. doi: 10.1681/ASN.2017091036. Epub 2018 Feb 15. PubMed PMID: 29449451; PubMed Central PMCID: 

PMC5827611. (Pax2, WT1, SLC3A1, Uromodulin: human, immunofluorescence). 

 

Vedula EM, Alonso JL, Arnaout MA, Charest JL. A microfluidic renal proximal tubule with active reabsorptive function. PLoS One. 

2017 Oct 11;12(10): e0184330. doi: 10.1371/journal.pone.0184330. eCollection 2017. PubMed PMID: 29020011; PubMed 

Central PMCID: PMC5636065. (SGLT2: human, immunofluorescence). 

 

Kang KJ, Lee MS, Moon CW, Lee JH, Yang HS, Jang YJ. In Vitro and In Vivo Dentinogenic Efficacy of Human Dental Pulp-Derived 

Cells Induced by Demineralized Dentin Matrix and HA-TCP. Stem Cells Int. 2017; 2017:2416254. doi:10.1155/2017/2416254. 

Epub 2017 Jun 28. PubMed PMID: 28761445; PubMed Central PMCID: PMC5518496. (HuNu: human, immunofluorescence). 

 

Jilani SM, Murphy TJ, Thai SN, Eichmann A, Alva JA, Iruela-Arispe ML. Selective binding of lectins to embryonic chicken 

vasculature. J Histochem Cytochem. 2003 May;51(5):597-604. PubMed PMID: 12704207. (Biotinylated Lens Culinaris Agglutinin: 

chicken, immunofluorescence). 

 

Yamaguchi S, Morizane R, Homma K, Monkawa T, Suzuki S, Fujii S, Koda M, Hiratsuka K, Yamashita M, Yoshida T, Wakino S, 

Hayashi K, Sasaki J, Hori S, Itoh H. Generation of kidney tubular organoids from human pluripotent stem cells. Sci Rep. 2016 Dec 

16;6: 38353. doi: 10.1038/srep38353.PubMed PMID: 27982115; PubMed Central PMCID: PMC5159864. (Aquaporin 1: human, 

immunofluorescence). 

 

Fagerberg L, Hallström BM, Oksvold P, Kampf C, Djureinovic D, Odeberg J, Habuka M, Tahmasebpoor S, Danielsson A, Edlund K, 

Asplund A, Sjöstedt E, Lundberg E, Szigyarto CA, Skogs M, Takanen JO, Berling H, Tegel H, Mulder J, Nilsson P, Schwenk JM, 

Lindskog C, Danielsson F, Mardinoglu A, Sivertsson A, von Feilitzen K, Forsberg M, Zwahlen M, Olsson I, Navani S, Huss M, Nielsen 

J, Ponten F, Uhlén M. Analysis of the human tissue-specific expression by genome-wide integration of transcriptomics and 

antibody-based proteomics. Mol Cell Proteomics. 2014 Feb;13(2):397-406. doi: 10.1074/mcp.M113.035600. Epub 2013 Dec 5. 

PubMed PMID: 24309898; PubMed Central PMCID: PMC3916642. (PODOCIN: human, immunofluorescence). 

 

Wong KG, Ryan SD, Ramnarine K, Rosen SA, Mann SE, Kulick A, De Stanchina E,Müller FJ, Kacmarczyk TJ, Zhang C, Betel D, 

Tomishima MJ. CryoPause: A New Method to Immediately Initiate Experiments after Cryopreservation of Pluripotent Stem Cells. 

Stem Cell Reports. 2017 Jul 11;9(1):355-365. doi: 10.1016/j.stemcr.2017.05.010. Epub 2017 Jun 8. PubMed PMID: 28602613; 

PubMed Central PMCID: PMC5511100. (Brachyury conjugated to allophycocyanin (APC): human, flow cytometry). 

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Human pluripotent stem cell lines: 

All the human pluripotent stem cell lines used in this study were obtained after the approval of the Ethics Committee of the 

CMRB and the approval of the Comisión de Seguimiento y Control de la Donación de Células y Tejidos Humanos del Instituto 

de Salud Carlos III (project numbers: 0336E/7564/2016; 0336E/5311/2015; 0336E/15986/2016; 0336E/79489/2015; 

00336E/20031/2014). ES[4] hESC and CBiPSsv-4F-40 were obtained from The National Bank of Stem Cells (ISCIII, Madrid). H1 

and H9 hESC lines were purchased at Wicell.  

Information on cell line sources used in this study is also provided in the Methods section of the manuscript.  

 

Human kidney material: 

Primary human proximal tubular cells were obtained from collaborators at Hospital Clinic de Barcelona, Spain. The ethics 

committee of Hospital Clinic de Barcelona approved the procedure, and signed consent forms are available upon request 

(project number: 2009/5023). Isolation of primary renal proximal tubular epithelial cells was performed as previously 

described. Briefly, tubular cells were prepared from renal tissue after nephrectomy. Cortical renal tissue was digested in 
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Iscove's modified Dulbecco's medium with 1% collagenase IV (Invitrogen) for 1h under shaking. Cell suspension was placed 

on a pre-cooled Percoll density gradient solution (Amersham Biosciences) and centrifuged for 40 min at 4 °C at 16,000 rpm 

(gradient with densities between 1.019 and 1.139 g/ml was generated). The cell fraction between 1.05 and 1.076 g/ml was 

collected and cells were plated on plastic plates with DMEM (Invitrogen) supplemented with 10% fetal bovine serum (FBS; 

Invitrogen), Glutamax (1 mM), penicillin/streptomycin, and nonessential amino acids (100 μM). 

Relevant reference:  

Montserrat N, Ramírez-Bajo MJ, Xia Y, Sancho-Martinez I, Moya-Rull D, Miquel-Serra L, Yang S, Nivet E, Cortina C, González F, 

Izpisua Belmonte JC, Campistol JM. Generation of induced pluripotent stem cells from human renal proximal tubular cells 

with only two transcription factors, OCT4 and SOX2. J Biol Chem. 2012 Jul 13;287(29):24131-8. 

 

Human fetal kidney samples included in this study were provided by the Fetal Tissue Bank of Vall d’Hebron University 

Hospital Biobank (PT13/0010/0021), integrated in the Spanish National Biobanks Network and they were processed following 

standard operating procedures with the appropriate approval of the Ethical and Scientific Committees (project number: 

0336E/9934/2015). Human fetal kidney samples from 13, 16 and 22 weeks of gestation were supplied as whole tissues 

embedded in OCT (at -80 ºC) and as frozen tissue samples for RNA extraction.  

 

Information on human kidney material used in this study is also provided in the Methods section of the manuscript. 

Authentication Human pluripotent stem cell lines: 

Human embryonic stem cells (ES4, H1 and H9 lines) and human induced pluripotent stem cells (CBiPSsv-4F-40 line) were 

authenticated in their lab of origin through the expression of pluripotency-associated markers. 

 

Human kidney material: 

Primary human proximal epithelial cells were authenticated in the lab of origin for the expression of specific proximal tubular 

cell markers, as previously reported.  

Relevant reference:  

Montserrat N, Ramírez-Bajo MJ, Xia Y, Sancho-Martinez I, Moya-Rull D, Miquel-Serra L, Yang S, Nivet E, Cortina C, González F, 

Izpisua Belmonte JC, Campistol JM. Generation of induced pluripotent stem cells from human renal proximal tubular cells 

with only two transcription factors, OCT4 and SOX2. J Biol Chem. 2012 Jul 13;287(29):24131-8. 

 

The gestational age of human fetal kidney samples was determined per guidelines specified by the American College of 

Obstetricians and Gynecologists using ultrasound heel-to-toe, and crown-to-rump measurements.  

Relevant reference:  

O’Rahilly R, Müller F: Developmental stages in human embryos: Revised and new measurements. Cells Tissues Organs 192: 

73–84, 2010.

Mycoplasma contamination All cell lines tested negative for mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals For mice experiments:  

Animal care and experiments were carried out according to protocols approved by the Ethics Committee on Animal Research of 

the University of Barcelona, Spain (protocol number: OB 391/18). Embryonic kidneys from 11.5-12.5 days post conception (d.p.c) 

were collected from time-mated pregnant C57BL/6J mice.  

 

For chicken experiments:  

According to animal care guidelines in Spain, no approval was necessary to perform the experiments described herein. Fertilized 

white Leghorn chicken eggs were provided by Granja Gibert, rambla Regueral, S/N, 43850 Cambrils, Spain. 

Wild animals The study does not involve wild animals.

Field-collected samples The study does not involve samples collected from the field.

Flow Cytometry

Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Cells were dissociated using accumax (07921, Stem Cell Technologies) for 5 min at 37ºC and stained according to a standard 
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Sample preparation methodology described in the Methods section of the manuscript. 

Kidney organoids were stained according to a standard methodology described in the Methods section of the manuscript. Kidney 

organoids were then dissociated to single cells using accumax (07921, Stem Cell Technologies) for 15 min followed by 0.25% (wt/

vol) trypsin (25300-054, Life Technologies) for 15 min at 37ºC.

Instrument Sony SA3800 spectral cell analyzer (SONY) was used to acquire flow cytometry samples (Supplementary Fig.1b and 

Supplementary Fig.2b), whereas FACSAria Fusion instrument (BD Biosciences) was used for cell sorting experiments 

(Supplementary Fig. 5b).

Software SA3800 software version 2.0.4 (SONY) was used to acquire flow cytometry samples in the Sony SA3800 spectral cell analyzer 

(SONY), whereas FACSDiva software version 8.0.1 (BD Biosciencies) was used in the FACS Aria Fusion instrument (BD Biosciences) 

for cell sorting experiments. FlowJo software version 10 was used to analyze these data.

Cell population abundance The abundance of the relevant cell populations was based on the expression of specific nuclear and surface markers that were  

analyzed by immunofluorescence and quantitative RT-PCR.

Gating strategy Supplementary Fig. 1b: 

For assessment of OCT4 and T staining, cells were first gated on a SS-A versus FS-A plot, the polulation from which was then 

gated on the LIVE/DEAD negative population (LIVE/DEAD versus FS-A plot), the population from which was then analyzed on a 

plot of T-APC versus OCT4-A488. 

 

Supplementary Fig. 2b: 

For assessment of PAX2 staining, cells were first gated on a SSC-A versus FSC-A plot, the polulation from which was then gated 

on the LIVE/DEAD negative population (LIVE/DEAD versus FSC-A plot), the population from which was then analyzed on a plot of 

SSC-A versus PAX2-A488. 

 

Supplementary Fig. 5b: 

For fluorescence activated cell sorting of LTL-FITC positive and negative cell fractions, cells were first gated on a SSC-A versus 

FSC-A plot, the polulation from which was then gated on singlets (FSC-W versus FSC-A plot), the population from which was then 

gated on the LIVE/DEAD negative population (LIVE/DEAD versus FSC-A plot), the population from which was then analyzed on a 

plot of autofluorescence (AU) versus LTL-FITC.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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Supplementary information 

This document contains: 

- Supplementary Figures 1 to 17 

- Legends for Supplementary Tables 1 to 5, and supplementary Table 7 (provided as 

separate excel files) 

- Supplementary Table 6 

- Legends for Supplementary Videos 1 to 3 
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Supplementary Figure 1 
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Supplementary Fig. 1 | Induction of PPS-committed cells from hPSC. a, Schematic of 

the timeline for the directed differentiation of hPSCs (day -5) into PPS-committed cells by 

3-day exposure to 8 µM CHIR in 2D monolayer culture (day -1). b, Flow cytometry 

analysis for the intracellular staining of brachyury (referred as T) and OCT4 in PPS-

committed cells (day -1). Numbers in quadrants indicate percent cells in each. Data are 

representative of three independent experiments. The mean percentage of T+ OCT4- cells is 

82.2 ± 2.6 % (mean ± SD, n = 3). c, Immunocytochemistry for T and OCT4 expression 

after PPS induction (day -1). Scale bars, 25 µm. Images are representative of four 

independent experiments. d, qPCR analysis for APS and PPS markers after PPS induction 

(day -1). Genes are indicated. Data are mean ± SD (technical replicates). The experiment 

was repeated independently two times with similar results.  
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Supplementary Figure 2 
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Supplementary Fig. 2 | Differentiation of hPSC-derived PPS cells into IM cells. a, 

Schematic of the timeline for the directed differentiation of hPSCs (day -5) into IM-

committed cells (day 0). After PPS induction (day -1), treatment with FGF9 and Activin A 

for 1 day promotes the efficient generation of IM-committed cells (day 0). b, Flow 

cytometry analysis for the intracellular staining of PAX2 in IM-committed cells (day 0). 

Numbers in outlined areas indicate percent cells. Data are representative of three 

independent experiments. The mean percentage of PAX2+ cells is 85.0 ± 1,4 % (mean ± 

SD, n = 3). c, Immunocytochemistry for PAX2 after IM induction (day 0). Scale bars, 50 

µm. Images are representative of four independent experiments. d, qPCR analysis for the 

expression of IM markers before (day -5) and after IM induction (day 0). Genes are 

indicated. Data are mean ± SD (technical replicates). The experiment was repeated 

independently two times with similar results. 
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Supplementary Figure 3 
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Supplementary Fig. 3 | Day 8 kidney organoids express characteristic markers of RVs. 

a, Bright-field and tile scan confocal images of a whole kidney organoid showing the 

formation of RV structures that expressed PAX2 and WT1 on day 8 of differentiation. 

Scale bars, 500 µm. b, Hematoxylin-eosin staining of kidney organoids at day 8, 11, 14 and 

16 of differentiation. c, Schematic of the acquisition of RV proximal-distal polarity by RV-

stage organoids. Markers characteristic of distal, medial and proximal identities are 

indicated. d, Immunocytochemistry for RV markers LHX1, PAX8, HNF1β, PAX2, BRN1, 

ECAD and the MM marker SIX2 in day 8 and day 11 RV-stage organoids. Scale bars, 50 

µm. Images are representative of three independent experiments (a, b, d). e, qPCR analysis 

for TWIST, SNAI2, ECAD and WNT4 during kidney organoid differentiation (days are 

indicated). Data are mean ± SD (technical replicates). The experiment was repeated 

independently two times with similar results.  
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Supplementary Figure 4 

 

Supplementary Fig. 4 | Immunohistochemistry of human fetal kidneys and kidney 

organoids. a, Schematic of a nephron illustrating the different nephron compartments, 

including: distal tubule (DT), Loop of Henle (LoH), proximal tubule (PT) and glomerulus 

(G). Characteristic late-stage nephron markers for each nephron segment are indicated. b-g, 
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Immunohistochemistry for the indicated late-stage nephron markers in human fetal kidney 

samples from first (13 and 16 weeks of gestation) and second trimester (22 weeks of 

gestation) of gestation, and day 16 kidney organoids. Magnified views of boxed regions are 

shown for all the experimental conditions. Scale bars, 250 µm and 25 µm (magnified 

views). One human fetal kidney sample per gestational age was analysed. Images are 

representative of two independent experiments. 
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Supplementary Figure 5 
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Supplementary Fig. 5 | Sorting of renal cell populations from kidney organoids. a, 

Schematics of the separation of glomerular (LTL-) and tubular (LTL+) compartments in day 

16 kidney organoids by fluorescence-activated cell sorting. Kidney organoids were stained 

with LTL, dissociated to single cells and sorted. b, Gating strategy for cell sorting of LTL+ 

and LTL- cell populations from day 16 kidney organoids. Numbers in outlined areas 

indicate percent cells. AU, autofluorescence. c, Histograms representing the overlay of live 

cells and LTL+ cells from three independent cell sorting experiments. The mean percentage 

of LTL+ cells is 9.1 ± 1.2 % (mean ± SD, n = 3). Each experiment is a pool of eight 

organoids. d, Total RNA was extracted from LTL+ and LTL-cell populations and analysed 

by qPCR (genes are indicated). LTL- cells expressed higher mRNA levels for PODXL and 

WT1 glomerular segment markers (in red) in comparison with LTL+ cells that expressed 

higher mRNA levels for ECAD and SLC3A1 proximal tubular markers (in green). Data are 

mean ± SD. n = 3 independent experiments. LTL- versus LTL+: ECAD, t(4) = 2.3135, ns, 

not significant, P = 0.0817; PODXL, t(4) = 4.0118, *P = 0.016; SLC3A1, t(4) = 3.4534, *P 

= 0.026; WT1, t(4) = 6.8786, **P = 0.0023. Two-tailed student’s t-test. e, 

Immunocytochemistry for glomerulus (WT1 and PODXL) and proximal tubule (NaK, 

SGLT2) markers in LTL- and LTL+ cell fractions, respectively. Images are representative 

of three independent experiments. f, Immunocytochemistry for proximal tubule markers 

(NaK, SGLT2) in adult human kidney proximal tubular epithelial cells that were used as 

positive control. One adult human kidney proximal tubular epithelial cell sample was 

analysed. Scale bars, 50 µm (e, f). 
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Supplementary Figure 6 
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Supplementary Fig. 6 | qPCR analysis of kidney organoids from ES[4] hESC line. 

mRNA levels for differentiation markers were analysed by qPCR during the time course of 

kidney organoid differentiation at the indicated days. Markers included those for PS, IM, 

posterior and anterior IM, NPC, ureteric epithelium, nephron, mesangial, and endothelial 

cells (genes are indicated). Data are mean ± SD (technical replicates). Each sample is a 

pool of six organoids per time point. The experiment was repeated independently two times 

with similar results. 
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Supplementary Figure 7 
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Supplementary Fig. 7 | Generation of kidney organoids from hESC and hiPSCs. a, 

Schematic of the timeline for the directed differentiation of hPSCs (day -5) into IM-

committed cells (day 0). Culture conditions and growth factors / molecules are indicated. 

Bright-field images during the time course of IM induction from hESC lines (H9 and H1) 

and hiPSCs (CBiPSsv-4F-40) (days are indicated). Scale bars, 200 µm. b, Bright-field 

images of day 16 whole kidney organoids derived from hESC lines (H9 and H1) and 

hiPSCs (CBiPSsv-4F-40). Scale bars, 500 µm. c, Immunocytochemistry for RV markers in 

RV-stage organoids (day 8) derived from the indicated hESC and hiPSC lines (markers are 

indicated). Scale bars, 50 µm. d, Immunocytochemistry for the podocyte markers 

NEPHRIN and WT1, and the proximal tubule marker LTL in day 16 whole kidney 

organoids derived from the indicated hPSC lines. Scale bars, 500 µm. Experiments were 

repeated independently three times with similar results.  
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Supplementary Figure 8 
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Supplementary Fig. 8 | qPCR analysis of kidney organoids from H9 hESC line. mRNA 

levels for differentiation markers were analysed by qPCR during the time course of kidney 

organoid differentiation at the indicated days. Markers included those for PS, IM, posterior 

and anterior IM, NPC, ureteric epithelium, nephron, mesangial, and endothelial cells (genes 

are indicated). Data are mean ± SD (technical replicates). Each sample is a pool of six 

organoids per time point. The experiment was repeated independently two times with 

similar results. 
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Supplementary Figure 9 

 

Supplementary Fig. 9 | Transcriptional resemblance of kidney organoids to human 

fetal tissues. Heat map showing the relative transcriptional identity of kidney organoids to 

16 human fetal tissues. RNA-seq was performed on whole kidney organoids from 5 time 

points (day -5, 0, 5, 8, and 16) during differentiation. Six pooled organoids per time point 

were analysed. Two independent experiments were included in the analysis. Data from 

Chuva de Sousa Lopes SM [SRP055513]18 (1), McMahon AP [SRP111183]19 (2) and Little 

MH [SRP059518]9 (3) are included in the analysis.  
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Supplementary Figure 10 
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Supplementary Fig. 10 | Day 5 differentiating organoids contain NPC-committed cells. 

a, Schematic of the timeline for kidney organoid differentiation from the formation of IM-

committed spheroids (day 0) to the generation of NPC-committed cells (day 5). Culture 

conditions and growth factors / molecules are indicated. b, Confocal images of day 5 NPCs 

showing the expression of markers characteristic of the NPC signature, including OSR1, 

WT1, PAX2 and SIX2. Scale bars, 100 µm. c, qPCR analysis for HOXD11, OSR1, WT1, 

and GATA3 during the time course of differentiation from IM to NPC-committed cells 

(days are indicated). Data are mean ± SD (technical replicates). Each sample is a pool of six 

organoids per time point. Experiments were repeated independently two times with similar 

results.  
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Supplementary Figure 11 
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Supplementary Fig. 11 | Inhibition of Notch signaling in kidney organoids. a, Model of 

predicted alterations in nephron patterning when inhibiting Notch signaling with the γ-

secretase inhibitor (DAPT) in kidney organoids from day 8 to day 16 of differentiation. b, 

Immunocytochemistry for proximal tubule-like structures (LTL, ECAD) and podocyte-like 

cells (PODXL) in kidney organoids treated with vehicle, or DAPT (10 µM) for 8 days. 

Scale bars, 50 µm. c, qPCR analysis of day 16 kidney organoids treated with vehicle, or 

DAPT (10 µM) for 8 days (genes are indicated). Data are mean ± SD (technical replicates). 

Each sample is a pool of four organoids per time point. Experiments were repeated 

independently three times with similar results. 
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Supplementary Figure 12 
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Supplementary Fig. 12 | Implantation of kidney organoids into the chick CAM. a-d, 

Hematoxylin-eosin staining of in vitro maintained (a) and implanted kidney organoids (b-

d). Chorionic epithelium (ce). Allantoic epithelium (ae). Mesenchyme (m). Blood vessels 

(asterisks). Tubule-like (T) and glomeruli-like (G) structures. The estimated organoid 

dimension (area of a middle organoid section) is 0.93 (a), 0.66 (b), 0.29 (c), 0.98 (d) mm2. 

Scale bars, 250 µm and 50 µm (magnified views). Images are representative of n = 5 

biologically independent in vitro maintained (a) and n = 8 biologically independent 

implanted organoids (b-d) from three independent experiments. e, Immunohistochemistry 

of d for LCA, HuNu and WT1. Scale bars, 75 µm. Images are representative of n = 2 

biologically independent implanted organoids from two independent experiments. f, g, 

Immunohistochemistry for LTL, KIM-1, ECAD (f) and cleaved Caspase 3, LTL (g) in 

implanted kidney organoids (control: injected with saline) and 24 h after cisplatin injection. 

Scale bars, 50 µm. The experiment was performed independently two times with similar 

results. h, Semithin section of an implanted kidney organoid (dashed line). Scale bar, 200 

µm. i, j, TEM of implanted kidney organoids. i, Podocyte-like cells (p) exhibiting apical 

microvilli (indicated with black triangles), and primary and secondary processes. Basement 

membrane (bm). Chicken erythrocytes (er). j, A magnified view of i showing primitive slit 

diaphragm–like structures (red arrows) between the cell processes. Scale bars, 2 µm (i) and 

500 nm (j). Images (h-j) are representative of n = 2 biologically independent implanted 

organoids from two independent experiments. k, l, Immunohistochemistry for CD34 and 

PODXL in implanted (k) and in vitro maintained (l) kidney organoids. Scale bars, 25 µm. 

Images are representative of n = 2 biologically independent implanted organoids from two 

independent experiments (k), and n = 3 biologically independent in vitro maintained 

organoids from three independent experiments (l). 
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Supplementary Figure 13 

 

Supplementary Fig. 13 | Measurement of the chick CAM stiffness. a, Schematic of the 

ball indentation method (left panel). Using a custom made Matlab code, the indentation 

depth (d) was determined based on the derivative of the fluorescence intensity profile of the 

FITC-labeled CAM along a line crossing the border of the ball (red dashed line in right 

panel). b, Young modulus values of the chick CAM measured using the ball indentation 

method from three separate experiments. 
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Supplementary Figure 14 

 

Supplementary Fig. 14 | Fabrication of hydrogels with controlled stiffness. a, 

Schematic of the methodology for the fabrication of functionalized polyacrylamide (PA) 

hydrogels for the directed differentiation of hPSCs. Glass surface is activated prior 

polymerization of the PA hydrogel (light blue) on top of the activated glass. After surface 

activation NHS ester groups are available to bond to free amines of the ECM proteins 

(yellow dots) and then hPSCs (green) are allowed to adhere under undifferentiated culture 

conditions. b, Bright-field and confocal images for ECAD expression in hPSCs grown on 

soft (1 kPa) and rigid (60 kPa) PA hydrogels under undifferentiated culture conditions. 

Scale bars, 100 µm (bright field images) and 50 µm (confocal images). c, Confocal images 

for YAP immunofluorescence in hPSCs grown on soft (1 kPa) and rigid (60 kPa) PA 

hydrogels under undifferentiated culture conditions. Scale bars 50 µm. Experiments were 

repeated independently three times with similar results.  
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Supplementary Figure 15 

 

Supplementary Fig. 15 | Induction of PPS-committed cells in soft and rigid substrates. 

a, Schematic of the timeline for the directed differentiation of hPSCs (day -5) into PPS-

committed cells (day -1) under 2D monolayer culture conditions. b, mRNA levels for the 

indicated genes analysed by qPCR at day -5 and day -3 of the PPS induction under soft (1 

kPa) and rigid (60 kPa) conditions. c, mRNA levels for the indicated genes analysed by 

qPCR at day -3 and day -2 of PPS induction under soft (1 kPa) and rigid (60 kPa) 

conditions. Data are mean ± SD (technical replicates). Experiments were repeated 

independently two times with similar results.  
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Supplementary Figure 16 
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Supplementary Fig. 16 | Induction of IM-committed cells in soft and rigid substrates. 

a, Schematic of the timeline for the directed differentiation of hPSCs (day -5) into IM-

committed cells (day 0) in soft (1 kPa) and rigid (60 kPa) PA hydrogels. b, mRNA levels 

for the indicated genes analysed by qPCR at day -5 and day 0 of IM induction under soft (1 

kPa) and rigid (60 kPa) conditions. Data are mean ± SD, n = 2 independent experiments. 

Three technical replicates are shown per sample. c, Bright field images of kidney organoids 

derived in soft (1 kPa) or rigid (60 kPa) conditions during differentiation (days are 

indicated). Scale bars, 500 µm and 250 µm (magnified views). Images are representative of 

n = 10 kidney organoids (1 kPa) and n = 10 kidney organoids (60 kPa) from three 

independent experiments. 
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Supplementary Figure 17 

 

Supplementary Fig. 17 | TEM of kidney organoids from 60 kPa PA hydrogels. a-d, 

TEM of day 16 kidney organoids generated using 60 kPa PA hydrogels. a, Tubular-like 

structures with epithelial cells that exhibit high mitochondrial content and brush borders. b, 

A magnified view of the boxed region in a showing a detail of brush borders (bb). c, 

Differentiated podocyte-like cells exhibiting cell processes. d, A magnified view of the 

boxed region in c showing immature slit diaphragm-like structures (indicated with a red 

arrow). Scale bars, 10 µm (a), 2 µm (b), 2 µm (c) and 1000 nm (d). Images are 

representative of two independent experiments. 
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Supplementary Tables 

 

Supplementary Table 1. RNA-seq values across samples at the indicated time frames for 

Keygenes analysis. 

 

Supplementary Table 2. Normalized RNA-seq values across samples at the indicated time 

frames for clustering analysis after correction for batches effect. 

 

Supplementary Table 3. Genes found to be significantly down or up-regulated in hESCs 

grown for 24 h (day -4) on soft (1 kPa) compared to rigid (60 kPa) PA hydrogels. Difference 

in expression is reported as log fold change (see Methods). n = 4. Adjusted P value smaller than 

0.05 (Wald Test). 

 

Supplementary Table 4. Genes found to be significantly down or up-regulated in hESCs 

differentiated on soft (1 kPa) compared to rigid (60 kPa) PA hydrogels at day -3 and day -2 

of the differentiation process. Difference in expression is reported as log fold change (see 

Methods). Genes are grouped according to their biological function. n = 4. Adjusted P 

value smaller than 0.05 (Wald test). 

 

Supplementary Table 5. List of primary antibodies used in immunocytochemistry and 

immunohistochemistry. 
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Supplementary Table 6. List of primers used for RT-qPCR analysis. 

 

Supplementary Table 7. Summary of statistics and reproducibility information. 

 

Gene Forward Reverse 

CDX1  CGTTACATCACAATCCGGCG CCAGATCTTCACCTGCCGTT 

CDX2  GAACCTGTGCGAGTGGATG  GGATGGTGATGTAGCGACTG 

CER1  GTGCCCTTCAGCCAGACTA CAGACCCGCATTTCCCAAA 

CRIPTO  CGGAACTGTGAGCACGATGT GGGCAGCCAGGTGTCATG 

ECAD  CGAGAGCTACACGTTCACGG GGGTGTCGAGGGAAAAATAGG 

EOMES  TGCAGGGCAACAAAATGTATG GTCTCATCCAGTGGGAACCAGTA 

EVX1  GAAGAAATCGAGGGTCCGGC CCGTTGCTCTTGGGGGTC 

EYA1  ATCTAACCAGCCCGCATAGC GTGCCATTGGGAGTCATGGA 

ENDOGLIN  CCTACGTGTCCTGGCTCATC GGTGTGTCTGGGAGCTTGAA 

FGF4  GGTGAGCATCTTCGGCGT CTCATCGGTGAAGAAGGGCG 

FOXA2  GTGAAGATGGAAGGGCACG CATGTTGCTCACGGAGGAGTAG 

GAPDH  AGCAATGCCTCCTGCACCACCAAC CCGGAGGGGCCATCCACAGTCT 

GATA3  CGTCCTGTGCGAACTGTCA GTCCCCATTGGCATTCCTCC 

GDNF  CCAACCCAGAGAATTCCAGA AGCCGCTGCAGTACCTAAAA 

GFRα1  AAGCACAGCTACGGAATGCT GTTGGGCTTCTCCCTCTCTT 

GSC2  CCAGTATCCTGACGTGAGTACG GGTTCTTGAACCAGACCTCCA 

HOXD11  GCCAGTGTGCTGTCGTTCCC CTTCCTACAGACCCCGCCGT 

LHX1  CTTCTTCCGGTGTTTCGGTA TCATGCAGGTGAAGCAGTTC 

MIXL1  GGTACCCCGACATCCACTTG ACCTGGAAGAGGGGAGAAAA 

NANOG  CAAAGGCAAACAACCCACTT TCTGCTGGAGGCTGAGGTAT 

NODAL  TGTTGGGGAGGAGTTTCATC GCACAACAAGTGGAAGGGAC 

NPHS1  GGCTCCCAGCAGAAACTCTT CACAGACCAGCAACTGCCTA 

OCT4  AGTGAGAGGCAACCTGGAGA ACACTCGGACCACATCCTTC 

OSR1  CTGCCCAACCTGTATGGTTT CGGCACTTTGGAGAAAGAAG 

PAX2  CCCAAAGTGGTGGACAAGAT GAAAGGCTGCTGAACTTTGG 

PAX8  GGCTCCACCTCATCCATCAA CTGCTGCTGCTCTGTGAGTC 

PDGFRA  GAGCGCTGACAGTGGCTACAT TCGTCCTCTCTCTTGATGAAGGT 

PODXL  GATAAGTGCGGCATACGGCT GCTCGTACACATCCTTGGCA 

RET  CTCGACGACATTTGCAAGAA AGCATTCCGTAGCTGTGCTT 

RPLP0 CCATTCTATCATCAACGGGTACAA AGCAAGTGGGAAGGTGTAATCC 

SALL1  TCATGTCCGAGCAGTTCAAG TCCCCAGTGTGTGTCCTGTA 

SCNN1B  CCTGGAACTGAATTCGGCCT GGGTATGACCTCTGCTCGTG 

SIX2  GGCCAAGGAAAGGGAGAACA GAGCTGCCTAACACCGACTT 

SLC3A1  CACCAATGCAGTGGGACAAT CTGGGCTGAGTCTTTTGGAC 

SMAD2  CCAGAAACGCCACCTCCTG GCTGGAGAGCCTGTGTCCA 

SNAI2  CGAACTGGACACACATACAGTG CTGAGGATCTCTGGTTGTGGT 

SOX17  AGCAGAATCCAGACCTGCAC TTGTAGTTGGGGTGGTCCTG 

SYNPO  GCTGAGGAGGTGAGATGCAG CTCTGGAGAAGGTGCTGGTG 

T  GCAAAAGCTTTCCTTGATGC ATGAGGATTTGCAGGTGGAC 

TBX6  CATCCACGAGAATTGTACCCG AGCAATCCAGTTTAGGGGTGT 

TWIST1  GTCCGCAGTCTTACGAGGAG GCTTGAGGGTCTGAATCTTGCT 

VEGFR  CACATTGGCCACCATCTGAAC CCATCAGAGGCCCTCCTTG 

WNT4 TCGTCTTCGCCGTCTTCTCAG GGCCCTTGAGTTTCTCGCAC 

WT1  GCGGAGCCCAATACAGAATA GATGCCGACCGTACAAGAGT 
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Supplementary Video Files 

 

Supplementary video 1. Evidence for the circulation of chick blood within an implanted 

kidney organoid at day 3 of the implantation period. Video recording was performed in n = 

3 biologically independent implanted kidney organoids with similar results. 

 

Supplementary video 2. Evidence for the circulation of chick blood within an implanted 

kidney organoid at day 5 of the implantation period. White arrow indicates a blood vessel 

going through the kidney organoid. Video recording was performed in n = 2 biologically 

independent implanted kidney organoids with similar results. 

 

Supplementary video 3. Evidence for the circulation of chick blood within an implanted 

kidney organoid at day 5 of the implantation period after intravital injection of dextran-

FITC into the CAM vasculature. Intravital injection of dextran-FITC was performed in n = 

3 biologically independent implanted kidney organoids with similar results.  
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SUMMARY

Kidney disease is poorly understood because of the organ’s cellular diversity. We used single-cell RNA

sequencing not only in resolving differences in injured kidney tissue cellular composition but also in cell-

type-specific gene expression in mouse models of kidney disease. This analysis highlighted major changes

in cellular diversity in kidney disease, which markedly impacted whole-kidney transcriptomics outputs. Cell-

type-specific differential expression analysis identified proximal tubule (PT) cells as the key vulnerable cell

type. Through unbiased cell trajectory analyses, we show that PT cell differentiation is altered in kidney dis-

ease. Metabolism (fatty acid oxidation and oxidative phosphorylation) in PT cells showed the strongest and

most reproducible association with PT cell differentiation and disease. Coupling of cell differentiation and the

metabolism was established by nuclear receptors (estrogen-related receptor alpha [ESRRA] and peroxi-

somal proliferation-activated receptor alpha [PPARA]) that directly control metabolic and PT-cell-specific

gene expression in mice and patient samples while protecting from kidney disease in the mouse model.

INTRODUCTION

Kidney disease is becoming a major health issue in modern

society. Chronic kidney disease (CKD) is the tenth leading

cause of death worldwide with a steadily increasing incidence

affecting eight hundred million people globally (Levin et al.,

2017). The increase in the number of people affected by

CKD is of concern because it is associated with an increased

risk of death and progression to end-stage renal disease

(ESRD). In addition, kidney disease is a massive personal

and societal economic burden (Breyer and Susztak, 2016; Ko-

vesdy et al., 2013).

Genetic studies examining the heritability of kidney function,

such as integration of genome-wide association studies

(GWAS) (Wuttke et al., 2019) and functional genomic studies,

highlighted the role of proximal tubule (PT)-specific genes in

kidney function (Hellwege et al., 2019; Park et al., 2018; Qiu

et al., 2018). PT cells are highly susceptible to toxic and hyp-

oxic injury, representing the primary cause of acute kidney

injury (AKI) (Qiu et al., 2018). PT-cell-specific injury observed

in AKI probably has the most rapid effect on kidney function.

CKD is characterized by PT cell atrophy almost independent

of disease etiology. PT cell atrophy strongly correlates with

kidney function in CKD (Chang-Panesso and Humphreys,

Cell Metabolism 33, 1–16, January 5, 2021 ª 2020 Elsevier Inc. 1
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Figure 1. The Cellular Diversity of Diseased Kidney Samples

(A) A schematic diagram illustrating the experimental procedure involving the digestion of whole-kidney tissue from 6 control and 2 FAN mice followed by

sequencing using a 10X Genomics protocol and transcriptomic analysis of 65,091 individual cells.

(B) Left, the UMAP of 29 distinct cell types identified by unsupervised clustering after excluding PT cells. Right, the tSNE (t-distributed stochastic neighbor

embedding) plot for the entire dataset including PT cells. Assigned cell types are summarized in the right panel. GEC, glomerular endothelial cells; Endo,

endothelial; Podo, podocyte; PT, proximal tubule; DLOH, descending loop of Henle; ALOH, ascending loop of Henle; DCT, distal convoluted tubule; CNT,

connecting tubule; CD-PC, collecting duct principal cell; A-IC, alpha intercalated cell; B-IC, beta intercalated cell; CD-trans. collecting duct transitional cell;

Granul, granulocyte; Macro, macrophage; DC 11b+, CD11b+ dendritic cell; pDC, plasmacytoid DC; Baso, basophile B, B lymphocyte; Treg, regulatory T cell;

Tgd, gamma Delta T cell, and; NK, natural killer cell.

(C) Bubble plots of cell cluster marker genes identified in control and FAN samples (size of the dot indicates the % positive cells, color indicates relative

expression).

(D) Heatmap showing expression pattern of myeloid lineage markers.

(legend continued on next page)
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2017; Reidy et al., 2014) (Liu et al., 2014) (Kang et al., 2015; Li

et al., 2012).

Comprehensive genome-wide kidney tissue transcriptomics

analysis has been used to define the molecular hallmarks of

CKD, both in patient samples and mouse models (Beckerman

et al., 2017; Qiu et al., 2018; Woroniecka et al., 2011). These

studies highlighted a correlation between a large number of tran-

scripts and kidney fibrosis. Cellular metabolism such as genes

involved in lipid metabolism, fatty acid oxidation (FAO), and

oxidative phosphorylation (OXPHOS) showed a strong correla-

tion with disease state, both in patients and mouse CKD models

(Chung et al., 2019; Kang et al., 2015). Pharmacological or ge-

netic approaches that enhance FAO and mitochondrial biogen-

esis improved kidney function; however, the exact mechanism

is not fully understood (Gomez et al., 2015; Tran et al., 2011;

Tran et al., 2016; Zheng et al., 2019). Mitochondrial defects

can also lead to the leakage of the mitochondrial DNA into the

cytoplasm, resulting in the activation of the cyclic GMP–AMP

synthase (cGAS) and stimulator of interferon genes(STING)

innate immune system pathways, cytokine release, and influx

of immune cells and downstream fibrosis development (Chung

et al., 2019; Maekawa et al., 2019).

Single-cell RNA sequencing (scRNA-seq) analysis is trans-

forming our understanding of complex diseases. In our previous

study, we identified 21 distinct cell types, including three novel

cell types in the kidney (Park et al., 2018). At the same time,

we defined cell identity genes that can stably and reproducibly

classify key kidney cell types in mice and humans (Menon

et al., 2020; Young et al., 2018).

Here, we analyzed the transcriptome of different CKD mouse

models, human kidney samples, and human organoids. Prior

studies mostly relied on single nuclear sequencing and did not

properly capture immune cell diversity (Lake et al., 2019; Wu

et al., 2019). We identify several PT cell subgroups, and using

cell trajectory analyses, we showan alteration in the differentiation

state of PT cells in diseased kidneys. Single-cell epigenetics and

transcriptomics indicate the critical role of HNF4A and HNF1B

(hepatocyte nuclear factor 4A and 1B), PPARA (peroxisomal pro-

liferation-activated receptor alpha), and ESRRA (estrogen-related

receptor alpha) in defining PT cell identity. Usingmouse knock out

and human kidney transcriptomics data, we demonstrate the pro-

tective role of ESRRA,which links energymetabolism, PTdifferen-

tiation, and kidney function by directly binding to PT-cell-specific

genes regulating their expression.

RESULTS

The Single-Cell Landscape Shows Increased Cellular

Heterogeneity in Fibrotic Kidneys

To unravel cellular changes associated with kidney fibrosis, we

first analyzed the transcriptome of 65,091 individual cells from

6 mouse control kidneys and 2 folic acid (FA)-induced fibrotic

kidneys (folic acid nephropathy [FAN]) (Figure 1A). This is a

well-established kidney disease model that presents both with

structural damage (fibrosis) and kidney function decline indi-

cated by serum blood urea nitrogen (BUN) level (Figures S1A–

S1C). We observed that PT cells represented the majority of

cell types in the dataset. To accurately cluster smaller cell pop-

ulations, we first focused on non-PT cells (Figure 1B). Our unbi-

ased clustering identified 30 cell populations, including kidney

epithelial, immune, and endothelial cells based on marker gene

expression (Figures 1C and S1D; Table S1). The proportion of

cells were relatively stable in biological replicates but were sub-

stantially different between control and FAN samples (Fig-

ure S1E). Gene sets previously used to define cell types (cell

identity genes) showed conserved expression in the disease

state (Figure S1F). Immune cell diversity wasmarkedly increased

in the FANmice (Figures S1D and S1E). We identified 14 immune

cell clusters in our FANmodel, whereas our previous study char-

acterized 5 immune clusters (Park et al., 2018). Among the newly

identified, we observed granulocytes, macrophages, dendritic

cells (DCs), and basophils. DCs were further sub-clustered into

DC 11b+ (Cd209a and Cd11b), DC 11b- (Cd24a and Clec9a),

and plasmacytoid DC clusters (Siglech and Cd300c) (Figures

1D and 1E). A large number of lymphoid cells were also identi-

fied, including B cells, T cells, and natural killer (NK) cells (Figures

1B and 1C). T lymphocytes were sub-clustered into CD4+ T,

Treg, gamma delta T, NKT, and CD8+ effector cells (Figures 1F

and 1G). We made this dataset publicly available on our interac-

tive website (http://susztaklab.com/VisCello/).

Bulk RNA Sequencing Strongly Influenced by Cell

Fraction Changes

We next performed RNA-seq of whole-kidney (i.e., bulk tissue)

samples, as single-cell sequencing may experience uneven

cell drop-out. Differential expression analysis of bulk RNA-seq

data indicated changes in expression of more than 4,000 genes

(2,776 with higher and 1,361 with lower expression, using false

discovery rate [FDR] of 0.05 and 2-fold change) (Figure 2A).

Gene ontology analysis highlighted that the expression of genes

associated with the immune system and inflammation was

higher in the FAN model (Figure 2A). Analysis of genes showing

the highest increased expression in the bulk dataset indicated

that most of these genes were exclusively expressed by immune

cells (Figure 2B). Genes whose levels were lower in the FAN

model were enriched for metabolic processes such as lipid

metabolism, FAO, and OXPHOS (Figure 2A). Genes with lower

expression in the FAN model showed enrichment for PT cell

expression (Figure 2B), suggesting a strong role for PT cells

and immune cells driving transcriptional changes in bulk RNA-

seq data. In addition, we observed that highly expressed and

top differentially expressed genes, including Lyz2, Cd52, and

(E) Gene expression feature plots of myeloid lineage cells projected onto the UMAP.Msrb1 (methionine sulfoxide reductase B1), Granul; C1qa (Complement C1q

A Chain), Macro; CD209a (CD209 antigen-like protein A), DC 11b+; CD24a (CD24a antigen), DC 11b-; Itgam (integrin Subunit alpha M), DC 11b+; and Fcer1a (Fc

Fragment of IgE Receptor Ia), Baso.

(F) Heatmap showing the expression pattern of lymphoid lineage markers.

(G) Gene expression feature plots of lymphoid lineage cells projected onto the UMAP. Ccr7 (chemokine C-C motif receptor 7), CD4 T; Foxp3 (Forkhead Box P3),

Treg; Il-17re (interleukin-17 receptor E), Tgd; Cxcr6 (chemokine C–X-C motif receptor 6), NKT; CD8a (CD8 antigen, alpha chain), CD8 effector; Klrb1c (Killer cell

lectin-like receptor subfamily B member 1C), NK1-2; CD7 (CD7 antigen), NK1, and; Irf-8 (interferon regulatory factor-8), NK2
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Figure 2. Cell Composition and Cell-Type-Specific Changes in Kidney Fibrosis

(A) DEGs in whole kidneys of control and FAN mice. Volcano plot: the x axis indicates log2-fold change and y axis indicates statistical significance adjusted

p = –log10. Gene ontology analysis of genes showing higher (red) and lower (blue) in FAN kidneys.

(B) Cell-type-specific expression of top DEGs identified in bulk RNA-seq analysis in the single-cell dataset. Mean expression values of the genes were calculated

in each cluster. The color scheme is based on Z score distribution.

(C) Cell proportion changes in control and FAN kidneys revealed by scRNA-seq. * indicates significant changes by proportion test.

(D) Cell proportion changes revealed by in silico deconvolution of bulk RNA-seq data.

(E) The numbers of cell-type-specific differentially expressed genes identified in control FAN kidneys in the 30 cell clusters.

(F) Volcano plot for DEGs between control and FAN PTs identified in the single-cell data. The x axis is log2-fold change and y axis is statistical significance

adjusted p = –log10.

(legend continued on next page)
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Tyrobp, in the bulk RNA-seq data showed similar expression

patterns in control and FAN samples at a single-cell level (Fig-

ure S2A). This suggests that the majority of genes showing

higher expression in disease were related to immune cell propor-

tion changes rather than cell-specific changes.

Next, we determined cell proportion changes using single-cell

and bulk RNA-seq data. We found marked differences in cell pro-

portion, such as a distinct increase in the proportion of myeloid

and lymphoid cells (e.g., macrophages [7.2-fold], granulocytes

[2.9-fold], Tregs [27-fold], and CD8 effector cells [3.8-fold]) but a

decrease in the proportion of tubule epithelial cells (e.g., PT

[0.55-fold] and distal convoluted tubule [0.23-fold]) in the single-

cell data of the FAN model (Figure 2C). In contrast, consistent

with prior observations, the proportion of podocytes did not

show clear changes in the FAN model (Figure 2C). We also per-

formed in silico deconvolution of bulk RNA-seq data

implemented in the CellCODE package. This analysis yielded re-

sults broadly consistent with the single-cell RNA-seq data (Fig-

ure 2D), such as higher immune cell fractions and lower epithelial

cell fractions. Finally, cell proportion changes in epithelial and im-

mune cells were confirmed by histological analysis (Figure S1A).

To further understand the contribution of cell-type-specific

and cell fraction changes in bulk RNA-seq results, we directly

compared the single-cell with the bulk data. After adjusting the

data to the observed cell fraction changes, the number of genes

showing differential expression was markedly reduced. Among

the 4,137 differentially expressed genes in the bulk data, only

14, 2, 902, and 753 genes remained significant after adjustment

to the proximal convoluted tubule (PCT), proximal straight tubule

(PST), and myeloid or lymphoid cell fractions, respectively

(Figure S2B).

To unravel cell-type-specific gene expression changes in the

FAN model, we performed differential expression analysis in all

identified cell types. Keeping in mind the limitation of this analysis,

such as the complete confounding of the disease-state and

possible batch effect, we found that myeloid cells such asmacro-

phages showed a large number of differentially expressed genes

(Figure 2E). We found that among the epithelial cells, PT cells

showed the largest number of differentially expressed genes (Fig-

ure 2E; Table S2). Genes that showed lower expression levels in

diseased PT cells were solute carriers (cell-differentiation-related

genes), such as Slc5a2 and Slc13a3, as well as genes involved in

FAOandOXPHOS(e.g.,Acsm1,Acsm2,Cpt1a,Acox3) (Figure2F).

Even though PT cells represented a large portion of the bulk

dataset, only a fraction of differentially expressed genes

observed in PT cells were shared in the bulk RNA-seq data (Fig-

ure 2G), and the correlation between the PT-cell-specific differ-

entially expressed genes in the single-cell and bulk data was

weak (Figure 2H).

Altered Differentiation Drives Proximal Tubule

Response during Fibrosis

To better understand cell state changes in PT cells, we per-

formed sub-clustering and cell trajectory analysis of healthy

and diseased samples from CKDmouse models. In healthy con-

trols, we identified several PT cell subtypes, including PST cells

expressing Slc22a30, and several subgroups of PCT expressing

Slc5a2 and Slc5a12 (Figure 3A; Table S3). RNA velocity analysis

is a new way of studying cellular differentiation (La Manno et al.,

2018) by predicting the future state of individual cells. Our anal-

ysis indicated that in control kidneys, PT cells differentiated into

two major cell types: PCT and PST segments (Figures 3B and

3C). Interestingly, the analysis highlighted that PT cells origi-

nated from a common precursor-like cell, expressing higher

levels of Med28 and Cycs (Figure 3D). Importantly, our analysis

also suggested that PT cell differentiation did not necessitate

cell proliferation, as we did not observe changes in the expres-

sion of proliferation markers (Figure 3D).

PT cells from FAN samples sub-clustered into nine groups.

Using anchor genes to identify key cell types such as PCT and

PST segments, we were able to recognize more heterogeneous

cell populations, including proliferating cells, immune marker

(Cd74)-expressing cells, transitional cells, and precursor cells

expressing higher Igfbp7 (Figure 3E; Table S3). In diseased sam-

ples, we also identified a prominent proliferating (i.e., Ki67-pos-

itive) cell population, and it appeared that cells entered and

exited this Ki67-positive state. These data are consistent with

a facultative progenitor model in kidney tubule cells (Angelotti

et al., 2012; Kang et al., 2016) (Figure 3F). Notably, we identified

a cell population expressing Notch2 and Lgr4, which were previ-

ously identified as progenitor and transit-amplifying cells in the

kidney and other organs (de Lau et al., 2011; Zhang et al.,

2019). We observed that PCT cells co-expressed PST markers,

suggesting that under disease conditions, PCT cells may endure

transcriptomic changes impacting their phenotypic signature.

Similar to our observation in the control samples (Figure 3B),

FAN samples showed a differentiation trajectory toward PCT

and PST segments (Figures 3G and 3H) but followed a less orga-

nized differentiation path than healthy PT cells (Figure 3G). In

contrast, we failed to observe a clear reversal of the differentia-

tion of cells already expressing terminal differentiation markers

such as Slc5a2 or Slc22a30, indicating that a failure of differen-

tiation rather than dedifferentiation is the reason for the identified

cell-state changes.

Differentiation Defects in Fibrotic Proximal Tubules

Track with Changes in Lipid Metabolism

Next, we opted to take advantage of the continuous cell trajec-

tory analysis using the Monocle package by combining all sam-

ples under healthy and disease states (Trapnell et al., 2014).

Initial exploration showed a clear branching of PT cells into

PCT and PST segments (Figures 4A, 4B, and S3A), which was

mostly consistent with the RNA velocity analysis. To identify

genes whose expression changed along the trajectory, we first

performed a trajectory analysis for the PST segment, as this

segment is highly susceptible to injury (Figures 4C, 4D, and

S3B). Cells from control and diseased kidneys seemed to follow

a similar linear trajectory toward PST segment differentiation

(G) Venn diagrams showing the overlaps between the identified differentially expressed genes in PT cells by scRNA-seq data and bulk RNA-seq data in control

versus FAN kidneys (Up arrow: upregulated genes and down arrow: downregulated genes).

(H) Scatter plot showing the correlation of DEGs identified in PT cells and bulk data. The x axis shows the fold change expression in PT cells in the single-cell data,

y axis shows the fold change expression in the whole kidney (bulk) samples.
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Figure 3. Heterogeneous PT Cell Populations in Fibrotic Kidneys

(A) Sub-clustering of PT cells into five subpopulations in control kidneys. Feature plots showing the expression of key PCT (Slc5a2 and Slc5a12) and PST

(Slc22a30) segment markers.

(B) RNA velocity analysis of the control of PT cells. Each dot is one cell, and each arrow represents the time derivative of the gene expression state.

(C) Feature plots showing the expression of key PCT (Slc5a12) and PST (Slc22a30) segment markers in control.

(D) Violin plots showing the expression patterns of markers across PT cell sub-clusters in control. The y axis shows the log-scale normalized read count.

(E) Sub-clustering of PT cells into nine sub-populations in FAN kidneys. Feature plots showing the expression of key PCT (Slc5a12) and PST (Slc22a30), Igfbp7

(precursor), and CD74 (immune) PT cell state markers.

(F) Violin plots showing the expression patterns of markers across PT cell sub-clusters in FAN. The y axis shows the log-scale normalized read count.

(G) RNA velocity analysis of FAN PT cells. Each dot is one cell, and each arrow represents the time derivative of the gene expression state.

(H) Feature plots showing the expression of key PCT (Slc5a12) and PST (Slc22a30) and proliferating (MKi67) PT cell markers.
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Figure 4. Cell Trajectory Analysis Identifies Differentiation Defect in PT in Fibrosis

(A) trajectory analysis of PT cells (including proliferating cells) using Monocle, including all control and FAN samples.

(B) Feature plots showing the expression levels of key cell state markers (Mki67: proliferating cell, Slc5a2:PCT, Slc13a3:PST) on the cell trajectory.

(C) Cell trajectory analysis focused on the PST cluster (cells under red circle in A). Batches 1–6 represent healthy kidneys, whereas batches 7–8 were obtained

from FAN samples.

(D) Feature plots showing the expression levels of key cell state markers (Mki67: proliferating cell, Slc22a30:PST, Slc13a3:PST) on the cell trajectory.

(E) Distributions of cells along the pseudotime trajectory. Note the shift of Normal (blue) and FAN samples (yellow).

(F) Functional annotation (gene ontology) analysis of genes showing changes along the trajectory (cells highlighted by red and blue circles on C).

(G) Average expression levels of the highly variable genes that are involved in lipid metabolism along the cell trajectory.

(H) Feature plots showing the expression levels of the lipid metabolism genes (Acsm3, Mogat1, and Ppara) along the cell trajectory.

(legend continued on next page)
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(i.e., no major branching), but FAN samples were significantly

depleted from the terminally differentiated PT cells (two-sample

proportion test between cells in the red and blue area, p value <

2.2e�16) (Figures 4C and 4E). Trajectory analysis of PCT segment

cells showed a similar pattern (Figures S3C and S3D). These

data are consistent with prior observations, indicating lower

levels of terminally differentiated markers in FAN samples

(Figure 3G).

When we interrogated genes and pathways that underlie the

PT cell differentiation state, we found that the expression of

genes associated with terminal differentiation, such as those

with ion transport function (i.e., SLCs, solute carriers), increased

along the differentiation trajectory (Figure 4F). In addition to ion

transport, lipid metabolism showed a positive correlation with

cellular differentiation (Figures 4F–4H and S3E). Moreover, we

observed changes in FAO genes along the differentiation path

from precursor to PT cells in both healthy controls and FAN sam-

ples (Figures 4I–4L).

We also generated scRNA-seq data from the unilateral ure-

teral obstruction (UUO) model of kidney fibrosis and compared

cell trajectories in the UUO and the FAN models. Continuous

cell trajectory analysis showed a selective lack of terminally

differentiated PT cells in UUO kidneys, recapitulating the results

obtained from the FAN model (Figures S3F–S3H). In addition,

when examining pathways associated with the differentiation

of PT cells along the cell trajectory, we found enrichment for

FAO, OXPHOS, and ion transport (Figures S3I and S3J). There

was a strong (>50%) overlap of gene expression changes along

the respective differentiation trajectories in the UUO and FAN

models (Figure S3K).

Partial epithelial-mesenchymal transition (EMT) has been used

to describe the aberrantly differentiated PT cells (Grande et al.,

2015; Lovisa et al., 2015; Zeisberg and Duffield, 2010). We found

that EMTmarkers tended to be lower upon PT cell differentiation

(Figure S3L). However, we failed to observe significant expres-

sion of Zeb, Twist, and Snai in the different PT cell sub-clusters

in fibrotic samples (Table S4). We also failed to observe cells ex-

hibiting classic senescence markers (senescence-associated

secretory phenotype [SASP]) (Table S4).

Proximal Tubule Differentiation in Kidney Organoids

Correlates with Metabolic Changes

To distinguish whether lipid metabolism and OXPHOS only

correlate with PT-cell-specific gene expression or are true

drivers of PT cell maturation, we tested the role of FAO and OX-

PHOS in tubule cell differentiation of developing kidney organo-

ids. Previously, we showed three-dimensional (3D) culture sys-

tems that recapitulate architectural and functional features of

the human developing kidney, the so-called kidney organoids

(Garreta et al., 2019). We generated human pluripotent stem

cell (hPSC)s-kidney organoids in free-floating conditions by

assembling nephron progenitor cells (NPCs) derived fromhPSCs

(Figure 5A). Bulk gene expression analysis of differentiating or-

ganoids indicated an increase in the expression of PPARGC1A

on days 16 and 21. The increase in the expression of PPARGC1A

in organoids correlated with the expression of PT cell markers,

such as SLC27A2, SLC3A1, and SLC5A12 (Figure 5B). As bulk

RNA expression data cannot provide a faithful read-out for PT

differentiation, we performed unbiased scRNA-seq analysis (Fig-

ure 5C). Clustering analysis based on cell-type-specific marker

gene expression indicated that in addition to mesenchymal clus-

ters, we could also identify a variety of kidney cell types resem-

bling those of collecting duct, actively cycling cells, endothelial

cells, podocytes, loop of Henle, and PT cells (Figures 5C and

5D). Next, we specifically examined the differentiation trajectory

of organoid PT cells. Cells differentiated from a SIX1 positive

progenitor and gained PT cell marker SLC3A1 expression (Fig-

ure 5E). Next, we analyzed genes whose expression changed

along this trajectory and found that the expression of differentia-

tion markers such as solute carriers increased along the trajec-

tory and their expression strongly correlated with genes in

FAO, including PPARA (Figure 5F). Finally, to confirm that FAO

is a driver of cellular differentiation, we cultured kidney organoids

in the glycolytic-promoting media (EGM, endothelial cell growth

medium) or the OXPHOS-promotingmedia (REGM, renal epithe-

lial cell growth medium). We found higher expression of

PPARGC1A mRNA and lipid metabolic genes such as ACOX2,

ACOT12, and CPT1A, when organoids were cultured in the

REGM media for 4 days versus the EGM media (Figure 5G).

We further assessed the protein levels ofmitochondrial OXPHOS

proteins in organoids exposed to both the REGM and EGM cul-

ture media (Figures 5H, S4A, and S4B). Concomitantly to these

metabolic changes, we observed that the REGM media led to

an increase in the expression of PT cell markers such as

SLC34A1, SLC27A2, SLC5A12, SLC6A19, and SLC3A1

compared with the EGM media (Figure 5G). These results run

in parallel with our in vitro observations of cultured PT cells

from mice (Figures S4C and S4D). In addition, organoids ex-

hibited a visibly higher number of PTs as observed by immuno-

fluorescence (IF) analysis for Lotus Tetragonolobus Lectin

(LTL) labeling (Figures 5I and 5J).

ESRRA Drives Proximal Tubule Differentiation in Mouse

Models and Couples Metabolism with Differentiation

In order to define the key transcriptional regulatory organization

of PT cells, we analyzed mouse kidney single-cell open chro-

matin data (scATACseq) (Cao et al., 2018). Using a computation

motif search algorithm, we found that the most enriched open

binding motifs were HNF4A, HNF1B, PPARA, and ESRRA in

PCT and PST cells (Figure 6A). Our single-cell gene expression

analysis confirmed transcript enrichment for these 4 transcrip-

tion factors in PT cells (Figure S5A). Next, we defined putative

PPARA and ESRRA target genes by intersecting PCT- or PST-

specific open chromatin region at promoters (transcription start

site ±5kb) or gene body regions chromatin regions that con-

tained PPARA- or ESRRA-binding motifs. Gene set enrichment

analysis showed enrichment for PPARA- and ESRRA-target

genes (Table S5) in differentiated PST and PCT cells (Figures

(I) Cell trajectory analysis for PST and precursor clusters identified in control kidneys (Figure 3A).

(J) Heatmap showing the expression changes of highly variable FAO genes along the cell trajectory in control kidneys.

(K) Cell trajectory analysis for PST and precursor clusters identified in FAN samples (Figure 3E).

(L) Heatmap showing the expression changes of highly variable FAO genes along the cell trajectory in FAN samples.
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Figure 5. FAO and OXPHOS Drive PT Differentiation in Human Kidney Organoid

(A) Experimental scheme for the generation of human kidney organoid. Briefly, hPSCs were first differentiated into posterior primitive streak (PPS) fate and then

into intermediate mesoderm (IM). Cells were aggregated (day 0, D0) and further differentiated in a 3D culture into renal vesicle (RV) and nephron stage. At D20 of

differentiated kidney, organoids were stained for podocalyxin (PODXL: podocyte marker, yellow), Wilm’s tumor 1 (WT1, red), and Lotus Tetragonolobus Lectin

(LTL: PT marker, green). Scale bar, 200 mM.

(B) Transcript expression levels (in bulk organoids) of PPARGC1A, SLC3A1, SLC5A12, and SLC27A2 on days 4, 8, 12, 16, and 20 of organoid differentiation. Data

are represented as mean ±SEM. n = 2 independent experimental replicates analyzed from a pool of 12 organoids/group.

(C) scRNA-seq analysis of human kidney organoid. UMAP showing nine distinct cell types identified by unsupervised clustering. Mesench, mesenchymal cells;

CD, collecting duct; Endo, endothelial cells; cycling, cell cycling cells; Podo, podocytes; LOH, loop of Henle; and PT, proximal tubule.

(D) Feature plots of key cell type markers (DES, COL21A1, Gata3; mesenchyme, NPHS1; podocytes, SLC3A1; PT cell, SLC12A1; LOH, PCNA, CCNA2;

proliferating cells, PECAM11; endothelial cells).

(E) Expression of SIX1 (nephron progenitor marker), MKI67 (proliferation maker), and SLC3A1 (PT cell marker) along the differentiation trajectory.

(legend continued on next page)
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6B and S5B). PT-specific PPARA and ESRRA target genes were

enriched for kidney development, lipid metabolism, and epithe-

lial transport functions (Figures 6C and S5C).

To functionally confirm the role of ESRRA in cellular differenti-

ation, we treated LTL+ PT cells with Esrra siRNA or XCT790, a

pharmacological inhibitor (inverse agonist) of ESRRA. We

observed that reduced Esrra activity led to compromised mito-

chondrial function, as assessed by oxygen consumption rate

(OCR) and OXPHOS protein levels as well as decreased mito-

chondrial DNA content. In addition, reduced Esrra led to a lower

expression of PT differentiation genes (Figures 6D–6G and S6A–

S6D). We next transfected LTL+ PT cells with ESRRA, PPARA, or

all four TFs (ESRRA, PPARA, HNF4A, and HNF1B) plasmids.

ESRRA overexpression in PT cells not only improved mitochon-

drial function and mtDNA copy number but also led to an in-

crease in the expression of SLC genes (Figures 6D–6G and

S6D–S6F). We found that the overexpression of PPARA,

HNF1B, and HNF4A had a synergistic effect as evidenced by

the strong additive effect on cellular differentiation, such as the

expression of SLCs (Figures S6E and S6F). To establish the

role of ESRRA in human PT cell differentiation, we treated human

primary renal PT epithelial cells (HPTCs) and kidney organoids

cultured in the REGM media with XCT790 for 48 h. Kidney orga-

noids and HPTCs treated with XCT790 showed impaired FAO

(Figures S6G and S6I) and reduced expression of SLC genes

such as SLC3A1, SLC27A2, SLC34A1, SLC6A19, and ATP11A

(Figures S6G and S6I). Overall, we found that ESRRA inhibition

negatively affected PT differentiation as shown by the decreased

LTL fluorescence intensity (Figure S6H).

Finally, to distinguish whether ESRRA directly (via binding of

the promoter) or indirectly (via improving metabolism) regulated

PT cell differentiation, we performed chromatin immunoprecipi-

tation (ChIP) coupled with detection by quantitative real-time

PCR (ChIP-qPCR) to study the ESRRA transcription factor bind-

ing to DNA in PT cells. We found enrichment for multiple PT-spe-

cific genes such as Slc5a11, Slc6a13, Slc6a19, Slc13a3,

Slc7a13, Slc22a6, and Slc22a28 and metabolic genes such as

Adipor2 and Acadm (Figure 6H).

To define the role of Esrra in kidney disease, we challenged

Esrra knockout (KO) mice with FA (Figure 6I). We found that

the expression of Esrra was lower in FAN and UUO models of

fibrosis when compared with controls (Figures 6I and S6J). We

observed that Esrra KO mice showed increased susceptibility

to FA-induced kidney injury compared with wild-type littermates

as detected by histological analysis (Figure S6K). Levels of pro-

fibrotic markers such as Col1a1 and Col3a1 were higher in FA-

treated Esrra KO mice (Figure S6L) compared with wild-type

counterparts. Animals showed increased collagen accumulation

on Sirius red stain (Figure S6M) and increased cell proliferation

by Ki67 staining (Figure S6N). We further confirmed the decrease

in SLC proteins (SLC6A13 and SLC34A1) and increase in pro-

fibrotic proteins (SMA and FN) in Esrra KO mice upon FAN injury

(Figures 6J and S6O). Further, we found that the genetic deletion

of ESRRA in PT cells was associated with impaired mitochon-

drial function despite the compensatory increase in other nuclear

receptors, such as Esrrg and Ppara (Figures S6P–S6Q), that

improved by the re-expression of ESRRA. Similar to prior results,

we found that PPARA also regulated PT metabolism and cellular

differentiation both in vitro and in vivo by using fenofibrate: a

pharmacologic activator of PPARA (Figures S4C and S5D)

(Kang et al., 2015), indicating a likely complex interaction be-

tween the different nuclear receptors in PT cells.

ESRRA Driven Metabolic Changes Correlates with

Kidney Disease Severity in Patient Samples

Finally, we wanted to ascertain whether ESRRA-driven meta-

bolism and PT cell differentiation that appears to drive disease

development in mouse kidney disease models can also be reca-

pitulated in patients with CKD. We analyzed 91 microdissected

human kidney tubule samples obtained from healthy subjects

and patients with diabetic and hypertensive kidney disease

(Table S7). First, we examined the expression of genes involved

in FAO and found a group of genes, which strongly correlated

with kidney fibrosis (Figure 7A). These genes included ADIPOR2,

PPARA, ACSM2A, ACSM3, and APOE, for which we had previ-

ously demonstrated an increase along the PT differentiation

trajectory (Figure 4J). Correlation analysis revealed that the

expression of lipid metabolism genes showed a positive correla-

tion with the expression of PT cell differentiation and negative

correlation with fibrosis (Figure 7B). In silico deconvolution of

bulk transcriptome data from 91 human samples showed that

the proportion of PCT and PST cells decreased in fibrotic tissues

(Figure 7C). Next, we assessed the effect of cell proportion

changes on gene expression changes observed in bulk gene

profiling data (Figure 7C). Expression of a total of 1,980 genes

significantly correlated with fibrosis scores in 91 human kidney

samples analyzed by linear regression using age, gender, race,

and diabetes and hypertension status as covariates (FDR <

0.05). Next, we performed in silico deconvolution analysis of

the data using CellCODE. Adjusting the model to the 4 cell line-

ages (PCT, PST, myeloid, and lymphoid cells) reduced the num-

ber of differentially expressed genes (DEGs) from 1,980 to 22

genes, indicating the key role of cell heterogeneity in driving

bulk gene expression changes (Figure S7A).

(F) Heatmap showing the expression changes of highly variable genes involved in FAO identified (Figures 4J and 4L) along the organoid cell differentiation

trajectory.

(G) Expression level of genes associated with FAO (PPARGC1A, ACOX2, and CPT1A), and PT cell markers (ATP11A, ACOX12, SLC27A2, SLC34A1, SLC3A1,

SLC5A2, and SLC6A19) in kidney organoids cultured in the EGM and REGMmedia. The data are represented as mean ±SEM. nR 2 independent experimental

replicates from a pool of 12 organoids/group; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 paired Student’s t test.

(H) Quantification of changes in the protein expression of OXPHOS proteins in organoids cultured in the EGM or REGMmedia. Tubulin is used as loading control.

The data are represented as mean ±SEM. n = 3 independent experimental replicates from a pool of 16 organoids/group; *p < 0.05, **p < 0.01, ***p < 0.001, and

****p < 0.0001 two-way ANOVA, followed by the Bonferroni post-test.

(I) Representative immunofluorescence staining of LTL (green) and PODXL (red) in kidney organoids cultured in the EGM and REGMmedia. Scale bar represents

400 mM (EGM) and 500 mM (REGM).

(J) Quantification of LTL positive cells in kidney organoids cultured in the EGM or REGM media. The y axis represents relative fluorescence. The data are

presented as mean ±SEM. n = 3 organoids/group.
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Figure 6. ESRRA Drives PT Differentiation State and Protects from Kidney Disease

(A) Top transcription factor-binding motifs significantly enriched in PT-cell-specific open chromatin regions that are identified from mouse single-cell ATAC-

sequencing. p values and percentages of target sequences among all open chromatin regions are shown in the table on right.

(B) Gene set enrichment analysis (GSEA) enrichment plot of ESRRA target genes along with PST cell differentiation.

(C) Heatmap showing the expression changes of ESRRA target genes along the PST differentiation trajectory (ordered from Figure 4C) grouped by functional

annotation (kidney development, transmembrane transport, and lipid metabolism).

(D) OCR (pmol/min/mg of protein) and mtDNA copy number (ratio of mtDNA to nuclear DNA) in LTL+ PT cells transfected with non-target siRNA (siNT: black) and

ESRRA siRNA (siEsrra: red) for 2 days. *p < 0.05, **p < 0.01, ***p < 0.001 versus siNT.

(E) OCR andmtDNA copy no. in LTL+ PT cells transfected with vector alone (black) and ESRRA expressing vector (ESSRA OE: Blue) for 48 h. *p < 0.05, **p < 0.01,

***p < 0.001 versus vector.

(F) Protein levels of OXPHOS, ESRRA, SLC6A13, and SLC34A1 in LTL+ PT cells transfected with siEsrra (upper panel) or ESRRA OE (lower panel) shown by

Western blot. b-actin was used as a loading control.

(legend continued on next page)
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Finally, we examined the expression of ESRRA and its target

genes in 431 microdissected human kidneys (Table S7). The

expression of ESRRAwas lower in disease samples and strongly

correlated with both eGFR and kidney fibrosis (Figure S7B). Pro-

tein expression of ESRRA was mostly localized to the nuclei of

PTs, and it was markedly lower in human CKD samples (Fig-

ure S7C). The expression ofESRRA in human kidney tubule sam-

ples correlated with lipid metabolism and PT markers as well as

with membrane transporter genes that are ESRRA targets (Fig-

ure 7D). These results confirm the relationship between the PT

(differentiation) state and metabolism via ESRRA and PPARA.

DISCUSSION

Here, we present a comprehensive analysis using mouse scRNA

and epigenome analysis, cultured cells, mouse models, patient

samples, and kidney organoids to demonstrate that PT cells

exist in different differentiation states in health and disease con-

ditions. Our results highlight PT cellular metabolism as one of the

main drivers of PT cell differentiation, identifying ESRRA as a

central player in coupling metabolism and differentiation by

directly binding and regulating the expression of PT genes.

Furthermore, our observations describe how ESRRA together

with HNF1B, HNF4A, and PPARA likely forms a complex network

regulating PT metabolism and differentiation. ESRRA-driven PT

metabolism and differentiation plays a critical role in protecting

the kidney from injury and correlates with kidney disease severity

in patient samples.

We show that the gene expression changes observed in bulk

RNA-seq analysis mostly reflected cell heterogeneity of

diseased mouse and human kidney samples. For example, PT-

specific genes had lower expression levels in bulk RNA-seq

analysis; however, many of these genes showed no clear change

at a single-cell level. Genes that showed higher expression in

disease samples were mostly genes exclusively expressed in

immune cells; however, they did not show marked changes in

the single-cell data when control and disease samples were

compared. There was a marked increase in cell diversity of

healthy and diseased samples, which mostly related to the in-

crease in the diversity of immune cells.

We provide a high-resolution comprehensive analysis of cell-

type-specific changes in two different mouse kidney fibrosis

models. We identified different PT cell subtypes in healthy and

disease states. In addition to the known PCT and PST segments,

we also identified precursor-like cells. Cell heterogeneity was

significantly higher in diseased PT cells as we identified prolifer-

ating cells, immunemarker expressing cells and transitional cells

(such as PCT and PST intermediate cells), and PT-LOH interme-

diate cells. Future studies will determine the role of these cells in

disease development. It is important to note that these cell pop-

ulations represented a continuum between the established PCT

and PST cells rather than true discrete groups. Using trajectory

and clustering methods, we identified cell state differences

among PT cells. We identified precursor cells that expressed

high levels of Igfbp7 but lower levels of differentiated PT cell

markers. IGFBP7 is one of the best-known biomarkers of AKI

(Meersch et al., 2014; Vijayan et al., 2016). Further studies shall

examine the connection between the kidney and urinary IGFBP7

expression, renal injury, and outcome.

We found that in diseased kidneys, fewer PT cells were in the

terminal differentiation state. Increased death of differentiated

cells could have contributed to this finding; however, only mini-

mal changes in cell death were observed at the stages examined

(Bielesz et al., 2010). Consistent with prior reports, Wingless-

related integration site (Wnt) gene expression correlated with

cell differentiation in one but not in the second kidney fibrosis

model (Edeling et al., 2016; He et al., 2009; Kato et al., 2011; Rin-

kevich et al., 2014). Changes in lipid metabolism, FAO, and OX-

PHOS were consistent in both models. This might be consistent

with earlier reports that such developmental pathways regulate

metabolic changes in diseased kidneys (Huang et al., 2018).

Overall, our results indicate that kidney PT cells exist in different

states where higher expression of cell function genes (e.g.,

SLCs) strongly correlates with higher expression of FAO andOX-

PHOS genes.

Biologically, the coupling of metabolism and cell state makes

perfect sense, as it harmoniously couples energy production and

utilization with cellular function. Coupling of cell state and meta-

bolism have been best demonstrated in the field of

immunometabolism. For example, effector T cells exhibit high

glycolysis, whereas regulatory cells have higher FAO and

mTORC1 activation, which in turn drives effector differentiation

while suppressing regulatory generation (Angelin et al., 2017;

Delgoffe et al., 2009; Michalek et al., 2011). Dysregulated meta-

bolism contributes to disease development, as T cells from sys-

temic lupus erythematosus patients exhibit increased glycolysis

and OXPHOS, whereas increased fatty acid biosynthesis and

reduced ROS levels are associated with rheumatoid arthritis

(Kornberg et al., 2018; Shen et al., 2017; Yang et al., 2013; Yin

et al., 2015). Recently, sodium-glucose cotransporter 2 inhibitors

have shown remarkable success in reducing the decline the kid-

ney function (Barnett et al., 2014), therefore it is possible that

reducing the PT cellular energy requirement is part of their mech-

anism of action.

Our results, for the first time, define the key role of several nu-

clear receptors such as PPARA and ESRRA in driving PT cell dif-

ferentiation. ESRRA is a critical transcription factor that regulates

mitochondrial biogenesis and FAO (Singh et al., 2018; Soriano

et al., 2006). ESRRA remains an underappreciated nuclear re-

ceptor and metabolic target owing to its diverse role in multiple

(G) Relative mRNA levels of Esrra and variety of SLC markers (Slc7a13, Slc6a13, Slc22a6, Slc5a11, Slc27a2, and Slc34a1) in LTL+ PT cells transfected with siNT,

siEsrra (red), and ESRRA OE plasmid (blue). *p < 0.05, **p < 0.01, ***p < 0.001 versus siNT/vector.

(H) ChIP-qPCR of ESRRA showed enrichment in genes including SLC markers (Slc7a13, Slc6a13, Slc22a28, Slc5a11, Slc6a19, and Slc13a3) and metabolic

genes (Adipor2 and Acadm) in LTL+ PT cells compared with IgG control. The data are represented as mean ± SEM.

(I) Relative gene expression of Esrra measured by qRT-PCR in kidneys of wild-type (n = 4), Esrra KO mice (n = 6), and FA-treated wild-type mice (n = 4) or FA-

treated Esrra KO mice (n = 8). *p < 0.05, **p < 0.01, and ***p < 0.001 versus wild-type.

(J) Protein levels of SLC6A13, SLC34A1, FN, SMA, and ESRRA in kidneys of wild-type, Esrra KO mice, and FA-injected or FA-treated Esrra KO mice were

analyzed by western blot. GAPDH was used as a loading control.
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cellular signaling pathways and its function as a co-regulator of

metabolism. Here, we show that ESRRA not only transcription-

ally regulates mitochondrial and metabolic genes but also

directly binds to genes associated with PT differentiation, such

as a variety of SLCs. ESRRA target gene expression shows

consistent changes in PT cell differentiation in vivo in mice and
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Figure 7. ESRRA-Driven Metabolic Changes Correlate with Kidney Disease Severity in Patient Samples

(A) relative expression levels of the highly variable lipid metabolism genes that were identified along the mouse PT cell differentiation trajectory (Figure 4) in 91

microdissected human tubules. The human kidney samples were ordered based on the degree of fibrosis.

(B) Heatmap showing Pearson’s correlation coefficient between lipid metabolism genes, PT cell markers, and fibrosis markers in the human samples (yellow

positive correlation, purple negative correlation, and intensity indicates the strength of correlation).

(C) Heatmap showing the relative cell fraction changes, calculated by in silico deconvolution (CellCODE) of the 91 human kidney RNA profiling data. The human

kidney samples were ordered based on their fibrosis scores.

(D) Heatmap showing correlation coefficients between lipid metabolism genes, PT cell markers, and transmembrane transport genes that contain ESRRA binding

motifs in their promoter or gene body and fibrosis markers in the human samples (yellow positive correlation, purple negative correlation, and intensity indicates

the strength of correlation).
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in patients, thus supporting the key role of ESRRA in driving cell

state. ESRRA overexpression improved not only metabolism

and mitochondrial function but also PT differentiation, and its in-

hibition resulted in impaired FAO and OXPHOS with altered dif-

ferentiation state. We found that other transcription factors such

as ESRRG and PPARA levels increased in the absence of

ESRRA, which might be responsible for the lack of phenotypic

changes at baseline; however, this compensation was insuffi-

cient to protect Esrra KO mice during kidney injury (Zhao et al.,

2018; Marable et al., 2020). Previous studies have also showed

the role of Esrrg in kidney tubules (Zhao et al., 2018).

It has been difficult to induce PT cell differentiation in cultured

organoids (Combes et al., 2019; Wu et al., 2018). Using human

kidney organoids, we show that FAO and OXPHOS directly drive

the differentiation of PT cells. Our data indicate that increasing

the activity of Esrra (and Ppara) could be beneficial for PT cell dif-

ferentiation not only in mouse model in vivo but also in cultured

organoids in vitro.

In summary, we show the continuum of PT cell states in health

and disease and the key role of metabolism in driving PT cell

state. ESRRA couples cell differentiation state and metabolism

by regulating not only the expression of cellular metabolism

but also the expression of key cell-type-specific genes. The

work provides new opportunities to manipulate cell fate, PT

cell differentiation, and metabolism based on their reliance on

nuclear receptors such as ESRRA.

Limitations of the Study

There are several limitations of our study, and future studies shall

carefully examine changes observed in non-PT cells in the

context of kidney fibrosis and in patients with kidney disease.

Follow-up studies should examine the large number of genes

and cell type changes identified by single-cell analysis. Future

studies are needed to study the detailed ESRRA regulatory

network in the kidney and its interaction with other key PT tran-

scription factors such as PPARA, HNF1B, and HNF4A.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Primary antibodies for Immunoblots

Anti-COX IV antibody Abcam Cat# ab16056; RRID: AB_443304

Total OXPHOS Rodent WB Antibody Cocktail Abcam Cat# ab110413; RRID: AB_2629281

GAPDH CST(14C10) Cat# 2118; RRID: AB_561053

PGC1a Calbiochem Cat#KP9803

SLC6A13 Invitrogen Cat# PA5-68331; RRID: AB_2691971

a-Tubulin Sigma Cat# T9026; RRID: AB_477593

SMA Sigma Cat# A5228; RRID: AB_262054

FN Abcam Cat# ab2413; RRID: AB_2262874

ESRRA CST Cat# 13826; RRID: AB_2750873

b-actin Millipore Cat# A3854; RRID: AB_262011

Secondary antibodies for Immunoblots

Anti-mouse IgG, HRP-linked Antibody CST Cat# 7076; RRID: AB_330924

Anti-rabbit IgG, HRP-linked Antibody CST Cat# 7074; RRID: AB_2099233

Antibodies for Immunohistochemistry (IHC)

ESRRA CST Cat# 13826; RRID: AB_2750873

SLC34A1 Novus Biologicals Cat# NBP2-42216; RRID: AB_2801654

SLC7A13 Creative Diagnostics Cat# CPBT-45312RH; RRID: AB_2378853

SLC6A13 Invitrogen Cat# PA5-68331; RRID: AB_2691971

Antibodies for Immunofluorescence (IF)

LTL Vector laboratories Cat# FL-1321; RRID: AB_2336559

PODXL Thermofischer Cat# 39-3800; RRID: AB_2533411

IRDye�680RD LI-COR Cat# 926-68070; RRID: AB_10956588

Ki67 CST Cat# 12202; RRID: AB_2620142

A555 Life technology Cat# A-31572; RRID: AB_162543

Antibodies for FACS

LTL Vector laboratories Cat# B-1325; RRID: AB_2336558

Biological Samples

Human kidney samples Chung et al., 2019 N/A

Chemicals, Peptides, and Recombinant Proteins

MitoTracker Green Life Technology Cat#M7514

Collagenase IV Life Technologies Cat#17104019

Trypan blue solution Sigma Cat#T8154

Protease inhibitor cocktail Roche Cat#11836153001

EDTA solution Life Technologies Cat#15575-038

Accumax Stem Cell Technologies Cat#07921

Phosphate buffered saline (PBS) pH 7.4 (1x) Life Technologies Cat#1001–015

Essential 8 medium Life Technologies Cat#A1517001

Vitronectin Life Technologies Cat#A14700

Fenofibrate Sigma CAS#49562-28-9

RPMI 1640 Gibco Cat#21875-034

EGM media Lonza Cat#CC-3162

REGM media Lonza Cat#CC-4127

RIPA buffer Cell signaling Cat#9806

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

SYBR Green PCR Master Mix Applied Biosystem Cat#KK4605

Fluoromount-G Southern Biotech Cat# 0100-01

XCT790 Tocris Cat#3928

Folic Acid Fisher Scientific Cat#AC216630500

Lipofectamine 3000 ThermoFisher Cat#11668027

CHIR99021 Merck Cat#SML1046; CAS: 252917-06-9

Recombinant human FGF9 PeproTech Cat#100-23

Heparin Merck Cat#H3149; CAS: 9041-08-1

Activin A Vitro Cat#338-AC-050

Dimethyl Sulfoxide (DMSO) Merck Cat#D2650; CAS: 67-68-5

Cell culture grade distilled water Life Technologies Cat#15230-089

Paraformaldehyde solution 4% in PBS Santa Cruz Cat#sc-281692

Hoechst Molecular probes Cat# H-1399

Critical Commercial Assays

BCA Protein Assay Kit Thermo Scientific Cat#23225

Multi Tissue dissociation kit Miltenyi Cat#130-110-201

Anti-Biotin microbeads Miltenyi Cat#130-090-485

cDNA Reverse Transcription Kit Applied Biosystems Cat#4368813

Rneasy Mini Kit Qiagen Cat#74106

MAGnify� ChIP Kit Thermo Scientific Cat# 492024

DNeasy Blood & Tissue Kits Qiagen Cat#69506

Seahorse XF Cell Mito Stress Test kit Agilent Technologies Cat#103708-100

Seahorse XFe96 FluxPak mini Agilent Technologies Cat#102601-100

VECTASTAIN� Elite ABC-HRP Kit Vector laboratories Cat# PK-6100

Streptavidin/Biotin blocking kit Vector laboratories Cat#SP-2002

Deposited Data

scATAC seq data (Cao et al., 2018) GSE117089

scRNA-seq of FAN kidneys of mice GEO GSE156686

scRNA seq data kidney organoids GEO GSE152765

Experimental Models: Organisms/Strains

ESRRA Knock-out Dr. Vincent Giguère

Research Lab

McGill University

Oligonucleotides

Primers for qPCR, mtDNA copy no., and

ChIP-qPCR, see Table S6

This paper N/A

Recombinant DNA

pAd-track-Esrra Dr. Liming Pei lab University of Pennsylvania

pcDNA3.1-Ppara Dr. Liming Pei lab University of Pennsylvania

pc-DNA3.1-HNF1B Dr. Liming Pei lab University of Pennsylvania

pAd-track-HNF4A Dr. Liming Pei lab University of Pennsylvania

Experimental Models: Cell Lines

ES[4] Human Embryonic Stem Cell line The National Bank of Stem

Cells (ISCIII,Madrid)

https://www.isciii.es/

Software and Algorithms

ImageJ NIH https://imagej.nih.gov/ij

Prism 5 Graphpad Software https://www.graphpad.com/scientific-software/prism

Image Studio Lite Version 5.2 software LICOR https://www.licor.com/bio/image-studio-lite/d5

FlowJo Software FlowJo N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact: Katalin

Susztak. Email: ksusztak@pennmedicine.upenn.edu

Materials Availability

This study did not generate new unique reagents.

Data and Code Availability

The accession number for the scRNA-seq data reported in this paper are NCBI GEO: GSE156686 and GSE152765. All other data are

available upon reasonable request for corresponding author. Furthermore, the data is available via an interactive web browser at

http://susztaklab.com/VisCello/.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse Models

Animal studies were approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Pennsylvania. Mice

were housed in the Institute pathogen free animal house (12 h dark/light cycle) in a temperature- and humidity-controlled environment

(23 ± 1�C) and fed with standard mouse diet and water ad libitum. 5- to 8-week-old male C57BL/6 wild type mice were used in the

study. Esrra KO mice were kindly provided by Dr. Liming Pei (University of Pennsylvania) and littermates were used from in-house

matings. All animals were pathogen free and healthy prior to the beginning of experiments. For all the mice experiments, mice

were randomly assigned to experimental groups, unless stated otherwise.

For fenofibrate experiment, the PPARA agonist fenofibrate (50 mg/kg for 3 days and 100 mg/kg for 5 days) was administered by

oral gavage starting one day before the folic acid (FA) injection. Mice were injected with FA (250 mg/kg once, dissolved in 300 mM

NaHCO3) intraperitoneally and sacrificed on day 7. For the unilateral ureteral obstruction (UUO) model, mice underwent ligation of the

left ureter and were sacrificed on day 7.

Isolation and Culture of LTL+ PT Cells

Primary mouse proximal tubule epithelial cells were isolated from kidneys of 4 weeks old wild typemice and LTL+ cells fractions were

purified from single cell suspension of PT cells by using biotinylated lotus tetragonolobus lectin antibody (LTL) (L-132; Vector

Laboratories) and anti-biotin microbeads (MACS Miltenyi Biotec). LTL+ cells were grown in primary cell culture media (RPMI 1640

supplemented with 10% FBS, 20 ng ml�1 EGF, 20 ng ml�1 bFGF and 1% penicillin-streptomycin).

Kidney Organoids Differentiation

ES[4] human embryonic stem cells were grown on vitronectin coated plates (1001-015, Life Technologies). Cells were incubated in

0.5mM EDTA (Merck) at 37�C for 3 minutes for disaggregation. To avoid the separation of the stem cell clusters, cells were then

carefully collected into 12 ml supplemented Essential 8 Basal medium. For cell counting, 1 mL cell suspension was centrifuged

for 4 minutes at 400 g and the pellet was resuspended in 200 ml of AccumaxTM (StemCell Technologies) to obtain single cells. Cells

were incubated in AccumaxTM at 37�C for 3minutes and next, 800 mL of FBSwere added to stop the disaggregation. After cell count-

ing (Countess�Automated Cell Counter), 100,000 cells/well were plated on a 24multi-well plate coated with 5ml/ml vitronectin. Cells

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Cell Ranger 2.0 10x Genomics https://support.10xgenomics.com/single-cell-gene-

expression/software/downloads/latest

Seurat R package 2.3.4 open source https://satijalab.org/seurat/

DoubletFinder open source https://github.com/chris-mcginnis-ucsf/DoubletFinder

STAR-2.4.1d open source https://github.com/alexdobin/STAR

HTSeq-0.6.1 open source https://htseq.readthedocs.io/en/release_0.11.1/

history.html#version-0-6-1

DESeq2 1.10.1 open source https://bioconductor.org/packages/release/bioc/

html/DESeq2.html

CellCODE open source https://github.com/mchikina/CellCODE/

Velocyto open source https://github.com/velocyto-team/velocyto.R

Monocle2 2.4.0 open source http://cole-trapnell-lab.github.io/monocle-release/
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were incubated in supplemented Essential 8 Basal medium at 37�Covernight. The next day (day 0), the differentiation was initiated by

treating the cells with 8 mM CHIR (Merck) in Advanced RPMI 1640 basal medium (ThermoFisher) supplemented with 1% Penicillin-

Streptomycin and 1%of GlutaMAXTM (ThermoFisher) for 3 days and changing themedium every day. On day 3, CHIR treatment was

removed and cells were cultured in 200 ng$ml-1 FGF9 (Peprotech), 1 mg$ml-1 heparin (Merck) and 10 ng$ml-1 activin A (Act A) (Vitro) in

supplemented Advanced RPMI for 1 day. On day 4, spheroid organoids were generated. Cells were rinsed twice with PBS, collected

using supplemented Advanced RPMI and plated at 100,000 cells/well on a V-shape 96 multi-well plate. They were treated with 5 mM

CHIR, 200ng$ml-1 FGF9 and 1 mg$ml-1 Heparin in supplemented Advanced RPMI. Organoids were incubated for 1 hour at 37�C,

CHIR induction was removed and they were incubated in 200 ng$ml-1 FGF9 and 1 mg$ml-1 Heparin in supplemented Advanced

RPMI for 7 days with medium change every other day. From day 11, factors were eliminated, and cells were incubated only in sup-

plemented Advanced RPMI for 5 days, medium was changed every other day.

METHOD DETAILS

Preparation of Single-Cell Suspension

Euthanized mice were perfused with chilled 1x PBS via the left ventricle. Kidneys were harvested, minced into approximately 1 mm3

cubes and digested using Multi Tissue dissociation kit (Miltenyi, 130-110-201). The tissue was homogenized using 21G and 26 1/2G

syringes. Up to 0.25 g of the tissuewas digestedwith 50ul of EnzymeD, 25 ul of EnzymeR and 6.75 ml of EnzymeA in 1ml of RPMI and

incubated for 30mins at 37�C. Reaction was deactivated by 10% FBS. The solution was then passed through a 40 mm cell strainer.

After centrifugation at 400 g for 5 mins, cell pellet was incubated with 1ml of RBC lysis buffer on ice for 3 mins. Cell number and

viability were analyzed using Countess AutoCounter (Invitrogen, C10227). This method generated single cell suspension with greater

than 80% viability.

Single-cell RNA Sequencing

Single cell RNA sequencing was performed as described in our previous study (Park et al., 2018). Briefly, the single cell suspension

was loaded onto a well of a 10x Chromium Single Cell instrument (10x Genomics). Barcoding and cDNA synthesis were performed

according to the manufacturer’s instructions. Qualitative analysis was performed using the Agilent Bioanalyzer High Sensitivity

assay. The cDNA libraries were constructed using the 10x ChromiumTMSingle cell 3’ Library Kit according to themanufacturer’s orig-

inal protocol. Libraries were sequenced on an Illumina HiSeq or NextSeq 2x150 paired-end kits using the following read length: 26bp

Read1 for cell barcode and UMI, 8bp I7 index for sample index and 98bp Read2 for transcript.

Alignment and Generation of Data Matrix

Cell Ranger 2.0 (http://10xgenomics.com) was used to process Chromium single cell 3’ RNA-seq output. First, ‘‘cellranger count’’

aligned the Read2 to the mouse reference genome (mm10) and exons of protein coding genes (Ensembl GTFs GRCm38.p4).

Sequencing reads that were marked by multiple mapping were removed by adjusting the cellranger to unique mapping (marked

MM:i:1 in the bam files). Third, the fastq files extracted from bam files of the first run were used again for ‘‘cellranger count’’ to

generate data matrix. Finally, the output files for 6 normal and 2 FAN samples were aggregated into one gene-cell matrix using ‘‘cell-

ranger aggr’’ with read depth normalization by total number of mapped reads.

Data Quality Control, Preprocessing and Dimension Reduction

Seurat R package (version 2.3.4) was used for data QC, preprocessing and dimension reduction analysis. Once the gene-cell data

matrix was generated, poor quality cells were excluded, such as cells with < 200 or > 3,000 expressed genes. Genes that were

expressed in less than 10 cells, mitochondrial genes, ribosomal protein genes and HLA genes, that were reported to induce un-

wanted batch effects, were removed for further analysis (Smillie et al., 2019). Cells were also discarded if their mitochondrial gene

percentages were over 50%. The data were natural log transformed and normalized for scaling the sequencing depth to a total of

10,000 molecules per cell, followed by regressing-out the number of UMI and genes. Batch effect was corrected by using

removeBatchEffect function of edgeR. The expression values after batch correction were only used for PCA, t-Distributed Stochastic

Neighbor Embedding (tSNE) visualization and clustering, and the original expression values before batch correction were used for all

downstream analyses such as identification of marker genes and differentially expressed genes. For the dimension reduction, highly

variable genes across the single cells were identified using 0.0125 low cutoff and 0.3 high cutoff. PCA was performed using the var-

iable genes as input and top 20 PCs were used for initial tSNE projection.

Removal of Doublet-like Cells

Doublet-like cells were identified using DoubletFinder which is a computational doublet detection tool with following parameters:

proportion.artificial = 0.25 and proportion.NN = 0.01(McGinnis et al., 2019). Then, the number of expected doublets were calculated

for each sample based on expected rates of doublets, which are provided by 10x Genomics. After removing the doublet-like cells, all

steps including normalization, regressing out variables, batch effect removal, and dimension reduction were performed again.
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Cell Clustering Analysis

Density-based spatial clustering algorithm, DBSCAN, was used to identify cell clusters on the tSNE plot with the eps value 0.4.

Clusters were removed if their number of cells was less than 20. Proximal tubule clusters expressing a proximal tubule marker,

Slc27a2, were separated from the rest of cell clusters in order to identify subgroups. PCA and UMAP (Uniform Manifold Approxima-

tion and Projection) were performed only for the remaining cells. DBSCAN was used to identify cell clusters on the UMAP plot with

initial setting for the eps value 0.5. Each of the resulting clusters was subjected to sub-clustering by a shared nearest neighbor (SNN)

modularity optimization-based clustering algorithm, which is implemented in Seurat package. Resolution 0.5 was used for sub-

clustering of the clusters except T lymphocytes which required higher resolution (0.7) to identify T lymphocyte subgroups. Post-

hoc differential expression analysis was performed for every pair of sub-clusters. Sub-clusters were merged when they had 15 or

less than 15 (10 differential genes for T lymphocytes) differentially expressed genes (average expression difference > 1 natural log

with an FDR corrected p<0.01). This clustering analysis resulted in 30 cell clusters. PT cell clusters were also subjected to sub-clus-

tering. With same procedure used for other clusters, PT cells from control and FAN samples were subclustered into 5 and 9 sub-cell

types, respectively.

Mouse Bulk RNA-sequencing Analysis

Total RNAs were isolated using the RNeasy mini kit (Qiagen). Sequencing libraries were constructed using the Illumina TruSeq

RNA Preparation Kit. High-throughput sequencing was performed using Illumina HiSeq4000 with 100bp single-end according

to the manufacturer’s instruction. Adaptor and lower-quality bases were trimmed with Trim-galore. Reads were aligned to the

Gencode mouse genome (GRCm38) using STAR-2.4.1d. The aligned reads were mapped to the genes (GRCm38, version 7

Ensembl 82) using HTSeq-0.6.1. Differentially expressed genes between control and disease groups were identified using DESeq2

version 1.10.1. To examine the enrichment of the differentially expressed genes in single cell clusters, a z-score of normalized

expression value was first obtained for every single cell. Then, we calculated the mean z-scores for individual cells in the same

cluster, resulting in 30 values for each gene. The z-scores were visualized by heatmap showing the enrichment patterns of the

genes across the cell types.

Estimation of Cell Proportions

From single cell datasets, the numbers of cells in each cluster were enumerated and normalized by total number of cells for each

condition (6 control and 2 diseased samples). Since a number of PT cells in FAN samples showed higher expression of apoptosis

markers, we removed the cells that express Bax, Bad or Dap from all samples only for the cell proportion test. Deconvolution of

bulk RNA sequencing data was performed to validate the cell proportion changes that were detected in single cell data. CellCODE

package was used for deconvolution using 30 cell type-specific marker genes (Chikina et al., 2015).

Identification of Marker Genes and Differentially Expressed Genes

Conserved marker genes between control and UUO samples were identified using FindConservedMakers function of Seurat with

default options. Average expression difference > 0.5 natural log and FDR corrected p value < 0.01 were applied. Cell type-specific

differentially expressed genes were identified using MAST, which is implemented in Seurat package with log fold change threshold =

0.2, minimum percent of cells expressing the genes=0.05 and adjusted p value < 0.05.

Cell Trajectory Analysis

RNA Velocity

To calculate RNA velocity, Velocyto.R package was used as instructed (La Manno et al., 2018). We used Velocyto to impute

the single-cell trajectory/directionality using the spliced and the unspliced reads. Resulting loom files were merged and loaded

into R following the instructions. Furthermore, RNA velocity was estimated using gene-relative model with k-nearest neighbor

cell pooling (k = 25). To visualize RNA velocity, we performed Principle Component Analysis and used the top 20 principle

components to calculate UMAP embedding. The parameter n was set at 200, when visualizing RNA velocity on the UMAP

embedding.

Monocle2

To construct single cell pseudotime trajectory and to identify genes that change as the cells undergo transition, Monocle2 (version

2.4.0) algorithm was applied to the cells from proximal tubules and proliferating proximal tubules (Trapnell et al., 2014). To show the

cell trajectory from the small cell population (proliferating proximal tubules) to predominant cell type (proximal tubules), 6,000

randomly selected PT cells and proliferating proximal tubules were used for Monocle analysis. Genes for cell ordering were selected

if they were expressed inR 10 cells, their mean expression value wasR 0.05 and dispersion empirical value wasR 2. Highly variable

genes along the pseudotimewere identified using differential GeneTest function ofMonocle2with q-value < 0.01. The trajectory anal-

ysis was also performed for precursors and PST cells from the control and FAN samples separately. DAVID GO term analysis was

performed for the highly variable genes along the control and FAN trajectory, and then genes in the lipid metabolism GO term were

visualized by heatmap.
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Single Cell ATAC Sequencing Analysis

Datamatrix for PCT andPST cells-specific open chromatin regionswas downloaded (Cao et al., 2018). HOMERpackagewas used to

identify known transcription factor bindingmotifs that are highly enriched in the PCT and PST-specific open chromatin regions. GSEA

package was used to determine the enrichment patterns of ESRRA binding genes in differentiated PT cells and to identify core

enrichment genes.

Human Bulk Gene Profiling Data Analysis

Kidney samples were collected from nephrectomies. Samples were permanently deidentified and clinical information was collected

by an honest broker, therefore the study was deemed exempt by the institutional review board (IRB) of the University of Pennsylvania.

Two datasets were used, one dataset included 91 human kidney samples and gene expression analysis was performed using

Affymetrix U133A arrays (E-MTAB-2502) (Table S7) Raw expression levels of microarray data sets were normalized using the

RMA algorithm and log transformed. The identified marker genes were used as an input for CellCODE deconvolution analysis to

estimate the cell proportion changes in human patient kidney samples. To assess the effect of cell proportions changes on the

correlation between gene expression and fibrosis score, we implemented linear regression models using age, gender, race and

diabetes and hypertension status as covariates with and without cell proportions of PCT, PST, myeloid and lymphoid cells. The sec-

ond dataset included 431 samples and gene expression was analyzed using RNAseq (Table S7).

Single Cell Suspension from Kidney organoid

Day 20 mature kidney organoids were washed twice with PBS and incubated first with AccumaxTM for 10 min at 37�C, followed by

Trypsin-EDTA 0.25% incubation in order to dissociate into single cells. Cells were spun down at 400 g for 5 min resuspended in ADV

RPMI and checked for viability using Countess Automated Cell Counter.

Mitotracker Green FM Flow Cytometric Analysis

Developing kidney organoids on day 14 of differentiation were cultured in EGM or REGM media for 4 additional days. In order to

assess mitochondrial mass, organoids were stained with MitoTracker Green FM (100 nM), a mitochondrial specific fluorescent

dye at 37�C for 30min. After incubation, kidney organoidswerewashed twicewith PBS and disaggregated into single cell suspension

using AccumaxTM for 10 minutes followed by Trypsin-EDTA 0.25% (ThermoFisher) incubation for at least 10 minutes at 37�C. Once

cells dissociated, FACS buffer (PBS supplemented with 5%of FBS) was added to cease the trypsin activity and samples were centri-

fuged for 5 minutes at 1800 rpm. After removing the supernatant, the pellet was resuspended in 300 ml of FACS buffer and the sus-

pension was filtered into FACS tubes. Nuclei were stained with DAPI (ThermoFisher). Cells were counted using FACS Aria Fusion

Instrument (BD Biosciences). FlowJo software version 10 was used for data analysis.

Protein Extraction and Western Blot Analysis in Kidney Organoids

Protein was extracted from kidney organoids cultured in EGM or REGM media for 4 days using RIPA buffer (Thermofisher) supple-

mentedwith complete protease inhibitor cocktail (Thermofisher), and centrifuged at 13,000 g for 15mins at 4�C. The supernatant was

collected, and protein concentration wasmeasured using a bicinchoninic acid (BCA) protein quantification kit (Thermo Scientific). For

western blot analyses, 25 ug of protein were separated in 10%sodiumdodecyl sulphate-polyacrylamide gel (SDS-PAGE) and blotted

onto nitrocellulose membranes. Membranes were blocked at room temperature for 1 hour with TBS 1X- 5% BSA. Membranes were

then incubated in primary antibody (dilution 1:1000) Total OXPHOS cocktail (Abcam) overnight at 4�C. The membranes were then

washed with PBST (PBS1X + 0.05% Tween20; Merck) for 5 minutes three times and incubated with anti-mouse secondary antibody

(dilution 1:10,000) (IRDye�680RDGoat anti-Mouse; LI-COR). After washingwith PBST for 5minutes twice andwith PBS for 5minutes

once, membrane-bound antibodies were detected by fluorescence with the Odyssey � Fc Imaging System. Alpha-tubulin (1:5000;

Sigma) was used as a loading control for normalization and quantification. Images were analyzed with Image Studio Lite Version 5.2

software.

Immunofluorescence

Kidney organoids were cultured in EGM or REGMmedia were transferred to 96 well plates. Fixation was performed with paraformal-

dehide 4% (Thermo Fisher) for 20 minutes followed by 10 minutes washing in three changes PBS. Kidney organoids were incubated

in Streptavidin/Biotin Blocking Kit (Vector Laboratories) and TBS – 1% triton + 6% donkey serum for 2 h at room temperature. Po-

docalyxin (PODXL, Dilution 1:250) and LTL (Dilution 1:200) antibodies were diluted in TBS-0.5% Triton + 1% BSA. Kidney organoids

were then treated overnight at 4�Cwith primary antibodies. The next day, organoids werewashedwith TBS-0.5% triton + 1%BSA for

5 minutes three times and incubated with secondary antibody (Dilution 1:500) in TBS-0.5% Triton + 1%BSA at room temperature for

2 hours. Subsequently, organoids were washed with TBS twice for 5 minutes and nuclei were stained with DAPI (Dilution 1:5000)

for 10 minutes. Organoids were collected with special wide-end tips, and placed on slides andmounted with Fluoromount-G (South-

ern Biotech). Confocal images were acquired using Leica SP5 microscope and LTL positive cells were analyzed using ImageJ.

Mitochondrial DNA Analysis

MtDNA copy number is represented by the ratio of mitochondrial DNA to nuclear DNA (mtDNA/nDNA). Total DNA was isolated from

LTL+PT cells 48 hours after transfection using DNeasy Blood & Tissue Kit. ThemtDNA/nDNA ratio was determined by quantifying two
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mitochondrial genes (16S rRNA and ND1) and two nuclear genes (HK2 or 18S rRNA) using qPCR (Quiros et al., 2017). The primer

sequences are listed in Table S6.

PT Cell Transfection

PT cells were transfected with Non-targeted (NT) siRNA or siEsrra (purchased from Dharmacon) and pcDNA3.0 (vector) or

pAd-Track-Esrra/pcDNA3.1-Ppara/pcDNA3.1-HNF1A/pAd-track-HNF4A (overexpression constructs) (kind gift from Dr. Liming

Pei, University of Pennsylvania). siRNA and plasmid transfections were performed using Lipofectamine 3000. For transfection, cells

were seeded in 6-well plates, grown for overnight until 60–70% confluent, and then transfected with 100nM (final concentration)

siRNA/siEsrra and 5mg of vector/ESRRA/PPARA/HNF1B/HNF4A overexpression plasmids. Transfection efficiency was determined

under fluorescence microscope by the presence of Cy3 transfection control (data not shown). Cells were harvested and scraped off

48 h post transfection under different condition.

Oxygen Consumption Rate (OCR)

The measurement of OCR in PT cells transfected with siEsrra or ESRRA plasmid were performed using XFe96 extracellular flux

analyzer (Seahorse Bioscience) as previously described (Kang et al., 2015). Briefly, PT cells were plated at density of 10,000

cells/well in a Sea-horse cell culturemicroplate and transfectedwith siEsrra/ESRRAOE. Cellular OCRwasmeasured 48 h post-trans-

fection and normalized to protein quantity in each well. The final concentration for oligomycin, FCCP, rotenone and antimycin used

was 2 mM, 1 mM, 1 mM and 1 mM, respectively.

Chromatin Immunoprecipitation qPCR

ChIPwas performed to evaluate enrichment of ESRRA binding regions in targets SLCs genes in PT cells following themanufacturer’s

instructions (492024, Invitrogen). Briefly, 107 PT cells were cross-linked with 1% formaldehyde for 10 min at room temperature. Then

the reaction was stopped by adding glycine (final concentration, 0.125M). The cells were sonicated in lysis buffer to achieve a chro-

matin size of 100–500 bp. The sonicated chromatin was diluted by using dilution buffer. 5 mg ESRRA/IgG antibody was coupled with

Dynabead protein A and G (1:1 mixed), the mixture was incubated with chromatin lysates overnight at 4 �C with rotation. Immune

complexes were washed with IP buffers. Antibody-bound chromatin was reverse-cross-linked, and the ChIP DNA samples were pu-

rified for PCR reaction. Primers used for ChIP-qPCR are shown in Table S6.

Fenofibrate Treatment

LTL+ PT cells isolated frommouse kidneys were cultured in either presence of 1mM fenofibrate (PPARA agonist) to activate PPARA or

DMSO in primary culture media from Day 0. Cells were harvested for RNA and protein isolation for Western Blot on Day 7.

XCT790 Treatment

Kidney organoids cultured in REGMmedia for 7 days were treated with 10mMof XCT790 for 48 hours followed by immunostaining or

RNA isolation. Human proximal tubule cells (HPTC) and LTL+mouse PT cells were cultured in REGMmedia and treated with 10 mMof

XCT790 or DMSO for 48 hours and 24 hours respectively.

qRT-PCR

RNA was isolated from cells, kidney organoids and kidneys tissue using Trizol (Invitrogen). 2 mg RNA was reverse transcribed using

the cDNA archival kit (Life Technologies), and qRT-PCR was run in the ViiA 7 System (Life Technologies) machine using SYBRGreen

Master Mix (Applied Biosystem) and gene-specific primers. The data were normalized and analyzed using the DDCt method. The

primers sequences used are shown in Table S6.

Western Blot

Cells were lysed in radioimmunoprecipitation assay buffer (RIPA; Cell Signaling Technology) and protein was quantified by BCA

method (Thermo Fisher Scientific). Protein samples (10 to 30 mg) were separated by SDS-PAGE and then transferred to PVDF mem-

branes. After blocking, for 30 min with 5%milk in TBST and three times washing, membranes were incubated overnight with primary

antibody (COX IV 1:1000, OXPHOS 1:250, GAPDH 1:2000, PGC1a 1:500, SLC6A13 1:1000, SMA 1:1000, FN 1:1000, ESRRA 1:2000,

b-actin 1:20,000) in TBST (see KRT). After three washes for 5 min, membranes were incubated for 45 min at RT to 1 hour with

secondary HRP-conjugated antibody (1:20,000) in TBST. The signal was developed with Immobilon forte western HRP substrate

(Milipore) and measured using Odyssey�Fc Imaging System (LICOR) equipment and software. The following antibodies were

used in this study are listed in Key Resources Table.

Histological Analysis

Kidneys samples were fixed in 10% neutral formalin and paraffin-embedded sections were stained Periodic acid–Schiff (PAS) and

hematoxylin and eosin (H&E) to analyze the histology of samples. Sirius-red staining (Boekel Scientific, #147122) was performed to

determine the degree of fibrosis. We performed immunocyto- and -histochemistry on paraformaldehyde fixed cells and formalin-

fixed, paraffin-embedded kidney sections. We used the following primary antibodies: ESRRA (1:200), SLC6A13 (1:100), SLC34A1

(1:100), and SLC7A13 (1:100). Staining was visualized using peroxidase-conjugated antibodies to mouse immunoglobulin using

ll
Article

Cell Metabolism 33, 1–16.e1–e8, January 5, 2021 e7

Please cite this article in press as: Dhillon et al., The Nuclear Receptor ESRRA Protects from Kidney Disease by Coupling Metabolism and Differen-

tiation, Cell Metabolism (2020), https://doi.org/10.1016/j.cmet.2020.11.011



the Vectastain Elite kit and 3,3-diaminobenzidine (DAB) (Vector Labs). For cell proliferation, we used Ki67 (1:150) primary antibody

and Alexa Fluor 555 as secondary antibody, and nuclei was stained by Hoechst dye.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data Representation and Statistical Analysis

Student’s t-test was used to analyze differences between two groups, and One-way or Two-way ANOVA was used to analyze inter-

group differences (tukey’s multiple comparisons test). P-values less than 0.05 were considered statistically significant. The analysis

was performed using GraphPad Prism 5 (GraphPad software). Densitometry results of Western Blots were quantified using ImageJ

software. All data are presented as mean ± SEM and other details such as the number of replicates and the level of significance is

mentioned in figure legends and supplementary tables. For mice experiments, animals were randomly allocated to different groups

prior the experiments. No samples or animals were excluded from analysis. Sample size estimation was not performed, and sample

size was determined based on the number of available age and gender matched animals in the colony. For single-cell data analysis,

statistical details are provided in designated method section. All samples were processed in blinded fashion.
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Figure S1 (Related to Figure 1)
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Figure S1 (Related to Figure 1). The cellular diversity of diseased kidney samples.

(A) Representative images of Periodic Schiff stained (PAS) kidney sections from control and FAN mice. Red star 

highlights casts and black star represent tubular dilation with loss of brush border. Red arrow indicates infiltrating 

immune cells. Scale bar=10µm.

(B) Blood urea nitrogen (BUN) levels in control (CTRL) and FAN mice.

(C) Quantification of Sirius red stained area in kidney sections of control (CTRL), FAN and unilateral ureteral

obstruction (UUO).

(D) Feature plots show expression of cell type markers identified by differential expression analysis.

(E) UMAP plot showing the distribution of cells from six different control and two different FAN kidneys.

(F) Expression of cell type markers identified in control samples (Park et al. 2018) in control (red) and FAN kidneys

(blue). Color intensity indicates expression level, circle size correlates with % of positive cells.



Figure S2 (Related to Figure 2)
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Figure S2 (Related to Figure 2). Cell composition and cell type specific changes in kidney fibrosis

(A) Half violin plots (control: gray and FAN: red) showing the expression the top differentially expressed genes in bulk

RNAseq across the single cell clusters. The y axis shows the log-scale normalized read count.

(B) X-axis denoted -log(10)FDR adjusted by cell proportions (PCT, PST, myeloid or lymphoid cells), y-axis -log(10)

FDR in unadjusted bulk RNAseq data. Gray shows genes without significant change in expression, red shows

significant differences before, blue after cell proportion adjustment.



Figure S3 (Related to Figure 4)
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Figure S3 (Related to Figure 4). Cell trajectory analysis of fibrotic proximal tubules. 

(A) Cell trajectory analysis for PT cells (including proliferating PT cells) in control and FAN samples. On the right, 

feature plots showing the expression of the indicated markers along the cell trajectory (Slc6a19: PCT marker and 

Slc22a30: PST marker).

(B) Cell trajectory analysis of PST cells (cells circled in red Figure S3A) in control and FAN samples. On the right,

expression of PST markers such as Atp11a and Slc34a1 along the cell trajectory.

(C) Monocle-based cell trajectory (all control and FAN samples included) along PCT differentiation trajectory.

Batches 1-6 are healthy and 7 and 8 are from FAN kidneys. On the right, feature plots of proliferating (Mki67) and

PCT segment markers (Slc5a2) along the cell trajectory.

(D) Distributions of cells along the PCT pseudo-time trajectory. Note the difference between healthy (Blue) and FAN

samples (Yellow).

(E) Functional annotation analysis of genes showing differential expression along the differentiation trajectory (cells

under red and blue circles in Figure S3C).

(F) UMAP plot showing the distribution of cells from six different control and two different UUO kidneys. On the right,

feature plots showing the expression of the indicated markers projected onto the monocle cell trajectory.

(G) Cell trajectory analysis of PT cell including proliferating PT cell in control and UUO samples. Batches 7 and 8

correspond to UUO samples. On the right, feature plots showing the expression of the indicated markers on the cell

trajectory.

(H) Distributions of cells along the PST pseudo-time trajectory. Healthy samples are colored blue while UUO

samples are colored yellow. Note the differences of the cell distribution.

(I) Average expression levels of the highly variable genes that are involved in lipid metabolism on the cell trajectory.

(J) Functional annotation analysis of genes showing differential expression along the PT differentiation trajectory (red

circle and blue circle in Figure S3G compared).

(K) Venn diagrams showing overlaps of the differentially expressed along the PT differentiation trajectory in the FAN

and UUO models. Up arrow: upregulated genes and down arrow: downregulated genes.

(L) Heatmap showing the expression changes of EMT genes along the cell trajectory (Figure 4C).



Figure S4 (Related to Figure 5)
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Figure S4 (Related to Figure 5). Fatty acid oxidation and OXPHOS correlates with proximal tubule 

differentiation in human kidney organoids and LTL+ PT cells

(A) On the left, schematics of kidney organoids cultured in EGM or REGM. Disaggregated cells were stained with 

Mitotracker green and analyzed by flow cytometry. X-axis indicates Mitotracker green fluorescence (Blue laser 

530/30) while y-axis shows the cell number.

(B) Representative Western blot of mitochondrial OXPHOS proteins and beta tubulin as loading control of kidney

organoids cultured in EGM or REGM for 4 days.

(C) LTL+ PT cells cultured in presence or absence of fenofibrate (1µM) for 7 days. Western Blot showing expression

of mitochondrial OXPHOS complexes, COX IV, PGC1a, and SLC6A13 proteins. GAPDH was used as a loading

control. Relative mRNA level of genes associated the FAO (Ppargc1a, Ppara, Acox1, Acox2, Cpt1, and Cpt2) and

PT cell markers (Atp11a, Acot12, Adipor2, Pck1, Slc16a11, Slc27a2, and Slc22a30) (from left to right). * P < 0.05, **

P < 0.01, *** P< 0.001 vs. untreated.

(D) Representative Western Blot of mitochondrial OXPHOS, COX IV, PGC1a, SLC6A13, and GAPDH in isolated 

LTL+ PT cells cultured in EGM or REGM media for 7 days. GAPDH was used as loading control. Relative mRNA 

level of genes associated with FAO (Ppargc1a, Ppara, Acox1, Acox2, Cpt1, and Cpt2) and PT cell markers (Atp11a, 

Acot12, Adipor2, Pck1, Slc16a11, Slc27a2, and Slc22a30) in isolated PT cells cultured in EGM and REGM. * P < 

0.05, ** P < 0.01, *** P< 0.001 vs. EGM (from left to right).



Figure S5 (Related to Figure 6)
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Figure S5 (Related to Figure 6). ESRRA and PPARA binding dynamics along PT cell differentiation. 

(A) Expression of selected transcription factors in mouse kidney single cell dataset. Mean expression values of 

genes were calculated in each cluster. The color scheme is based on z-score distribution. * represents PT cell 

cluster.

(B) Gene Set Enrichment Analysis (GSEA) enrichment plot of PPARA target genes along PCT cell differentiation, 

PST cell differentiation. GSEA enrichment plot of ESRRA target genes along PCT cell differentiation (from left to 

right).

(C) Heatmap showing the expression changes of PPARA target genes along the PCT cell trajectory, PST cell

trajectory. Genes were grouped by functional clusters such as kidney development, transmembrane transport, and

lipid metabolism genes.

(D) Relative expression of PST marker genes (Atp11a, Acot12, Slc27a2, Slc22a30, Slc34a1, and Slc7a13) and

PCT marker genes (Slc5a2, Slc5a12, Slc6a19, Slc13a1, and Slc3a1) in kidneys of control (WT), FAN, fenofibrate

treated sham, and fenofibrate treated FA-injected mice. (n=4 in each group). * P < 0.05, ** P < 0.01, *** P< 0.001

vs. WT. # P < 0.01 vs. FAN mice.
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Figure S6 (Related to Figure 6). Reduced ESRRA expression leads to impaired mitochondrial function and 

PT differentiation defect. 

(A) Decrease in mtDNA content represented as mtDNA copy number in LTL+ PT cells (cultured in REGM media) 

treated with 10µM of ESRRA inhibitor XCT790 for 24 hours. *** P< 0.001 vs. DMSO.

(B) Relative transcript level of Esrra and PT marker genes (Slc22a30, Slc27a2, Slc7a13, Slc3a1, Slc6a19, Slc16a11,

and Slc34a1) in LTL+ PT cells treated with 10µM XCT790 or DMSO for 24 hours. * P < 0.05, ** P < 0.01, *** P< 0.001

vs. DMSO.

(C) Representative Western Blot of OXPHOS, COX IV, ESRRA, and SLC6A13 expression in LTL+ PT cells cultured

with 10µM of XCT790 for 24 hours. GAPDH is used as loading control.

(D) Basal respiration, maximal respiration capacity and ATP production in LTL+ PT cells transfected with non-target

siRNA (siNT: black), ESRRA siRNA (siEsrra: Red) or control vector (vector: black) and ESRRA expressing vector

(ESSRA OE: Blue). * P < 0.05, ** P < 0.01, *** P< 0.001 vs. siNT/vector.

(E) Representative Western Blot of mitochondrial OXPHOS proteins, ESRRA, PPARA and SLC6A13 in LTL+ PT

cells transfected with (1) Vector alone, (2) ESRRA OE plasmid, (3) PPARA OE plasmid, and (4) co-transfected all 4

TFs OE plasmids (ESRRA, PPARA, HNF1B, and HNF4A). β-actin was used as loading control.

(F) Relative mRNA levels of PT markers (Slc7a13, Slc6a13, Slc34a1, Slc6a19, Slc5a11, Adipor2, and Agpat2) in

LTL+ PT cells transfected with vector (black), ESRRA OE (red), PPARA (Blue), and all 4 TFs (green) for 2 days. * P <

0.05, ** P < 0.01, *** P< 0.001 vs. vector.

(G) Relative transcript level of genes associated with FAO (ESRRA, PPARGC1A, CPT1A, PPARA, and ACOX2) and

PT marker genes (SLC3A1, SLC27A2, SLC34A1, SLC6A19 and ATP11A) in kidney organoids post 48 hours

treatment of 10μM of XCT790 or DMSO. Data are represented as mean ± SEM. n= 2 independent experimental

replicates from a pool of 12 organoids/group.

(H) Representative immunofluorescence staining of LTL (green) and PODXL (red) in human kidney organoids

cultured in REGM media and treated with 10µM ESRRA inhibitor (XCT790) or DMSO for 48 hours. Quantification of

LTL positive cells in kidney organoids shown on right. Data are represented as mean ± SEM. n= 3 independent

experimental replicates from a pool of 3 organoids/group. * P < 0.05 vs REGM control (t-test paired). Scale

bar=200µm.

(I) Relative transcript level of genes associated with FAO (PPARGC1A, ACOX1, and ACOX2) and PT marker genes

(ATP11A, SLC27A2, and Adipor2) human PT cells treated with 10µM XCT790 or DMSO for 48 hours. Data are

represented as mean ± SEM. n= 2 independent experimental replicates.

(J) Relative transcript level of Esrra in sham or UUO mouse kidneys. *** P< 0.001 vs. sham (n=5, 9).

(K) Representative images of hematoxylin and eosin (H&E) stained kidneys sections from FA-injected wild type (WT)

and Esrra knock-out (KO) mice. The black star represents tubule dilation with loss of brush border and red star

represent cast formation surrounded by inflammatory cells in diseased tissue. Scale bar=20µm.

(L) Relative transcript level of fibrosis associated genes (Fn, Col1a1, and Col3a1) in wild type, Esrra KO mice, sham

or FAN treated kidneys (n= 4, 4, 6 and 8 respectively). * P < 0.05, ** P < 0.01, *** P< 0.001 vs. WT. # P < 0.05 vs

FAN.

(M) Fibrosis levels scored from picrosirius red stained kidney sections from WT, Esrra knock-out (KO), FAN, FA

treated Esrra KO and fenofibrate treated FA-injected mice and quantified using Image J. * P < 0.05, ** P < 0.01, ***

P< 0.001 vs. WT. # P < 0.01 vs. FAN mice.



(N) Representative immunofluorescence images showing Ki67 staining in kidneys section from WT+FAN and Esrra

KO+FAN mice. Scale bar=20µm.

(O) Immunohistochemical stain for ESRRA, SLC6A13, SLC34A1, and SLC7A13 of kidney sections of WT, Esrra KO,

FAN and FA treated Esrra KO mice. Scale bar=20 µm.

(P) Relative mRNA of Esrra, Ppara, and Esrrg in LTL+ WT PT cells and Esrra KO PT cells. * P < 0.05, ** P < 0.01, ***

P< 0.001 vs. WT.

(Q) Oxygen consumption rate (OCR) (pmol/min) in LTL+ WT PT cells and Esrra KO PT cells (on left), and ESRRA
transfected WT and Esrra KO PT cells (on right) for 2 days. * P < 0.05, ** P < 0.01, *** P< 0.001 vs. WT.
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Figure S7 (Related to Figure 7). Changes in ESRRA expression in kidneys of patients with kidney fibrosis

(A) The number of DEGs that were correlated with fibrosis scores in 91 human samples significantly reduced after

adjusting for cell fraction changes. X-axis represents significance of the correlation before adjusting to cell

proportions. Y-axis represents significance of the correlation after the adjustment by cell proportions.

(B) ESRRA expression in 431 microdissected human kidney tissue samples CTL (control), HTN (hypertension), DM

(diabetes), DKD (diabetic kidney disease) and CKD (chronic kidney disease). ESRRA transcript levels were

compared between groups by ANOVA and post hoc comparison, * P < 0.05, ** P < 0.01, *** P< 0.001). On the right,

correlation between ESRRA transcript level and eGFR or fibrosis in microdissected human kidney tissue samples

(Clinical information is available in Table S7).

(C) Representative immunostaining for ESRRA in healthy and CKD stage 5 human kidney samples. Scale bar=

10µm.
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SUMMARY

We have previously provided the first genetic evidence that angiotensin converting enzyme 2 (ACE2) is the

critical receptor for severe acute respiratory syndrome coronavirus (SARS-CoV), and ACE2 protects the

lung from injury, providing a molecular explanation for the severe lung failure and death due to SARS-CoV

infections. ACE2 has now also been identified as a key receptor for SARS-CoV-2 infections, and it has

been proposed that inhibiting this interaction might be used in treating patients with COVID-19. However,

it is not known whether human recombinant soluble ACE2 (hrsACE2) blocks growth of SARS-CoV-2. Here,

we show that clinical grade hrsACE2 reduced SARS-CoV-2 recovery from Vero cells by a factor of 1,000–

5,000. An equivalent mouse rsACE2 had no effect. We also show that SARS-CoV-2 can directly infect engi-

neered human blood vessel organoids and human kidney organoids, which can be inhibited by hrsACE2.

These data demonstrate that hrsACE2 can significantly block early stages of SARS-CoV-2 infections.

INTRODUCTION

Outbreaks of emerging infectious diseases continue to

challenge human health. The reported incidence of emerging

and re-emerging zoonotic disease is increasing in many parts

of the world. The severe acute respiratory syndrome coronavirus

(SARS-CoV) first emerged 17 years ago (Drosten et al., 2003). In

December 2019, a novel coronavirus (SARS-CoV-2) crossed

species barriers to infect humans (Gorbalenya et al., 2020) and

was effectively transmitted from person to person, leading to a

pneumonia outbreak first reported in Wuhan, China (Guan

et al., 2020; Jiang et al., 2020; Zhou et al., 2020b). This virus

causes coronavirus disease-19 (COVID-19) with influenza-like

symptoms ranging from mild disease to severe lung injury and

multi-organ failure, eventually leading to death, especially in

older patients with other co-morbidities. The WHO has declared

that COVID-19 is a public health emergency of pandemic pro-

portions (https://www.who.int/). The SARS-CoV-2 pandemic is

not only an enormous burden to public health but has already

markedly affected civil societies and the global economy.

SARS-CoV-2 shares multiple similarities with SARS-CoV

(Andersen et al., 2020; Lu et al., 2020; Zhu et al., 2020). Phyloge-

netic analysis of SARS-CoV-2 demonstrated that this virus be-

longs to lineage B of the betacoronavirus genus (Chan et al.,

2020; Letko et al., 2020). The receptor binding domain (RBD) of

SARS-CoV-2 is similar to the SARS-CoV RBD, suggesting a

possible common host cell receptor. ACE2 was identified as

the functional SARS-CoV receptor in vitro and, by our group,

in vivo (Imai et al., 2005; Kuba et al., 2005). Overexpression of hu-

man ACE2 enhanced disease severity in mice infected with
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SARS-CoV, demonstrating that ACE2-dependent viral entry into

cells is a critical step (Yanget al., 2007).We reported that injecting

SARS-CoV spike into mice decreased ACE2 expression levels,

thereby worsening lung injury (Imai et al., 2005; Kuba et al.,

2005). Thus, ACE2 serves both as the entry receptor of SARS-

CoV and to protect the lung from injury (Zhang et al., 2020b).

Three recent cryoelectron microscopy (cryo-EM) studies

demonstrated that SARS-CoV-2 spike protein directly binds to

ACE2, and the SARS-CoV-2 spike protein recognizes human

ACE2 with even higher binding affinity than Spike from SARS-

CoV (Walls et al., 2020; Wan et al., 2020; Wrapp et al., 2020).

Recently, it has been demonstrated in cell culture that soluble

ACE2 fused to Ig (Wrapp et al., 2020) or a nonspecific protease

inhibitor called camostat mesylate (Hoffmann et al., 2020), can

inhibit infections with a pseudovirus bearing the S protein of

SARS-CoV-2. High doses (100 mg/mL) of camostat mesylate

were also shown to partially reduce SARS-CoV-2 growth, as ex-

pected from previous studies with other viruses (Hoffmann

et al., 2020).

In a normal adult human lung, ACE2 is expressed primarily in

alveolar epithelial type II cells, which can serve as a viral reservoir

(Zhao et al., 2020). These cells produce surfactant that reduces

surface tension, thus preventing alveoli from collapsing, and

hence are critical to the gas exchange function of the lung

(Dobbs, 1989). Injury to these cells could explain the severe

lung injury observed in COVID-19 patients. We and others

have also shown that ACE2 is expressed in multiple extrapulmo-

nary tissues including heart, kidneys, blood vessels, and intes-

tine (Crackower et al., 2002; Danilczyk and Penninger, 2006;

Ding et al., 2004; Gu et al., 2005; Hamming et al., 2004; Zhang

et al., 2020b). The ACE2 tissue distribution in these organs

may explain the multi-organ dysfunction observed in patients

(Guan et al., 2020; Huang et al., 2020). Here, we report that clin-

ical-grade human recombinant soluble ACE2 (hrsACE2), which

has already been tested in phase 1 and phase 2 clinical trials

(Haschke et al., 2013; Khan et al., 2017), can reduce viral growth

in Vero E6 cells by a factor of 1,000–5,000. Moreover, we show

that human blood vessel organoids and kidney organoids can

be readily infected, which can be significantly inhibited by

hrsACE2 at the early stage of infection.

RESULTS

Isolation of a SARS-CoV-2

To study potential therapeutic interventions for COVID-19, in

early February 2020 we isolated the SARS-CoV-2 from a naso-

pharyngeal sample of a patient in Sweden with confirmed

COVID-19. After successful culture on Vero E6 cells, the isolated

virus was sequenced by next-generation sequencing (GenBank:

MT093571). Electron microscopy showed the prototypic coronal

shape of viral particles of our SARS-CoV-2 isolate (Figure 1A).

Phylogenetic analysis showed the virus belongs to the clad A3

(Figure 1B).

hrsACE-2 Can Inhibit SARS-CoV-2 Infection in a Dose-

Dependent Manner

hrsACE2 has already undergone clinical phase 1 and phase 2

testing (Khan et al., 2017) and is being considered for treatment

of COVID-19 (Zhang et al., 2020b). Because ACE2 is the SARS-

CoV-2 receptor, we wanted to provide direct evidence that clin-

ical-grade hrsACE2 can indeed interfere with SARS-CoV-2 infec-

tions. To this end, we infected Vero-E6 cells (cells used for SARS-

CoV-2 isolation) with different numbers of SARS-CoV-2: 103 pla-

que-forming units (PFUs; MOI 0.02), 105 PFUs (MOI 2), and 106

A B

Figure 1. SARS-CoV-2 Sweden Virus Analyses

(A) Electron microscopy image of a viral particle of the Swedish SARS-CoV-2 isolate.

(B) Phylogenetic tree mapping the Swedish SARS-CoV-2 to clade A3.
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PFUs (MOI 20). Viral RNA as a marker for replication was purified

from cells and assayed by qRT-PCR (Figure 2A). Infection of cells

in the presence of hrsACE2 during 1 h, followed by washing and

incubation without hrsACE2 significantly inhibited SARS-CoV-2

infections of Vero-E6 15 h post-infection (Figure 2A).

These data demonstrate that hrsACE2 inhibits the attachment

of the virus to the cells. Importantly, as expected from a neutral-

izing agent, this inhibition was dependent on the initial quantity of

the virus in the inoculum and the dose of hrsACE2 (Figure 2A), es-

tablishing dose-dependency. In contrast to hsrACE-2, the equiv-

alent mouse recombinant soluble ACE2 (mrsACE2), produced in

the sameway as hrsACE2, did not inhibit the infection (Figure 2B).

Finally, weperformedexperimentswhere cellswere infectedwith

SARS-CoV-2 in the presence of hrsACE2 ormrsACE2 for 15 h, to

capture any newly produced virus particles during the 15 h that

could infect neighboring cells. Again, we observed significantly

reduced virus infections in the presence of hrsACE2 (Figure 2C),

but not mrsACE2 (Figure 2D). Of note, addition of human or

mouse rsACE2 was not toxic to the Vero-E6 cells, monitored

for 15 h (data not shown). These data show that hrsACE2 signif-

icantly reduces SARS-CoV-2 infections in vitro.

hrsACE-2 Inhibits SARS-CoV-2 Infections of Human

Capillary Organoids

A primary site of SARS-CoV-2 infection appears to be the lung,

which may be a source for viral spread to other tissues such as

the kidney and intestine, where virus has been found (stool

[Wang et al., 2020; Young et al., 2020] and urine [Ling et al.,

2020]).. Moreover, viremia is established during the course of

the disease, although viral RNA in blood is only infrequently

observed (Wang et al., 2020). However, the virus has a size of

80–100 nm indicating that viremic SARS-CoV-2 must first infect

blood vessels prior to local tissue infections. To test this hypoth-

esis, we established human capillary organoids from induced

pluripotent stem cells (iPSCs) (Figure 3A) and infected them

with our SARS-CoV-2 isolate. Of note, these organoids closely

resemble human capillaries with a lumen, CD31+ endothelial lin-

ing, PDGFR+ pericyte coverage, as well as formation of a basal

membrane (Wimmer et al., 2019). The capillary organoids were

analyzed by qRT-PCR for the presence of viral RNA at day 3

and 6 after primary SARS-CoV-2 exposure. Importantly,

following infection, we could detect viral RNA in the blood vessel

organoids with viral RNA increasing from day 3 to day 6 post-

infection (Figure 3B), indicating active replication of SARS-

CoV-2.

Supernatant of infected organoids collected at day 6 post-

infection could efficiently infect Vero E6 cells (Figure 3C),

showing that the infected capillary organoids produced progeny

virus. Importantly, addition of hrsACE2markedly reduced SARS-

CoV-2 infections of the engineered human blood vessels (Fig-

ure 3D). Of note, addition of human or mouse rsACE2 was not

toxic to human blood vessels, monitored for 3 days (data not

shown). These data show that human capillary organoids can

be infected with SARS-CoV-2, and this infection can be signifi-

cantly inhibited by hrsACE2.

hrsACE-2 Can Inhibit SARS-CoV-2 Infections of Human

Kidney Organoids

We and others have previously shown that ACE2 is strongly ex-

pressed in kidney tubules (Danilczyk and Penninger, 2006).

Moreover, it has been reported that SARS-CoV-2 can be found

in the urine (Ling et al., 2020). To test whether SARS-CoV-2

can directly infect human tubular kidney cells, we generated kid-

ney organoids from human embryonic stem cells into 3D sus-

pension culture, adapting our own protocol (Garreta et al.,

2019). Importantly, kidney differentiation organoids demon-

strated prominent tubular-like structures as detected by Lotus

tetraglobus lectin (LTL) as a marker of proximal tubular epithelial

cells (Figure 4A). Tubular-like cells also expressed the solute car-

rier SCL3A1 (Figure S1A) together with SCL27A2 and SCL5A12.

Furthermore, LTL-positive (LTL+) cell fractions from organoids

expressed markers of proximal tubular identity (Figures S1B

and S1C). Single-cell profiling of kidney organoids showed the

presence of cells expressing ACE2 in the proximal tubule and

podocyte II cell clusters that express key marker genes of prox-

imal tubular cells (SLC3A1 and SLC27A2) and podocytes

(PODXL, NPHS1, and NPHS2), respectively (Figure S2). Thus,

kidney organoids contain cell clusters that express ACE2 in a

similar fashion to that observed in the native tissue (Lin et

al., 2020).

Infections of kidney organoids were monitored 6 days after

SARS-CoV-2 infection and assayed for the presence of viral

RNA using qRT-PCR. Progeny virus was determined as above

using re-infections of Vero E6 cells. As expected from cells and

tissues that express ACE2, SARS-CoV-2 replicated in kidney

organoids (Figure 4B). Supernatant of infected kidney organo-

ids collected at day 6 post-infection could efficiently infect

Vero E6 cells (Figure 4C), showing that the engineered kidney

organoids produced infectious progeny virus. Importantly,

addition of hrsACE2 significantly reduced SARS-CoV-2

Figure 2. Human Recombinant Soluble ACE2 (hrsACE2) Blocks SARS-CoV-2 Infections

(A) Different concentrations of human recombinant ACE2 (hrsACE2) were mixed with SARS-CoV-2 for 30 min and then added to the culture medium of Vero-E6

cells. Cells were washed after 1 h post-infection (hpi) and incubated with freshmedium. Cell were recovered 15 hpi, and viral RNAwas assayed by qRT-PCR. Data

are represented as mean ± SD. (Student’s t test:**p < 0.01; ***p < 0.001).

(B) Murine recombinant soluble ACE2 (mrsACE2) did not significantly affect SARS-CoV-2 infections of Vero-E6 cells, highlighting the specificity of hrsACE2 in

blocking SARS-CoV-2 entry. mrsACE2 was mixed with SARS-CoV-2 for 30 min and then added to the culture medium of Vero E6 cells. Cells were washed after

1 hpi and incubated with fresh medium. Cells were recovered 15 hpi, and viral RNA was assayed by qRT-PCR. Data are represented as mean ± SD.

(C) Effect of hrsACE2 treatment on progeny virus. Vero E6 cells were infected with the indicated MOI of SARS-CoV-2, (the inoculumwas not removed). Cells were

recovered 15 hpi and viral RNA was assayed by qRT-PCR. Inhibition of the progeny virus by hsrACE2 resulted in significantly reduced virus infections. Data are

represented as mean ± SD (Student’s t test: *p < 0.05; **p < 0.01).

(D) Murine recombinant soluble ACE2 (mrsACE2) did not significantly affect SARS-CoV-2 infections of Vero-E6 cells, highlighting the specificity of hsrACE2 in

blocking SARS-CoV-2 entry. Vero-E6 cells were infected with the indicated MOI of SARS-CoV-2 treated with murine recombinant soluble ACE2. Cells were

harvested at 15 hpi, and viral RNA was assayed by qRT-PCR.
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infections of the human kidney organoids in a dose-dependent

manner (Figure 4D). Of note, addition of human or mouse

rsACE2 was not toxic to the kidney, monitored for 3 days

(data not shown). These data indicate that besides blood ves-

sels, engineered human kidney organoids can also be infected

with SARS-CoV-2, and this infection can be inhibited by

hrsACE2.

DISCUSSION

ACE2 took center stage in the COVID-19 outbreak as the key

receptor for the spike glycoprotein of SARS-CoV-2, as demon-

strated in multiple structural and biochemical interaction

studies (Wrapp et al., 2020; Zhou et al., 2020b). Moreover, mul-

tiple drug development projects, including development of vac-

cines are focusing on the ACE2-SARS-CoV-2 Spike interac-

tions. We initially identified mammalian ACE2 when we

realized that flies carry two orthologs of ACE (angiotensin-con-

verting enzyme). Our first ace2 mutant mice then demonstrated

that ACE2 is a negative regulator of the renin-angiotensin sys-

tem (RAS) and genetically controls cardiovascular function and

damage of multiple organs such as the lung, liver, and kidney

(Clarke and Turner, 2012; Crackower et al., 2002). ACE2 cata-

lytically removes the last amino acid of angiotensin II, thereby

counterbalancing ACE and Ang II actions and generating

‘‘beneficial’’ downstream peptides such as Ang1-7. ACE2

also catalytically acts on other peptides such as in the

Apelin/APJ system (Clarke and Turner, 2012).

Importantly, we reported that ACE2 protects from lung injury,

based on its catalytic domain, and ACE2 is the critical in vivo

SARS-CoV spike glycoprotein receptor (Imai et al., 2005; Kuba

et al., 2005). Initially two receptors had been identified for

SARS-CoV in cell lines, namely ACE2 (Li et al., 2003) and the lec-

tin L-SIGN (Jeffers et al., 2004). The severity of SARS could be

partially explained by SARS-CoV Spike protein binding to

ACE2 at a molecular interaction site that does not interfere

with its catalytic activity (Li et al., 2005), which then leads to

endocytosis of the virus and loss of ACE2 (Kuba et al., 2005), es-

tablishing a vicious circle of viral infection and local loss of lung

injury protection. This led to the initiation of a drug development

program—the development of soluble recombinant human

ACE2, a drug that has undergone phase 1 testing in healthy vol-

unteers and phase 2 testing in some patients with acute respira-

tory distress syndrome (ARDS) (Haschke et al., 2013; Khan et al.,

A B

C D

Figure 3. SARS-CoV-2 Infections of Blood Vessels Organoids

(A) Representative images of vascular capillary organoids using light microscopy (magnifications 310) (upper panels) and immunostaining of blood vessel or-

ganoids using anti-CD31 to detect endothelial cells and anti-PDGFRb to detect pericytes. DAPI (blue) was used to visualize nuclei. Scale bars, 500 mm and

50 mm (inset).

(B) Recovery of viral RNA from blood vessel organoids at day 3 and 6 post-infection (dpi) with SARS-CoV-2, demonstrating that the virus can infect the vascular

organoids. Data are represented as mean ± SD.

(C) Determination of progeny virus. Supernatants of SARS-CoV-2 infected blood vessel organoids were collected 6 dpi and then used to infect Vero E6 cells. After

48 h, Vero E6 cells were washed and viral RNA assessed by qRT-PCR. The data show that infected blood vessel organoids can produce progeny SARS-CoV-2

viruses, depending on the initial level of infection. Data are represented as mean ± SD.

(D) Effect of hrsACE2 on SARS-CoV-2 infections of blood vessel organoids. Organoids were infected with a mix of 106 infectious viral particles and hrsACE2 for 1

h. 3 dpi, levels of viral RNA were assessed by qRT-PCR. hrsACE2 significantly decreased the level of SARS-CoV-2 infections in the vascular organoids. Data are

represented as mean ± SD (Student’s t test: **p < 0.01).
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2017; Treml et al., 2010). Our data now show that this clinical-

grade human ACE2 molecule—but not mouse soluble ACE2—

can significantly inhibit SARS-CoV-2 infections and reduce viral

load by a factor of 1,000–5,000. However, as observed in anti-

body neutralizing experiments of many viruses, the inhibition is

not complete, although clearly dose-dependent. This may be

due to the fact that there might be other co-receptors/auxiliary

proteins or even other mechanisms by which viruses can enter

cells, as had been initially proposed for SARS (Jeffers et al.,

2004; Qi et al., 2020). Such a second receptor has been also sug-

gested based on clinical data: SARS transmissibility was very

low possibly due to the low level expression of ACE2 in the upper

respiratory tract (Bertram et al., 2012; Hamming et al., 2004).

Transmissibility of SARS-CoV-2 is much greater than that of

SARS-CoV, suggesting that SARS-CoV-2 might use a co-recep-

tor and/or other factors that allow infection of ACE2-expressing

cells in the upper respiratory tract (Lukassen et al., 2020). Most

importantly, our results demonstrate that hrsACE2 significantly

blocks SARS-CoV-2 infections, providing a rationale that soluble

ACE2 might not only protect from lung injury but also block the

SARS-CoV-2 from entering target cells.

Pathology due to SARS, MERS, and now COVID-19 is not

limited to the lung; damage can occur in multiple organs (Gu

et al., 2005; Wu and McGoogan, 2020; Yeung et al., 2016).

ACE2 is expressed in various tissues including the heart, kid-

ney tubules, the luminal surface of the small intestine, and

blood vessels (Crackower et al., 2002; Danilczyk and Pen-

ninger, 2006; Ding et al., 2004; Gu et al., 2005; Hamming

et al., 2004; Zhang et al., 2020b), suggesting that SARS-

CoV-2 could also infect these tissues. We now show that

blood vessels as well as kidney organoids can be readily in-

fected by SARS-CoV-2. SARS-CoV-2 must enter the blood

stream to infect other tissues. However, the size of the infec-

tious viral particles is �80–100 nm (Wrapp et al., 2020).

Thus, unless there is already tissue damage, the virus must

enter vascular endothelial cells to migrate into the organs.

Our data in engineered human capillary organoids now sug-

gest that SARS-CoV-2 could directly infect blood vessel cells.

Infected blood vessel organoids also shed progeny viruses.

Importantly, hrsACE2 markedly inhibited SARS-CoV-2 infec-

tions of the vascular organoids.

ACE2 is strongly expressed in kidney tubules, controlling a

local RAS circuit (Clarke and Turner, 2012; Hashimoto et al.,

2012). As an infection model, we therefore engineered human

kidneys organoids from stem cells differentiated to contain

tubular networks (Garreta et al., 2019). We now show that

SARS-CoV-2 can infect such human kidney organoids, resulting

in infectious viral progeny, inhibited by hrsACE2. Clinically,

A B

D

C

Figure 4. SARS-CoV-2 Infections of Human Kidney Organoids

(A) Representative images of a kidney organoid at day 20 of differentiation visualized using light microscopy (top left inset; scale bar, 100 mm) and confocal

microscopy. Confocal microscopy images show tubular-like structures labeled with Lotus tetraglobus lectin (LTL, in green) and podocyte-like cells showing

positive staining for nephrin (in turquoise). Laminin (in red) was used as a basement membrane marker. DAPI labels nuclei. A magnified view of the boxed region

shows a detail of tubular structures. Scale bars, 250 and 100 mm, respectively.

(B) Recovery of viral RNA in the kidney organoids at day 6 dpi with SARS-CoV-2. Data are represented as mean ± SD.

(C) Determination of progeny virus. Supernatants of SARS-CoV-2 infected kidney organoids were collected 6 dpi and then used to infect Vero E6 cells. After 48 h,

Vero E6 cells were washed and viral RNA assessed by qRT-PCR. The data show that infected kidney organoids can produce progeny SARS-CoV-2 viruses,

depending on the initial level of infection. Data are represented as mean ± SD.

(D) Effect of hrsACE2 on SARS-CoV-2 infections kidney organoids. Organoids were infected with a mix of 106 infectious viral particles and hrsACE2 for 1 h. 3 dpi,

levels of viral RNA were assessed by qRT-PCR. hrsACE2 significantly decreased the level of SARS-CoV-2 infections in the kidney organoids. Data are repre-

sented as mean ± SD (Student’s t test: *p < 0.05).
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SARS-CoV-2 has been found in the urine (Ling et al., 2020), and

many patients with COVID-19 present with cardiovascular and

renal dysfunctions (Huang et al., 2020; Yang et al., 2020; Zhang

et al., 2020a; Zhou et al., 2020a). Whether direct viral infection of

the vasculature and kidneys directly contributes to the observed

multi-organ damage in COVID-19 patients needs to be estab-

lished. Given the fact that cardiac cells express high levels of

ACE2, and heart alterations were the first phenotype observed

in our ace2mutant mice (Crackower et al., 2002), it will be impor-

tant to expand on our studies to heart and in particular lung orga-

noids to better understand the multi-organ dysfunction in pa-

tients with COVID-19.

Our Study Has Limitations

The design of our studies focused on the early stages of

infection, demonstrating that hrsACE2 can block early entry

of SARS-CoV-2 infections in host cells. As such, we cannot

make any predictions with respect to the effect of hrsACE2

in later stages of the disease process. Second, we did not

study lung organoids, and the lung is the major target

organ for COVID-19. Finally, the RAS system represents a

complex network of pathways that are influenced by external

processes that are not simulated in our model systems. To

address these issues, further studies are needed to illuminate

the effect of hrsACE2 at later stages of infection in vitro and

in vivo.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Fluorescein labeled Lotus Tetragonolobus (LTL) Vector Labs Cat#FL-1321; RRID:AB_2336559

Anti-SLC3A1 polyclonal antibody Merck Cat#HPA038360-100U; RRID:AB_2675975

Anti-SGLT2 Abcam Cat#ab37296; RRID:AB_777895

Anti-LAMININ Merck Cat#L9393; RRID:AB_477163

Human Nephrin Affinity Purified Polyclonal Ab antibody R&D Systems Cat#AF4269; RRID:AB_2154851

Recombinant Anti-Sodium Potassium ATPase antibody Abcam Cat#ab209299; RRID:AB_1968790

Bacterial and Virus Strains

SARS-CoV-2, GENBANK: MT093571 Isolated from patient N/A

Chemicals, Peptides, and Recombinant Proteins

CHIR99021 Merck Cat#SML1046; CAS: 252917-06-9

Recombinant human FGF9 PeproTech Cat#100-23

Heparin Merck Cat#H3149; CAS: 9041-08-1

Activin A Vitro Cat#338-AC-050

Paraformaldehyde solution 4% in PBS Santa Cruz Cat#sc-281692

1% Triton X-100 Merck Cat#T8787

Glutaraldehyde Sigma-Aldrich Cat#G7776

srhACE2 Apeiron N/A

Trizol ThermoFisher Cat#15596018

Recombinant Human VEGF165 Peprotech Cat#100-20

Human FGF-2 Miltenyi Biotech Cat#130-093-841

Critical Commercial Assays

streptavidin/biotin blocking kit Vector Labs Cat#SP-2002

CellTiter-Glo� Luminescent cell viability assay Promega Cat#G7570

Direct-zol RNA MiniPrep kit Zymo Reasearch Cat#R2051

Chromium Single Cell 30 Library & Gel Bead Kit V3 10X Genomics (USA) Cat#PN-1000075

NSQ 500/550 Hi Output KT v2.5 (75 CYS) Illumina (San Diego,

CA 92122 USA)

Cat#20024906

Sytox� blue dead cell stain Thermofisher (Eugene,

Oregon,USA)

Cat#S34857

Deposited Data

Kidney Organoid scRNA-seq This paper GEO: GSE 147863

Experimental Models: Cell Lines

ES[4] Human Embryonic Stem Cell line The National Bank

of Stem Cells (ISCIII,

Madrid)

https://www.isciii.es/QueHacemos/Servicios/

BIOBANCOS/BNLC/Lists/Lneas%20embrionarias/

Attachments/6/Caracteristicas%20-%20Documento_

Deposito_Lineas_v32_ES4_def.pdf

Vero E6 cells ATCC CRL-1586

Oligonucleotides

Primer: RPLP0 N/A N/A

Forward: CCATTCTATCATCAACGGGTACAA

Reverse: AGCAAGTGGGAAGGTGTAATCC

Primer: SLC3A1 N/A N/A

Forward: CACCAATGCAGTGGGACAAT

Reverse: CTGGGCTGAGTCTTTTGGAC

(Continued on next page)
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RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Joseph

Penniger (josef.penninger@ubc.ca).

Materials Availability

All unique organoids generated in this study are available from the Lead Contact with a completed Materials Transfer Agreement.

Data and Code Availability

Raw sequencing data for the single cell kidney organoid reported in this paper were deposited in Gene Gene Expression Omnibus.

(GEO) under the accession number GEO: GSE147863, GSM4447249.

Scripts reproducing the single cell kidney analysis are deposited in: https://github.com/jpromeror/SC_KidneyOrganoid_ACE2

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Virus

SARS-CoV-2 was isolated on Vero-E6 cells, from a nasopharyngeal sample of a patient in Sweden. Virus was titered using a plaque

assay as previously described (Becker et al., 2008) with fixation of cells 72 hours post infection. The SARS-CoV-2 isolate was

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Primer: SLC27A2 N/A N/A

Forward: TACTCTTGCCTTGCGGACTAA

Reverse: CCGAAGCAGTTCACCGATATAC

Primer: SLC5A12 N/A N/A

Forward: ACACGGTACAGACCTTCGTCA

Reverse: GCTGCTCCCAGGTATTTGTC

Primer: SARS-CoV-2 E gene N/A N/A

Forward: ACAGGTACGTTAATAGTTAATAGCGT

Reverse: ATATTGCAGCAGTACGCACACA

Primer: Human RNase P N/A N/A

Forward: AGATTTGGACCTGCGAGCG

Reverse: GAGCGGCTGTCTCCACAAGT

Recombinant DNA

Human RNase P probe: FAM-TTCTGACCTGAAGGCTCT

GCGCG-MGB

N/A N/A

SARS-CoV-2 E gene probe: FAM-ACACTAGCCATCCTT

ACTGCGCTTCG-QSY

N/A N/A

Software and Algorithms

GraphPad Prism 8 (GraphPad) Motulsky and Brown,

2006

https://www.graphpad.com

ImageJ Schneider et al., 2012 https://imagej.net/ImageJ

FACSDiva software version 8.0.1 (BD Biosciences) Becton, Dickinson

and Company

https://www.bdbiosciences.com/en-us/

instruments/research-instruments/research-

software/flow-cytometry-acquisition/facsdiva-

software

FlowJo software version 10 Becton, Dickinson

and Company

https://www.flowjo.com/

Cell Ranger v3.0.1 10X Genomics https://support.10xgenomics.com/single-cell-

gene-expression/software/overview/welcome

R v3.5.1 R Core https://cran.r-project.org/

Seurat v3.0.2 Stuart et al., 2019 https://satijalab.org/seurat/

Kidney Interactive Transcriptomics (KIT) Wu et al., 2018a http://humphreyslab.com/SingleCell/
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sequenced by Next-Generation Sequencing (GenBank accession number MT093571). For electron microscopy, viral stocks were

inactivated using 35% Glutaraldehyde.

Cells and human capillary organoids

Vero-E6 cells (ATCC) were grown in Dulbecco’s Modified Eagle’s Medium (DMEM, Thermofisher) supplemented with 1% Non-

Essential Amino-Acid (Thermofisher), 10mM HEPES (Thermofisher) and 10% FBS at 37�C, 5% CO2. Blood vessels organoids

were engineered from human iPS cells and immunostained as previously described (Wimmer et al., 2019).

METHOD DETAILS

Preparation of soluble recombinant human and murine ACE2

Clinical-grade soluble recombinant human ACE2 (amino acids 1-740) was produced by Polymun Scientific (contract manufacturer)

from CHO cells according to Good Manufacturing Practice guidelines and formulated as a physiologic aqueous solution. The

equivalent domain ofmurine ACE2was similarly overexpressed in CHOcells under serum free conditions and purified by sequentially

performing a capture step on DEAE-Sepharose, ammonium sulfate precipitation, purification via a HIC-Phenyl Sepharose

column, followed by purification via a Superdex 200 gel filtration column. The purity of the murine protein was determined via

HPLC, concentrations were determined with 280nm photometric measurements.

Kidney organoid differentiation

Human embryonic stem cells were grown on vitronectin coated plates (1001-015, Life Technologies) and incubated with 0.5mM

EDTA (Merck) at 37oC for 3 minutes for disaggregation. 100,000 cells/well were plated on a 24 multi-well plate coated with 5 ml/

ml vitronectin and further incubated with supplemented Essential 8 Basal medium at 37oC overnight. The day after (day 0), cells

were treated for 3 subsequent days in Advanced RPMI 1640 basal medium (ThermoFisher) supplemented with 8 mM CHIR (Merck)

and 1% Penicillin-Streptomycin and 1% of GlutaMAX TM (ThermoFisher). The medium was changed every day. From day 3 to 4,

media were changed to Advanced RPMI supplemented with 200ng/ml FGF9 (Peprotech), 1 mg/ml heparin (Merck) and 10ng/ml ac-

tivin A (Vitro). On day 4, cultures were rinsed twice with PBS, and resuspended in Advanced RPMI supplemented with 5 mM CHIR,

200ng/ml FGF9 and 1 mg/ml Heparin. Cellular suspensions were seeded in V-shape 96 multi-well plate at a final concentration of

100,000 cells/well and centrifugated at 2000 rpm for 3 minutes. The resulting spheroids were incubated during 1h at 37�C. Culture

media was replaced by AdvancedRPMI supplementedwith 200ng/ml FGF9 and 1 mg/ml Heparin for 7 additional days, themediawas

changed every second day. From day 11 to 16, developing organoids were incubated only in the presence of Advanced RPMI, the

media was every second day.

Phylogenetic analysis

To generate a phylogenetic tree, we created a genomic epidemiology map of different SARS-CoV-2 isolates using NextStrain tools

(https://nextstrain.org/) (Hadfield et al., 2018). The sequences of the different isolates were obtained from GISAID (https://www.

gisaid.org/) (Elbe and Buckland-Merret, 2017). Screenshots is used under a CC-BY-4.0 license.

Treatments of Vero E6 cells with human rsACE2 and murine rsACE2

Vero E6 cells were seeded in 48-well plates (5.104 cells per well) (Sarstedt) in DMEM containing 10% FBS. 24 hours post-seeding,

hrsACE2 or mrsACE2 were mixed with different concentration of virus (1:1) in a final volume of 100ml per well in DMEM (0% FBS) at

37�C. After 30 minutes, Vero-E6 were infected either with mixes containing hrsACE2/SARS-CoV-2 and mrsACE2/SARS-CoV-2 for

1 hour followed by washing or for 15 hours without washing, cells were washed 3 times with PBS and 500ml of new complete medium

supplemented with hrsACE2 or mrsACE2 were added. 15 hours post-infection, supernatants were removed, cells were washed

3 times with PBS and then lysed using Trizol (Thermofisher) before analysis by qRT-PCR for viral RNA detection.

SARS-CoV-2 infections of kidney and blood vessel organoids

Kidney organoids were infected with 103 or 105 SARS-CoV-2 infectious particles in advanced RPMI medium (Thermofisher). Blood

vessels organoids were infected with 102, 104, or 106 SARS-CoV-2 infectious particles in StemPro complete media containing 15%

FBS (GIBCO cat.10500064), 100ng/ml of VEGF-A (Peprotech cat. no. 100-20) and 100ng/ml of FGF-2 (Milteny Biotech cat. no.

130-093-841) as previously described (Wimmer et al., 2019) in a volume of 50ml per well of a 96-well ultra-low attachment plate

for 1 hour. One hour post-infection, organoids were washed 3 times with PBS and kept in 100ml of corresponding medium for 3

to 6 days. On day 3 post-infection, organoids were washed 3 times with PBS before being lysed with Trizol (Thermofisher). At day

6 post-infection, supernatants were recovered and organoids washed 3 times with PBS before to lysis with Trizol (Thermofisher).

Samples were then analyzed for the presence of viral RNA by qRT-PCR. 100ml of each supernatant were used to infect Vero E6 in

48-well plate plates. Cells were recovered 48 hours post-infection, pooled (5 blood vessels organoids/ condition, 3 kidney organo-

ids/condition), and the level of infection was determined by viral RNA detection using qRT-PCR.
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Treatment of organoids with hrsACE2

Different concentrations of hrsACE2 were mixed with 106 particles of SARS-CoV-2 for 30min at 37�C in a final volume of 50ml per well

in STemPro 34 complete medium (blood vessels) or advanced RPMI medium (Kidneys) as described above. Organoids were then

infected with the mixes for 1 hour at 37�C, washed 3 times with PBS and 100ml per well of new medium was added. To detect intra-

cellular viral RNA, organoids were washed 3 times with PBS, pooled (5 organoids/condition for blood vessels; 3 organoids/condition

for kidneys) and lysed using Trizol (Thermofisher) before analysis by qRT-PCR for viral RNA detection.

Cytotoxicity assay

To determine whether human or mouse rsACE2 are toxic to cells, 104 Vero E6 cells per well were seeded in a 96-well plate. 24h post-

seeding, 25ml of different concentrations (25 – 200 mg/ml of rsACE2 were added in triplicate and incubated for 15h. 15h post-treat-

ment, cytotoxicity was determined using the CellTiter-Glo� Luminescent cell viability assay (Promega) following the following the

manufacturer’s protocol using 50ml of CellTiter-Glo� Reagent per well.

qRT-PCR

Samples were extracted using Direct-zol RNA MiniPrep kit (Zymo Research). qRT-PCR was performed using E-gene SARS-CoV-2

primers/probe following guidelines by the World Health Organization (https://www.who.int/docs/default-source/coronaviruse/

wuhan-virus-assay-v1991527e5122341d99287a1b17c111902.pdf)

Forward primer: 50-ACAGGTACGTTAATAGTTAATAGCGT-30

Reverse primer: 50-ATATTGCAGCAGTACGCACACA-30

Probe: FAM-ACACTAGCCATCCTTACTGCGCTTCG-QSY

RNase P was used as an endogenous gene control to normalize the levels of intracellular viral RNA.

Forward primer: AGATTTGGACCTGCGAGCG

Reverse primer GAGCGGCTGTCTCCACAAGT

probe: FAM-TTCTGACCTGAAGGCTCTGCGCG-MGB

Primers used for tubular markers in kidney organoids are listed in the Key Resources Table.

Single cell sequencing of kidney organoids

Kidney organoids were homogenized using 21G and 26 1/2G syringes and further dissociated using Accumax (07921, Stem Cell

Technologies9 for 15 min at 37�C followed by Trypsin-EDTA 0,25% (wt/vol) trypsin (25300-054, Life Technologies) for additional

15 min at 37�C. The reaction was deactivated by adding 10% FBS. The solution was then passed through a 40 mm cell strainer

and frozen in Advanced RPMI 1640 basal medium (ThermoFisher) in the presence of DMSO 10%. Cells were thawed and centrifuged

at 1,500 RPM for 5 minutes, stained with sytox blue (Thermofisher) and sorted by FACS to remove the nonviable cells, generating a

single cell suspension with greater than 90% viability analyzed using the cellometer K2 (Nexcelom Biocience). Libraries were pre-

pared using the Chromium Single Cell 3ʹ GEM, v3, (PN-1000075, 10X genomics) following the manufacturer’s instructions and

sequenced with a NEXTseq500 (R1:28, R2: 55, i7:8) up to 30.000 reads per cell.

Histological analysis

Kidneys organoid and LTL+ cells were washed with PBS. Next samples were fixed with 4% paraformaldehyde (153799, Aname) for

20 min at room temperature. Specimens were washed twice with PBS and further blocked using Tris-buffered saline (TBS) with 6%

donkey serum (S30, Millipore) and 1% Triton X-100 (T8787, Sigma) for 1h at room temperature. After three rinses with antibody

dilution buffer, samples were treated for 4h at room temperature with fluorescent conjugated secondary antibodies (Alexa Fluor

(A) Cy3- or A647-; 1:200). A previous blocking step with a streptavidin/biotin blocking kit (SP-2002, Vector Labs) was performed

for biotinylated LTL (B-1325, Vector Labs) and Alexa Fluor 488-conjugated streptavidin (SA5488, VectorLabs) to detect LTL+ cells.

Antibodies to NEPHRIN (R&D SYSTEMS 4269; 1:100) and LAMININ (Sigma L9393; 1:50), SGLT2 (Abcam AB37296; 1:100), NaKAT-

Pase (Abcam; AB209299; 1:200) and SLC3A1 (SigmaHPA038360; 1:50) were used overnight at 4�Cdiluted in antibody dilution buffer

consisting of TBS with 6% donkey serum and 0.5% Triton X-100. Nuclei were detected using 4,6-diamidino-2-phenylindole (DAPI;

1:5000, D1306, Life Technologies) for 30min. For mounting, samples were immersed in Fluoromount-G (0100-01, Southern Biotech).

Sample confocal images were acquired with an SP5 Leica microscope and LTL + were analyzed using ImageJ.

Flow cytometry

For the isolation of LTL+ cells kidney organoids were stained with fluorescein-conjugated LTL (FL-1321, Vector Laboratories). Then

specimens were dissociated to single cells using Accumax (07921, Stem Cell Technologies) for 15min followed by 0.25% (wt/vol)

trypsin (25300–054, Life Technologies) for 15min at 37 �C. For LTL+ cells isolation FACSDiva software version 8.0.1 (BDBiosciences)

was used in the FACS Aria Fusion instrument (BD Biosciences).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Kidney Organoid scRNA-seq Data Analysis

Libraries were pre-processed using Cell Ranger (3.0.1) from 10X Genomics. The computational analysis was performed using Seurat

(3.0.2) (Stuart et al., 2019). Initial quality control parameters were defined based on the distributions of the number of detected genes

per cell, the number of UMIs per cell and the% of UMIs assigned to mitochondrial genes. The selected thresholds were: 668 < UMIs

per cell < 23101, 489 < Genes per cell < 5651 and % UMIs assigned to mitochondrial genes < 50. The dataset was subjected to

normalization, identification of highly variable features and scaling using the SCTransform function of the Seurat package. Principal

component analysis was performed, and 20 components were kept for further analysis. Clustering was performed by setting the res-

olution parameter to 0.4. Dimensional reduction was done using the RunUMAP function of the Seurat R package. Cell markers were

identified by using aWilcoxon test. Genes with adjusted p.value < 0.5 were retained. Clusters were labeled by comparing the expres-

sion of the identified markers with publicly available databases (Wu et al., 2018b) located in KIT (Kidney Interactive Transcriptomics

webpage (http://humphreyslab.com/SingleCell/).

Statistics

Statistical analyses were conducted using GraphPad Prism 8 (GraphPad) and significance was determined by Student’s t test.
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Supplemental Figures

Figure S1. Human Kidney Organoids as a Surrogate of Human Proximal Tubule Cell Culture Model, Related to Figure 4

(A) Left image corresponds to a kidney organoid at day 20 of differentiation visualized using light microscopy. Scale bar 100 mm. Confocal microscopy images of

tubular-like structures labeled with Lotus Tetraglobus Lectin (LTL, in green) and the proximal tubular cell marker SCL3A1 (in red). DAPI labels nuclei. A magnified

view of the boxed region shows a detail of the tubular structures. Scale bars 250 and 50 mm, respectively. (B) Expression changes of SLC3A1, SLC5A12 and

SLC27A2 of bulk samples at day 20 of organoid differentiation. (C) Left image corresponds to LTL+ cells visualized using light microscopy. Scale bar 100 mm.

Confocal microscopy images of LTL+ cells labeled with Lotus Tetraglobus Lectin (LTL, in green) and the proximal tubular cell markers NaK ATPase (NaK, in red)

and the solute carrier SGLT2 (in red). DAPI was used to visualize nuclei. Scale bars 100 mm.
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Figure S2. Single-Cell RNA-Seq Analysis of Kidney Organoids Reveals ACE2 Expression in Proximal Tubule Cells, Related to Figure 4

(A) UMAP plot displaying the results after unbiased clustering. Subpopulations of renal endothelial-like, mesenchymal, proliferating, podocyte and tubule cells

were identified. (B) Expression of ACE2 projected in the UMAP reduction. (C) Expression of different cellular markers: SLC3A1, SLC27A2 (Proximal Tubule);

PODXL, NPHS1, NPHS2 (Podocyte); CLDN4, MAL (Loop of Henle) and CD93 (Renal Endothelial-like cells).
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IV. DISCUSSION 

During these last years, several groups, including our laboratory, have 

shown the ability of hPSCs to differentiate into kidney organoids 

providing a new model system to study early steps of human kidney 

development and disease.  

The development of different protocols for the derivation of hPSCs-

kidney organoids (kidney organoids) has been possible based in our 

increased understanding of cell processes and signals driving kidney 

development, based on studies performed in the last century using 

different model organisms, including amphibians, avians, and mice. 

Those seminal works started to reveal the major morphogens and genes 

specifying the renal lineage in providing important hints on the major 

steps leading to kidney formation. In parallel, the field of stem cell 

biology started to define culture conditions promoting pluripotent stem 

cells culture and differentiation in mice and human cell sources with the 

seminal discovery of Professor Shinya Yamanaka (Takahashi et al. 

2007) showing on the possibility to reprogram somatic cells into 

pluripotent stem cells-like cells, the so called iPSCs. Thus, as early as 

during 20123 many laboratories already showed on the possibility to 

generate iPSCs from patients affected by renal diseases (Thatava et al. 

2011), but the lack of procedures sufficing for their differentiation into 

renal-like cells represented a major drawback to advance the field of 

renal disease modeling using iPSCs. In this regard, several groups 

reported on the possibility to generate renal-like cells from hPSCS, 

including hESCs and hiPSCs (Freedman et al. 2013; Mae et al. 2013; 

Narayanan et al. 2013; Song et al. 2012; Xia et al. 2013). Furthermore, a 
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seminal work from members of our laboratory did also shown on the 

ability of those renal derivates to further engraft and form chimeric 

kidney organoids composed of hPSCs derived UB and mice embryonic 

kidney cells (Xia et al. 2013). From that moment, many laboratories 

started to work in the definition of procedures for the generation of 

kidney organoids from hPSCs in the absence of cells from other animal 

species. It was then shown, that by exposing undifferentiated monolayers 

of hPSCs into specific morphogens mirroring those signaling molecules 

which promote early steps of renal commitment in mammals (that is Wnt 

signalling pathway and RA signaling), it was possible to nephron 

progenitor-like cells (NPCs) with different extent of differentiation 

potential which were further assembled as spheroids to promote 3D 

differentiation. Collectively, all those works started to show that even 

requiring different time scales, in general day 7 to 10 hPSCs-NPCs 

further exposed to 3D culture conditions (i.e., including transwell system 

or free floating conditions), could led to the generation of kidney 

organoids in 25 to 30 days. Collectively, all those works showed that 

kidney organoids exhibited the presence of nephron-like structures 

expressing markers of the glomerular and the tubular compartment 

(Morizane et al. 2015; Takasato et al. 2015).  Indeed, the group of 

Melissa Little did show on the detection of Gata3+ cells in day 27 kidney 

organoids further claiming on the possibility to generate UB-like 

structures interconnected with nascent nephrons (Takasato et al. 2015).  

In the context of the present thesis, we wanted to further investigate on 

the possibility to generate kidney organoids through the emulation of 

biophysical cues similar to those found in the native tissue. Following 

this logic, our main approach was to force cell-to-cell and cell-to-ECM 

interaction during the time course of kidney organoids generation in 
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order to better recapitulate the biophysical conditions that renal cells 

encounter in vivo. Towards this aim we first design a new approach to 

generate posterior IM (PIM)-like cells from hPSCs to define a robust 

progenitor state from where to derive kidney organoids. For this, we did 

generate posterior primitive streak (PS)-like cells using a high dose 

CHIR during three consecutive days to further promote Wnt-signaling 

mediated expression of posterior PS markers. After confirming the 

posterior PS identity of the generated cells, we further used Fgf9 and 

Activin A for one additional day in order to commit posterior-PS cells 

into cells PIM fate to be further assembled and cultured in 3D conditions 

and thus maximize the time exposure of renal-committed cells in culture 

conditions mirroring the in vivo situation. In this manner, and in contrast 

to other works which promoted a first phase of hPSCs-NPCs generation 

in 2D monolayer for 7 to 10 days, we assembled our day 4 PIM-like cells 

as 3D spheroids and culture them in presence of renal inductive signals 

during 4 more additional days generating kidney organoids upon 4 more 

days in culture. In total, our approach only required 16 days in 3D culture 

conditions in front of previous findings needing 25 to 30 days. We did 

take advantage of bulk RNA seq for transcriptomically profile the extent 

of kidney organoid differentiation under our culture conditions in 

comparison with human embryonic tissues (Lindström, McMahon, et al. 

2018; Roost et al. 2015) and transcriptomic data from kidney organoids 

generated by Melissa Little’s group (Garreta et al. 2019). Our results 

indicated that our approach sufficed for the generation of kidney 

organoids transcriptomically resembling the second trimester gestational 

kidney, an improvement over previous findings, in which kidney 

organoids resembled the first trimester gestational kidney requiring 25 

to 30 days for their generation (Takasato et al. 2015). Overall, our 
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methodology reduced the time needed to generate kidney organoids by 

about 30%, and more importantly, demonstrated on the utility of forcing 

cell-to-cell and cell-to-ECM contact as a new approach to enhance 

organoid differentiation extent (Garreta et al. 2019).  

But besides these advances, the kidney organoid field still faces 

important challenges with regards to the generation of 3D culture 

systems similar to the human embryonic kidney in terms of cellular 

composition and function. In this regard, the advancement in scRNA seq 

and transcriptomics technologies as single cell ATAC seq have increased 

the characterization of the cell types, gene expression and lineage 

relationships in both embryonic and adult human tissues (Combes, 

Phipson, et al. 2019; Park et al. 2018; Subramanian et al. 2019; Wu et al. 

2018). Moreover, the application of scRNA seq in kidney organoids has 

started to shed light on differences between human and mouse kidneys 

(Combes, Phipson, et al. 2019; Lindström, Tran, et al. 2018; Little and 

Combes 2019). These analyses have been crucial to assess the maturation 

and transcriptomics status of the cells within kidney organoids of 

different laboratories (Wu et al. 2018) and even comparing intra-kidney 

organoid variability (Phipson et al. 2019). All in all, these works have 

established quantitative comparisons between protocols, batches, and 

pluripotent cell lines providing important information on how to improve 

protocol’s reproducibility and quality (Phipson et al. 2019; Subramanian 

et al. 2019; Wu et al. 2018) 

The consensus to date is being that the utility of human kidney organoids 

would be determined by how well they can model the complexity of in 

vivo renal tissues. In this regard, several works have revealed on the 

reconstruction of lineage trajectories to enhance maturation of specific 
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kidney cells types or inhibit differentiation of undesired off-target 

population (Combes, Zappia, et al. 2019; Wu et al. 2018). For example, 

Wu and colleagues demonstrated that the specific inhibition of the 

signaling between brain-derived neurotrophic factor and its receptor, 

neurotrophic kinase receptor, type 2, reduced the differentiation of neural 

cells in the kidney organoids by 90%, and resulting in a more efficient 

renal induction (Wu et al. 2018). In the next years it is expected that the 

convergence of scRNA seq and kidney organoid technology will provide 

crucial information on how to externally guide kidney differentiation in 

a predictable manner and further exploit these cell culture platforms to 

model renal disease and perform drug screening.  

Kidney organoids own the potential to recreate the patterning and 

segmentation events leading to nephron formation, presenting an 

appropriate morphology and segment-specific protein expression. 

However, despite the important advances archived in the last years, 

current protocols provide immature kidney organoids that are still 

models of the developing human kidney with several challenges to face. 

One of the biggest limitations that need to be addressed to enhance 

maturation and functionality of the organoids, is the lack of functional 

vasculature. Kidneys are highly vascularized organs receiving around the 

25% of the cardiac output and during kidney development the interaction 

between endothelia cells, podocytes and mesangial cells is key for the 

development, maturation, and maintenance of functional glomeruli 

(Dressler 2006). Several works have reported the presence of endothelial 

cells within the generated organoids (van den Berg et al. 2018; Freedman 

et al. 2015; Garreta et al. 2019; Takasato et al. 2015), but none of them 

have shown their organization into proper blood vessels and their 

invasion into the glomerulus. In this regard, there have been reported two 
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strategies aiming to enhance kidney vascularization. In one hand, either 

hPSCs-NPCs (Sharmin et al. 2016)  or kidney organoids have been 

transplanted into the renal subcapsule of SCID mice to further provide a 

vascular component into the different hPSCs-renal derivatives ( 

Bantounas et al. 2018; van den Berg et al. 2018; Sharmin et al. 2016) 

Collectively, those different works have shown on the utility of this 

strategy promoting host vascularization into developing renal derivatives 

in vivo after 1 week (Sharmin et al. 2016) or 4 weeks (van den Berg et 

al. 2018). On the other hand, we took advantage of the chick CAM to 

further promote kidney organoid growth as well as the organization of 

endogenous kidney endothelial cells making use of this animal model 

system as an in ovo bioreactor. Our work did show, for the first time, that 

the fluid flow of the chick CAM blood vessels sufficed for the 

organization of kidney organoid Cd34+ cells in a similar fashion as 

observed in the developing human glomeruli. Furthermore, our approach 

sufficed for the growth of the glomerular structures compared to non-

implanted specimens (Garreta et al. 2019). Following a similar logic, 

Homan and colleagues have relayed on the use of microfluidics to further 

address on the relevance of the vascular flow during the vascularization 

of kidney organoids (Homan et al. 2019). In this manner, the authors 

showed a significant expansion of the organoid-derived endothelial 

network and its invasion within some of the glomerular-like structures 

together with an improved maturation of nephron epithelial, including 

podocytes and tubules, when compared with kidney organoids cultured 

under conventional static conditions (Homan et al. 2019). In general, the 

microfluidic technology has represented a powerful approach for 

creating complex biomolecule gradients for the generation of hPSCs 

derivatives. Importantly, in a recent study a microfluidic device was used 
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to generate orthogonal gradients of retinoic acid and smoothened agonist 

[a small molecule activator of the sonic hedgehog (SHH) pathway], 

either simultaneously or sequentially, to further allow for the derivation 

of motor neurons from mouse ESC-derived EBs by emulating in vivo 

neural tube patterning (Uzel et al. 2016). More recently, another work 

has shown on the fabrication of a microfluidic device to expose hPSC 

colonies to spatiotemporally controlled morphogen gradients generated 

from artificial signaling centers to promote the generation of different 

axially arranged differentiation domains in 2D hPSC (Manfrin et al. 

2019). We expect that these approaches could be further applied to 

control size and geometry of 3D cultures and their exposure to controlled 

morphogen gradients, which represents an additional layer of complexity 

yet to be overcome in the organoid field. 

Other technical drawbacks to overcome, are the lack of a urinary exit 

route within the human kidney organoids as well the lack of ongoing 

nephrogenesis. These two characteristics represent crucial aspects for the 

use of kidney organoids in future therapeutic applications, including 

transplantation. Of note, the work from the laboratory of Ryuichi 

Nishinakamura has demonstrated on the possibility to separately 

generate different renal stem cell progenitors from mouse and human 

PSCs in order to build kidney organoids through the manual assembly of 

transient MM- and UB-like cells together with kidney stromal cells from 

embryonic mice (Taguchi and Nishinakamura 2017). In this regard, it is 

expected that within the next years microfluidic platforms will allow for 

the proper delivery of renal-like physiological stimuli (i.e., shear stress, 

fluid flow, among others) for the proper assembly of hPSCs renal 

derivatives during the time course of kidney organoid generation (i.e., 

mesangial cells, renal fibroblasts, among others). Alternatively, the 
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modulation of biochemical signaling in space and time could be achieved 

using dynamic hydrogel systems which change their chemical and 

mechanical properties over time due to light-triggered reactions. Soluble 

biomolecules could be locally tethered in a target area within the 

hydrogel network in a reversible manner, permitting the fabrication of 

very precise 3D patterns and gradients of biochemical cues that are 

dynamically controlled upon light exposure (DeForest and Anseth 2012). 

These types of hydrogels could be useful to locally guide organoid self-

organization (i.e., by locally softening or stiffening of the matrix 

(Guvendiren and Burdick 2012), and even to create stiffness gradients 

(Vincent et al. 2013). However, further research is needed to fulfill the 

potential of this approaches in the organoid field. Interestingly, our 

recently published work has also shown that the emulation of embryonic 

renal stiffness trough the fabrication of polyacrylamide hydrogels 

exhibiting soft mechanical properties (similar to embryonic kidney 

environment) represents a new approach to generate kidney organoids 

with increased differentiation features than those generated using 

hydrogels with stiffer values. Importantly, work from other laboratories 

has started to show on the possibility to control not only stiffness, but 

also viscoelasticity properties of the biomaterials (Bauer et al. 2017; 

Chaudhuri et al. 2016) to better emulate the physical characteristics of 

tissues. Thus, further work in these issues will positively impact on the 

definition of novel materials with close characteristics to those found in 

the native kidney, providing new tools to better program and promote 

hPSCs-kidney differentiation. 

In general, accumulated data shows that kidney organoids yet do not 

fully mirror important treats of the native embryonic or perinatal tissue 

(i.e., filtration). Besides these caveats we have further hypothesized that 
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promoting metabolic activities during the generation of kidney organoids 

may represent a new approach to further force cell differentiation. It is 

well known that the human kidney is a highly metabolic organ and that 

renal epithelial tubular cells (PTCs), which account for the 90% of the 

renal mass, do possess the highest density of mitochondria after 

cardiomyocyte cells in our body. PTCs due to their high energy 

requirements uses fatty acid oxidation (FAO) and oxidative 

phosphorylation (OXPHOS) to obtain energy. To further ascertain on the 

impact of FAO in the generation of kidney organoids we have explored 

different media formulations promoting either a glycolytic or an 

OXPHOS-promoting profile during the time course of organoid 

generation. Our data shows that the exposure of renal vesicle stage (RV) 

organoids into an OXPHOS promoting media enhances the generation 

of PTC-like cells within kidney organoids, and that such changes work 

in concert with increases in oxygen consumption rate, as well as with 

increases in the expression of PTC differentiation markers (Dhillon et al. 

2020; Garreta et al. 2019). To date there is no knowledge of mechanisms 

regulating stem cell niche metabolism during quiescence, proliferation 

and differentiation. Thus, advancing in these fundamental questions is a 

current limitation to the progression of basic cell biology, tissue 

engineering and regenerative medicine. Specifically, in the field of 

kidney organoid generation understanding such energy production 

mechanisms could establish a tangible link between stem cell 

proliferative capacity in relation to differentiation as a new mean to 

instruct lineage commitment.  To further explore these questions, we 

profiled day 16 kidney organoids using scRNA seq with the aim to 

explore the direct crosstalk between metabolism and kidney organoids 

differentiation. Using differentiation trajectory analysis in PTC-like cells 
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our data indicated that increases in tubular differentiation markers (i.e., 

solute carriers, among others) strongly correlated with increases in the 

expression of genes of the FAO pathway (i.e., Pgc1α, Pparγ, Cpt1a, 

Cpt1b, among others). Then, we further proceed to challenge RV kidney 

organoids in front of OXPHOS or glycolytic promoting media to further 

interrogate on the impact of these cell culture regimes in the expression 

of FAO components. Our results showed that the OXPHOS promoting 

regime resulted in the induction of Pgc1α mRNA expression. 

Interestingly we also explored for changes in the expression of several 

Pgc1αfamily of transcription co-factors including Essra, Pparγ or Hnf4a, 

as all these transcription factors are well known to regulate the 

expression of most genes involved in cellular energy production as well 

as in the process of mitochondrial biogenesis. As alterations of 

mitochondrial metabolism have been linked with renal disease, including 

AKI, CKD or renal fibrosis (He et al. 2017) (He L., et al., 2017) we 

proceed to further explore on the putative role of Essrα on CKD. 

Importantly, Essrα represented a yet unexplored transcription factor in 

the context of renal differentiation or renal disease. Thanks to our 

international collaboration with experts in the field of kidney disease and 

metabolism we could identify, for the first time, on the role of Essrα 

protecting from CKD using two different in vivo models taking 

advantage of the mice model system. Furthermore, our results were 

confirmed in a cohort of 90 CKD patient samples (Dillon et al., 2020). 

All in all, this study demonstrates on the use of kidney organoids as 

model systems to identify new signaling pathways which may be 

compromised during human kidney disease. We are convinced that our 

recent work will open new venues to further reveal other metabolic 

pathways dysregulated during both renal differentiation and renal 
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disease. To date, several approaches have been proposed to explore 

molecular pathways that are responsible for kidney fibrosis initiation and 

progression. Comprehensive genome-wide kidney tissue transcriptomics 

analysis has been used to define the molecular hallmarks of this complex 

process both in patient samples and mouse models (Beckerman et al. 

2017; Qiu et al. 2018; Woroniecka et al. 2011). These studies highlighted 

the role of a large number of transcripts that correlate with kidney 

fibrosis development. Cellular metabolism, such as genes in FAO and 

OXPHOS showed strong correlation with disease state both in human 

and mouse CKD models (Chung et al. 2019; Kang et al. 2015). 

Pharmacological or genetic approaches that enhance FAO and 

mitochondrial biogenesis improved kidney function, however, the exact 

mechanism remains to be solved. Now, our study establishes a causative 

role of CKD and FAO dysregulation via Essrα further showing that the 

modulation this pathway in vitro and in vivo restores kidney cellular 

function highlighting on the central role of kidney PTCs for further 

metabolic-related interventions.  

Importantly, at the present time, and from December 2019, a novel 

coronavirus (SARS-CoV-2) crossed species barriers to infect humans 

(Gorbalenya et al., 2020) and was effectively transmitted from person to 

person, leading to a pneumonia outbreak first reported in Wuhan, China 

(Guan et al., 2020; Jiang et al., 2020; Zhou et al., 2020b). This virus 

causes coronavirus disease-19 (COVID-19) with influenza like 

symptoms ranging from mild disease to severe lung injury and multi-

organ failure, eventually leading to death, especially in older patients 

with other co-morbidities. COVID-19 has spread worldwide with nearly 

68,000,000 confirmed cases and already more than 1,500,000 fatalities. 

The WHO has declared that COVID-19 is a public health emergency of 



IV. DISCUSSION 

198 
 

pandemic proportions (https://www.who.int/). The primary symptoms of 

COVID19 patients are fever and cough (Chen et al. 2020) and this can 

be explained by angiotensin-converting enzyme 2 (ACE2), the key 

receptor for the spike glycoprotein of SARS-CoV-2, in alveolar 

epithelial type II (Zhao et al. 2020) cells, which are key for lung gas 

exchange (Dobbs 1989). The injury of these cells during SARS-CoV-2 

infection explains the severe lung injury associated with this disease, 

however it has been observed a multi-organ dysfunction in COVID-19 

patients (Guan et al. 2020; Huang et al. 2020). Indeed, ACE2, is also 

strongly expressed in kidney tubules, controlling a local renin-

angiotensin-aldosterone system (RAAs) circuit (Clarke and Turner, 

2012; Hashimoto et al., 2012). The various roles of ACE2 include the 

regulation of vasoconstriction, renal sodium reabsorption and potassium 

secretion, aldosterone synthesis, blood pressure elevation, and induction 

of inflammatory and pro-fibrotic pathways (Ferrario, Trask, and Jessup 

2005; Tikellis and Thomas 2012). The wide distribution of ACE2 across 

the human body explains the multi-organ damage and dysfunction 

associated with SARS-CoV-2, which includes myocardial dysfunction 

(Bonow et al. 2020), gastrointestinal and liver (Fan et al. 2020) disorders, 

and AKI (Li et al. 2020). Since ACE2 exists both in membrane-bound 

and soluble circulating forms, one proposed therapy for COVID19 

disease would be administering the soluble form of ACE2 (sACE2).  In 

this manner sACE2 would act as a decoy to interfere with the binding of 

SARS-CoV-2 to the full-length ACE2 that is membrane bound. 

In the context of the present thesis, we have developed a model system 

to study SARS-CoV-2 infection establishing a new procedure to generate 

kidney organoids from hESCs. To further assess on the utility of this 

novel procedure we first profiled kidney organoids cellular composition 
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taking advantage of scRNA seq. Then, we interrogated for the 

distribution of ACE2 expressing cells in our data set and further confirm 

on ACE2 expression in the proximal tubule and podocyte II cell clusters 

which also express key marker genes of proximal tubular cells (Slc3a1, 

Slc27a2) and podocytes (Podxl, Nphs1, Nphs2), respectively. 

Importantly, it was the first time that it was shown that the generation of 

kidney organoids suffices for the generation of cell clusters that express 

ACE2 in a similar fashion to that observed in the kidney native tissue 

(Lin et al. 2020). To further exploit kidney organoids for further 

applications in COVID19 research we set up experimental conditions 

showing how SARS-CoV-2 can infect human kidney organoids (Monteil 

et al. 2020). More importantly, we further proceed to assay on the 

putative effect of a human recombinant soluble ACE2 as a new approach 

to block SARS-CoV-2 infection, resulting in the inhibition of infectious 

viral progeny. Our study has limitations as our efforts are focused on the 

early stages of infection, demonstrating that hrsACE2 can block early 

entry of SARS-CoV-2 infections in host cells. As such, we cannot make 

any predictions with respect to the effect of hrsACE2 in later stages of 

the disease process. Secondly, we did not study lung organoids, and the 

lung is the major target organ for COVID-19. Of equal importance, the 

RAS system represents a complex network of pathways which are 

influenced by external processes which are not simulated in our kidney 

organoids. To address these complex issues, we are convinced that 

microfluidic platforms will allow us for a better modeling of systemic-

related conditions in the time course of SARS-CoV-2 infection. In this 

regard, our current work is further investigating on the cross talk of the 

glucose metabolism in SARS-CoV-2 infection. Furthermore, at the 

present time we are also applying CRISPR/Cas9 mediated genome 
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editing for the generation of ACE2 knockout in hPSCs which are further 

differentiated into kidney and gastric organoids. We are convinced that 

this approach will allow us to better ascertain on ACE2-tissue dependent 

responses in front of SARS-CoV-2 infection providing further 

information on the effect of human soluble recombinant ACE2 in 

different model systems. 
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V. CONCLUSIONS 

 

I. We have established a procedure that suffices for the generation 

of posterior intermediate mesoderm (PIM) committed hPSCs 

which upon further assembly and culture in 3D conditions 

(transwell system or free floating suspension) leads to the 

generation of kidney organoids transcriptomically matching the 

human kidney of the second trimester gestation upon 16 days in 

culture. 

 

II. We have established a procedure for the implantation of day 16 

hPSCs-kidney organoids into the chick developing 

chorioallantoic membrane (CAM) that sustains for the 

endogenous organization of human endothelial cells and the 

growth of developing glomeruli. 

 

III. We have identified different cell culture media promoting 

metabolic activities in developing hPSCs-kidney organoids that 

further correlated with changes in the expression of metabolic 

regulators and the generation of tubular-like cells on demand. 

 

IV. We have identified metabolic regulators of the lipid metabolism 

(Estrogen-related receptor alpha, namely Esrrα) involved in the 

differentiation of tubular-like cells in developing hPSCs-derived 

kidney organoids and further assessed on the impact of this factor 

in damage protection on these cells. 
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V. We have established a procedure for the study of the first steps 

of SARS-CoV-2 infection taking advantage of hPSCs-kidney 

organoids upon their characterization for the endogenous 

expression of Angiotensin Converting Enzyme 2 (ACE2) using 

single cell RNA seq and an exhaustive profiling for the 

expression of tubular markers in hPSCs-kidney organoids. 
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Discarded human donor organs have been shown to provide decellularized extracellular matrix (dECM)

scaffolds suitable for organ engineering. The quest for appropriate cell sources to satisfy the need of

multiple cells types in order to fully repopulate human organ-derived dECM scaffolds has opened new

venues for the use of human pluripotent stem cells (hPSCs) for recellularization. In addition, three-

dimensional (3D) bioprinting techniques are advancing towards the fabrication of biomimetic cell-

laden biomaterial constructs. Here, we review recent progress in decellularization/recellularization and

3D bioprinting technologies, aiming to fabricate autologous tissue grafts and organs with an impact in

regenerative medicine.

Introduction
Regenerative medicine holds the promise to replace or regenerate

human cells, tissue or organs in order to restore or establish the

normal function lost due to disease or damage [1]. By the combi-

nation of novel biomaterials with cells, one of the aims of regen-

erative medicine is to create autologous tissue grafts for future

replacement therapies [2,3]. In the last three years, discarded

human donor organs, such as kidney [4,5], lung [6], heart [7],

and liver [8], have been used to obtain decellularized extracellular

matrix (dECM) scaffolds, proving their potential application in

tissue engineering. Despite the translational value of these

advances, we are still far to generate relevant tissues for immediate

clinical applications.

The use of organ-derived dECM scaffolds for bioengineering

of human-scale patient-specific organs using hPSCs is envi-

sioned as a major platform for therapeutic applications

(reviewed in [9]). Interestingly, the concept of organ printing

has lately taken center stage due to recent three-dimensional

(3D) bioprinting advancements (reviewed in [10–13]). Current

3D bioprinting techniques have shown to simultaneously de-

posit combinations of different cell types encapsulated within

biomimetic hydrogels via a layer-by-layer process, leading to the

generation of 3D bioinspired tissue constructs (reviewed in

[10,12,14,15]) [16–20]. Such approach could offer new

venues when translating hPSCs-related technologies to a

high-throughput 3D setup (e.g., patient induced pluripotent

stem cells (iPSCs)-derived organoid screening platforms)

(reviewed in [21]).
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So far, different laboratories have shown that it is possible to

build up tissue- and organ-like structures either by the use of

organ-derived dECM scaffolds (reviewed in [22–27]) or 3D bio-

printing techniques (reviewed in [10,12,14,15]) [16–20]. However,

the bioengineering of vascularized human-scale organ analogues

with optimal functional activity still requires much effort from

multidisciplinary research groups before this can become a reality.

Here, we review the latest advancements in the application of

decellularization/recellularization technology for the generation

of autologous tissue grafts taking advantage of hPSCs. We also

examine how 3D bioprinting technologies may benefit from

hPSCs derivatives to fabricate human organ analogues.

The advent of decellularization technology
Tissue-specific extracellular matrix (ECM) through

decellularization of tissues and organs

Pioneer findings on the production of tissue-specific ECM were

first reported in the 1970s and 1980s [28,29]. Despite these major

steps, it was not until 10 years later that Badylak and coworkers

generated intact acellular small intestinal submucosa matrices by

mechanically removing all mesenteric tissues while leaving the

trilaminate connective tissue layers intact [30]. Indeed, such ma-

trices demonstrated healing capacity in a dog model for Achille’s

tendon repair [30]. Soon, different works on decellularization of

other simple tissues such as skin [31], vascular tissue [32], heart

valves [33] and bladder [34] showed promising results on the

generation of biological scaffolds for biomedical applications,

representing a realistic alternative to the use of synthetic bioma-

terial scaffolds. From that moment, further works began to apply

decellularization methodologies for the fabrication of dECM slices

from complex organs such as liver [35].

In 2008, the seminal work by Ott and coworkers, who success-

fully generated whole rat acellular hearts by means of perfusion

decellularization, represented a breakthrough in the field of tissue

engineering and the beginning of the era of whole organ decel-

lularization technology [36]. Over the last years, different research

groups following similar approaches have reported the possibility

to derive full-scale dECM scaffolds from different organs including

liver, heart, lungs, and kidneys; and multiple species including

mouse, rat, pig, rhesus monkey, and human (reviewed in [22,23])

[37]. The main milestones on decellularization technology are

summarized in Fig. 1.

In vivo the composition and ultrastructure of ECM is in constant

remodeling by the resident cells depending on the metabolic and

mechanical demands of the tissue, a concept called ‘dynamic

reciprocity’ [38]. Such dynamic remodeling may be altered during

injury or disease, leading to modifications in the composition and

biophysical properties of the ECM, and ultimately, compromising

organ function. Accordingly, it has been suggested that ‘organ

specificity’, may determine why cells belonging to a specific organ

exhibit an innate preference towards dECM scaffolds derived from

the organ of origin [39,40]. Along this line, Nakayama and co-

workers showed that human embryonic stem cells (hESCs) differ-

entiated into renal-like cells when seeded onto rhesus monkey

kidney dECM, but this was not the case when lung dECM was used

instead [40]. The main hypothesis supporting such findings relies

on the idea that specific ECM proteins are distinctively distributed

along the different compartments of the organ as footprints from

resident cells. Interestingly, site-specific ECM micromechanical

properties have been described to delimitate different tissue

regions [41].

Overall, dECM scaffolds provide a complex site-specific combi-

nation of biochemical and mechanical cues, which have been

hypothesized to guide cell adhesion, proliferation and differentia-

tion during recellularization and further tissue formation

(reviewed in [42]) [39–41,43–45]. The main advantages using

dECM scaffolds for the de novo biofabrication of tissues and organs

are summarized in Box 1.

Methods of decellularization

Decellularization techniques aim to remove all the cells from a

tissue or organ while preserving the native ECM composition and

architecture integrity. As such, tissue and organ decellularization,

can lead to the production of 3D dECM scaffolds retaining their

biological activity and mechanical properties. If effective, dECM

scaffolds should not elicit immune-mediated rejection after im-

Materials Today � Volume 20, Number 4 �May 2017 RESEARCH

FIGURE 1

Timeline of key events leading to whole organ decellularization

methodologies and major milestones using hPSC-derived cells to

repopulate organ-derived dECM scaffolds (*).

BOX 1

Potential of dECM scaffolds to recapitulate tissues and organs

� Preservation of dECM ultrastructure and composition induce favorable

tissue organization and remodeling (reviewed in [23,24,36]).

� dECM can modulate cell behavior: attachment, migration and

differentiation (reviewed in [23,24,36]) [39,40,43,44].

� dECM do not elicit immune-mediated rejection, since ECM components

are largely and highly conserved across species [46,47].

� dECM exhibit suitable mechanical performance, similar to that of their

native counterparts (reviewed in [23,24,36]) [41].

� dECM promote constructive remodeling response, as shown for a variety

of tissues in both pre-clinical and clinical studies (reviewed in [42]) [45].

� The potential advantage of dECM organ specificity ensures the

maintenance of selected cell functions and phenotypes (reviewed in [38])

[39].
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plantation [46,47]. Extensive research has shown the mode of

action and peculiarities of each kind of decellularization agents

employed, as widely discussed elsewhere (reviewed in [48–50]). In

general, the optimal decellularization protocol will generate a

DNA-free dECM scaffold by finding the right compromise between

the duration and complexity of the treatment and the conserva-

tion of the desired compositional, structural and mechanical

properties of the generated dECM construct.

With respect to the techniques used to infuse the decellulariza-

tion agents within all regions of the organ, perfusion through the

vasculature and immersion/agitation are nowadays the most

employed, though others techniques have been also described

(e.g., pressure gradient [51,52], supercritical fluid [53]). Perfusion

decellularization takes advantage of the innate vasculature of the

organ to deliver the decellularization agents across the entire

organ. Such approach is often performed in organs in which its

main artery can be cannulated for perfusion with decellularization

solutions under physiologic perfusion pressures. In their seminal

work, Ott and coworkers developed a protocol for whole rat heart

decellularization using a homemade bioreactor to perfuse 1%

sodium dodecyl sulfate (SDS) through the coronary vasculature,

showing that 12 hours perfusion at a physiological pressure suf-

ficed to yield a fully decellularized rat heart [36]. The same research

group subsequently applied a similar approach to decellularize

whole rat lungs [54] and kidneys [55]. For lung decellularization,

both the airway and vascular compartments were investigated to

deliver the decellularization solutions, rendering in all cases acel-

lular organ scaffolds with preserved ECM composition, micro-

structure and 3D architecture [54,56–59]. Overall, perfusion

decellularization is the preferred technique to decellularize whole

organs, especially in large animals or humans [4–8,58,60–63].

On another hand, in immersion-based decellularization proto-

cols, the tissue or organ of interest is submerged into the decel-

lularization solutions while being subjected to agitation. In this

way, decellularization agents enter through the tissue by diffusion.

The duration of the protocol will then depend on the initial tissue

thickness and cell density. Such approach is mainly used on tissue

samples that do not have easy access to the vascular network (e.g.,

skeletal muscle, skin) [64–66], as well as on organ slices typically

obtained from a segmental resection. Box 2 summarizes the

advantages and disadvantages of the different methods of decel-

lularization discussed in this review.

Due to the large diversity of decellularization protocols and

tissue sources reported so far, there has been the necessity to

establish common criteria to evaluate the effectiveness of any

decellularization process. Decellularization requirements and as-

sociated methodologies are summarized in Box 3.

Although successful decellularization was achieved for many

organs, still much effort should be directed on the definition of

standardized decellularization protocols with the final goal to

advance in the creation of biocompatible and personalized organ

scaffolds for clinical applications. For that, issues including bio-

degradation, cytocompatibility, pathogenicity and immunogenic-

ity should also be further studied (reviewed in [67]).

Recellularization of whole organ dECM scaffolds

One of the major issues in the field of organ bioengineering is the

precise positioning of specific cell types inside their corresponding

specific organ compartment. Methods of cell seeding into whole

organ-derived dECM scaffolds will largely depend on the organ

itself and usually will require the use of bioreactors. Complex

organs including kidney, heart, lung, and liver entail the develop-

ment of challenging cell seeding and culture methods to promote

tissue formation and maturation. Oxygen diffusion across an

engineered tissue is limited to a maximum tissue thickness of

200 micrometers (reviewed in [68]), meaning that higher tissue

thicknesses must require functional vasculature to supply the cells

with oxygen and nutrients as well as facilitate the removal of

metabolic waste products. In this regard, bioreactor technology for

whole organ engineering still needs to overcome many issues:

RESEARCH Materials Today � Volume 20, Number 4 �May 2017

BOX 2

Methods of decellularization

Perfusion Immersion/agitation

Mode of action � Infusion of the decellularization agents through the organ

vasculature

� Immersion of the tissue or organ into the decellularization

solutions while shaking

� Preferred when decellularizing large animal or human

organs

� Used when the access to the vasculature is difficult or

absent

Advantages � Facilitates homogeneous exposure to the decellularization

reagents and removal of cellular content

� Mechanical agitation facilitates cellular content removal

� The possibility to apply physiological perfusion pressures

would favor preservation of tissue ECM composition and

architecture

� Easy and fast procedure when decellularizing small animal

organs or tissues, and human tissues obtained from

segmental resections

� Controlled perfusion conditions by the use of bioreactors

enhances the robustness and efficiency of the process

� Does not need overly specific bioreactor equipment

Disadvantages � Unappropriate perfusion pressures can disrupt ECM and

impact on the viscoelastic behavior of the dECM scaffold.

Optimization is required for each tissue/organ

� Decellularization conditions (e.g., agitation, reagents’

exposure time) have to be optimized depending on the

tissue thickness. Excessive agitation can disrupt ECM

� Needs cannulation of the main organ artery � It is an unreliable method when decellularizing large

animal or human whole organs

� This method usually needs the use of specific perfusion

bioreactors

� This method usually needs increasing times of exposure to

the decellularization agents when compared to perfusion

References [4–8,54,56–63] [39,64–66]
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BOX 3

Established criteria for effective decellularization

Requirement Methodology Outcome for effective decellularization References

Removal of cells

and DNA content

� Decellularized tissues should accomplish � Avoid adverse cell and host response as well

as negative tissue remodeling and

inflammation responses after implantation

[34] (reviewed in [48])

(i) <50 ng of double-stranded DNA (dsDNA)

per mg of dry weight dECM, as quantified by

commercially available dsDNA intercalators

such as PicoGreen and gel electrophoresis

(ii) <200 bp DNA fragment length, analyzed

by gel electrophoresis

� Histological stainings (Hematoxylin and

Eosin, Masson’s Trichome, Movat’s

Pentachrome, or Safrin O) or

immunohistochemistry analysis in dECM

should denote the lack of visible nuclei (as

stained DAPI or Hoechst). These can be used

to qualitatively detect if nuclei content,

cytoplasmic proteins or some extracellular

components are still present after

decellularization

Quantification of

residual detergents

� Quantification of remnant SDS can be

determined using Stains-All reagent

� Avoid toxic effects form these

decellularization agents, ensuring cell

viability during dECM scaffold

recellularization.

[67]

� Similarly residual Triton X-100 can be

quantified by using derivative

spectrophotometry.

� Undetectable amounts of such components

are desired

Preservation of

ECM components

� Qualitative evaluation by

immunohistochemistry analysis of the main

ECM proteins including collagens, laminin,

fibronectin and elastin

� Retention of the main basement membrane

components and structural ECM proteins as

compared to their native counterparts

[8,43,56,84]

� Quantitative colorimetric assays are

employed to determine the amount of

collagen, elastin and glycosaminoglycans

using commercially available Sircol, Fastin

and Blyscan kits, respectively

� Mass spectrometry-based proteomics

allows precise identification of matrisome

proteins and other tissue-specific proteins

Maintenance of

3D architecture

and vascular

integrity

� Micro- and nano-architecture of relevant

parenchymal structures of each organ can be

assessed by scanning electron microscopy

(SEM)

� Conservation of the main structural features

specific of each organ, which will facilitate

tissue organization and maintenance of

specific cell phenotypes

[4,5] (reviewed in [22,36])

� Conservation of the hierarchical vascular

bed of the organ after decellularization can

be evaluated by MicroCT, dye or microbeads

perfusion assays, angiography or corrosion

casting

� Conservation of the hierarchical vascular

bed of the organ, which is essential to further

achieve an effective recellularization

outcome

Biomechanical

performance

� Traditional material science and

engineering techniques including uni- or bi-

axial mechanical testing and atomic force

microscopy (AFM) have been mainly used for

mechanical testing on produced

decellularized scaffolds

� Optimal dECM scaffold mechanical

properties (mechanical strength and

viscoelastic behavior), that following

recellularization should be similar to those of

their native counterparts

[4,41,56,63]

� Lung mechanics has been assessed using

pressure-volume curves and measuring force

tension relationships in linear strips of

decellularized lungs
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from the definition of optimal cell seeding methodologies to the

possibility to monitor biochemical and biophysical markers indic-

ative of organ maturation and function in a non-invasive manner.

Other issues are related to the application of physiological relevant

stimuli that can enhance tissue formation and functionality. The

principle bioreactor requirements for whole organ culture are

listed in Box 4. Extensive discussion on recent bioreactor devel-

opments is reported elsewhere (reviewed in [69]) [70–77].

Vascular and non-vascular routes have been employed to deliv-

er cells into whole organ-derived dECM scaffolds, mostly follow-

ing dynamic seeding procedures, which consist of introducing

cells at a specific concentration into the vascular perfusion line.

Following this methodology, researchers have recellularized the

vasculature and parenchyma of liver, heart, lung and kidney

(reviewed in [22–27]). Cells introduced into the vascular flow

may traverse the vascular lining through pores produced during

decellularization, then reaching the organ parenchyma. In this

regard, it has been proposed that the proper adjustment of flow

rates may reduce shear stress on cells, while minimizing the

potential damage on the dECM scaffold. Moreover, multiple

inoculations of cells are preferable than a unique one with the

same total cell number. Performing multiple cell infusions directly

into the liver vascular circuit in a step-wise manner led to more

than 85% cell engraftment [77–79], also showing a more efficient

distribution of cells across all regions of the organ-derived dECM

scaffold. Alternatively, direct injection of cells with a small gauge

needle by performing multiple injections throughout different

areas of organ parenchyma has shown less success [80]. Other

non-vascular routes commonly used to reintroduce cells are the

trachea in lungs [54,56–59] or the ureter in kidney [55,81–83].

So far, the large body of work regarding recellularization of whole

organ dECM scaffolds has been performed in small animal models

using different bioreactor settings, cell types and seeding condi-

tions (reviewed in [22–27]). The main problems encountered dur-

ing recellularization were the uncomplete re-endothelization of the

organ vasculature, and the insufficient repopulation of the organ

parenchyma [55,56,60]. Notably, recently this year, Guyette and

coworkers have partially repopulated whole decellularized human

hearts using a custom human heart bioreactor capable of providing

coronary perfusion and left ventricle wall mechanical stimulation,

showing metabolically active repopulated myocardial segments

after 14 days of organ culture [84]. Also Nichols and coworkers

have reported, for the first time, the development of a bioreactor

system to support recellularization of whole human paediatric lung

dECM scaffolds, identifying the main conditions and cell require-

ments necessary for bioengineering whole human lungs [85].

Moreover, many different cell types and sources have been

reported for recellularization strategies of different organs

(reviewed in [22–27]). Initial works made use of neonatal or fetal

cells derived from the organ of interest, showing retention of their

tissue-specific phenotype after seeding into the organ-derived

dECM scaffold together with relevant organ-specific functionality.

Overall, these works served as a proof-of-concept of the fabrication

of whole organs de novo by decellularization/recellularization

techniques. However, those findings also highlighted the necessi-

ty to find more amenable cell sources that could be easily expand-

ed and differentiated into functional and multiple cell lineages. In

this regard, hPSCs have been proposed as promising candidates

due to their self-renewal capacity and the potential to give rise to

any cell type in the body [86–88]. The use of hPSCs as a cell source

for the development of bioengineered organs based on dECM

scaffolds is further discussed in the following section.

Pluripotent stem cells: a long-standing cell source for
regenerative medicine
Pluripotent stem cells

Pluripotency is defined as the ability of a single cell to divide and

produce differentiated cells from the three germ layers of the

embryo [86–88]. The idea to generate functional tissues and organs

from pluripotent stem cells (PSCs) has been a long-standing goal in

stem cell biology, representing an unprecedented opportunity to

study development and even to heal degenerative diseases and

aging-related disorders. In this regard, the possibility to capture

and culture indefinitely hESCs from the pluripotent inner cell

mass (ICM) of the blastocyst has been a major breakthrough in the

area of regenerative medicine [86].

Before hESCs were first derived, seminal studies already tried to

answer how shape and pattern emerge from the simple beginnings

of an embryo, and even how specialized cells differentiate during

embryo development becoming organized into a 3D architectural

context (reviewed in [89]) [90]. Pursuing the idea to reprogram

differentiated cells to an ‘embryonic’ state, Takahashi and Yama-

naka in 2006 discovered that the pluripotent state found in hESCs

derived from the ICM could be artificially induced in a somatic cell

through the overexpression of just four transcription factors

(OCT4, SOX2, cMYC, and KLF4-OSKM) [87] (reviewed in [91]).

The produced cells, so called iPSCs, exhibited all the molecular and

functional features of ESCs. Importantly, in the last years human

iPSCs (hiPSCs) have shown to become instrumental platforms for

the study of human development and disease with the identifica-

tion, in some cases, of molecular and cellular mechanisms respon-

sible for disease gestation and progression (reviewed in [92]).

Overall, one major limitation in the field of hiPSC disease

modeling is the lack of a systemic context and disease-related

environmental cues [e.g., disorganized ECM, insufficient bio-

chemical signals from the niche, among others], opening new

RESEARCH Materials Today � Volume 20, Number 4 �May 2017

BOX 4

Bioreactor requirements for recellulatization of whole organ dECM

scaffolds

� Include independent access lines for cell seeding through vascular and

non-vascular routes

� Integrate pressure transducers to control flow/volume-based pressure

� Allow continuous or pulsatile perfusion through the vasculature to

provide nutrients while removing metabolic waste products

� Monitoring and maintenance of physiological vascular pressure

� Monitoring and maintenance of proper gases supply

� Monitoring organ mechanics during repopulation

� Can include organ-specific biophysical stimuli (e.g. provide mechanical

ventilation in lung, provide mechanical stretch and electrical stimulation in

heart)

� Allow non-invasive or minimally invasive monitoring of relevant

biochemical and biophysical markers indicative of organ maturation and

function

� Allow automation of critical parameters

� Maintain sterility (disposable or easily sterilized components)

� Good manufacturing practices (GMP) amenable/Clinical grade bioreactors
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challenges when integrating biomaterials mimicking disease pa-

thology. In this regard, it has been recently shown that the proper

fine-tuning of 3D scaffolds recapitulated the abnormal contractili-

ty in hiPSC-derived cardiomyocytes from patients with long QT

syndrome type 3, and not when healthy counterparts were used.

Such platform also allowed for the screening of cardiotoxic com-

pounds in different 3D settings, highlighting the potential appli-

cation of these approaches for human disease modeling [93].

Differentiation strategies: from pluripotent colonies to

organoids/organogenesis in a dish

One of the major areas of research in the field of hPSCs has been

the development of protocols for the generation of functional cell

types suitable for disease modeling and cell replacement therapies.

Until recently, most protocols of differentiation relayed on the

generation of single cell populations rather than complete tissues.

However, in the last three years pivotal studies have demonstrated

that it is possible to generate 3D cultures of developing tissues

named organoids (reviewed in [94,95]).

After the first derivation of hESCs [86], different laboratories

worldwide explored hESCs capacity to undergo controlled differ-

entiation either in monolayer, by seeding cells in the presence of

different ECM protein coatings (major matrices used for the cul-

ture of hPSCs are described in Box 5) (reviewed in [94–96]) [97–

101], or as spheroid-like structures named embryoid bodies (EBs)

(Fig. 2). Although EBs can recapitulate several aspects of early

development (reviewed in [94]), as any other methodology, EB

formation still hampers the translation of this approach into a

clinical setting (e.g., low reproducibility and scalability). Never-

theless, all these advances have been fundamental for the proper

instruction of hPSCs to form self-organized tissue-specific orga-

noids including the optic cup, brain, intestine, liver and kidney

(reviewed in [94]).

Organoids are similar to in vitro derived EBs, but they can

recapitulate a large number of biological processes related with

spatial and temporal organization of heterogeneous tissue-specific

cells within the 3D structures (Fig. 2). Even in some cases, orga-

noids have proved to exhibit physiological functions being close

to the in vivo setting. In this regard, kidney organoids derived from

hiPSCs have been recently shown to contain multiple nephron

segments surrounded by nascent blood vessels, being able to

respond in front of nephrotoxic compounds [102]. Despite these

findings, most hPSC-derived organoid models only represented

single or partial components of a tissue, hindering the proper

control of cell-cell interactions, cell-matrix interplay, and cell

organization. Moreover, common hurdles in organoid technolo-

gies are being related to incomplete maturation of hPSC-derived

cell types and the lack of vascularization.

Bioengineering approaches for hPSCs differentiation: dECMs as

biomimetic platforms for generating tissues on-demand

Bioengineering approaches can be used to overcome major issues

associated with hPSCs differentiation as maturation and function-

ality. In this regard, matrigel has been a fundamental matrix for

organoid methodologies, including cerebral, optic cup and intesti-

nal organoids from hPSCs (reviewed in [94,95]). However, matrigel

Materials Today � Volume 20, Number 4 �May 2017 RESEARCH

BOX 5

Extracellular matrix components used in hPSCs culture and differentiation

ECM components References

� Collagens are the most abundant ECM macromolecules found in our body. Among the 28 types of collagen that exist, collagen

IV and I have been widely used in hPSCs differentiation studies demonstrating to be implicated in mesodermal differentiation. In

addition, collagen’s ability to self-aggregate and crosslink makes it an attractive macromolecule for biomaterial science

[97]

� Laminin is a trimeric protein found in the basement membrane, which has been largely investigated for its influence in hPSCs

differentiation towards ectodermal tissues

[98]

� Fibronectin is an ECM protein highly expressed during the early stages of embryonic development, being essential for proper

development of the mesoderm and the neural tube. Generally, it is widely used as cell adhesion protein due to the presence of

the peptide sequence arginine-serine-aspartic acid (RGD) in its structure, which is implicated in integrin-mediated cell adhesion

[99,100]

� Matrigel is generated from the basement membrane of mouse sarcoma cells thereby containing a variety of ECM molecules

and growth factors. Laminin is the major constituent although collagen IV and proteoglycans also take part of its composition.

Since it is derived form basement membrane it provides a rich environment that has been largely used for the maintenance of

hPSCs as well as differentiation to many lineages including cells from the three germ layers, mesoderm, endoderm and ectoderm

Reviewed in [94–96]

� Cell-deposited ECM can be extracted from different cell types by first allowing the cells to produce their own ECM and then

removing them without disturbing the newly synthesized ECM structure and biochemical composition. Such cell-deposited ECM

has been then used as a coating for stem cell stemness and differentiation studies

[101]

FIGURE 2

The main strategies used for hPSCs differentiation include guided

differentiation in 2D monolayer cultures, the formation of embryoid bodies

and the induction of 3D self-organization giving rise to organoids. The

generation of organoids needs a higher cell culture complexity than the

other two approaches.
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BOX 6

3D bioprinting techniques

Bioprinting

techniques

Additive unit Actuation method Cell

viability

Commercial

bioprinter

Bioink

viscosity

Disadvantages Advantages References

Inkjet printing Drop � Piezoelectric pulse

� Thermal induced

pulse

>85% Yes Low � Microvalves for inkjet are

fragile

� Requires fast material

gelation/stabilization

� Height of 3D constructs

limited due to low bioink

viscosity

� High control on the amount

of material deposited (1 pL to

0.1 nL per drop)

Reviewed

in [12]

Laser assisted

bioprinting

Drop � Laser induced pulse >95% No Medium-high � High cost of future

commercial bioprinters

� Long fabrication time

� Long preparation time of

material ribbons

� Low diversity of bioink for

ribbon preparation

� High printing resolution

� Single cell deposition

Reviewed

in [12]

Micro extrusion Material strain � Pneumatic pressure 40–95% Yes Medium-high Pneumatic pressure

� Cells may suffer important

shear stress

� Medium printing accuracy

� Low printing resolution

Pneumatic pressure

� Abrasive materials can be

used

� Disposable cartridge that

avoids cross-contamination

� Non mechanical parts

� Used by most of commercial

bioprinters due to its

robustness and simplicity

� Allows printing cell high

density

Reviewed

in [10,12]

� Mechanical pressure Mechanical pressure

� Cells may suffer important

shear stress

� Medium printing accuracy

� Low printing resolution

� Mechanical parts make this

system more fragile

� Screw based system require

cleaning of mechanical parts

Mechanical pressure

� Abrasive materials can be

used

� Piston based systems uses

disposable syringes

� Allows printing cell high

density

Stereolithography

(SLA)

Cured bioink

voxel

� Laser based curing

� UV and visible light

projection curing

>85% Yes Medium � Only can be used with light

crosslinkable bioinks

� Multicellular structures are

challenging

� Printer are not specifically

designed for biofabrication

� Affordable

� High printing velocity

Reviewed in

[10,123,127,128]

1
7
2
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composition is not well defined and batch-to-batch differences may

lead to important differences in experimental outcomes [103].

Along this line, biomaterials can be used to create stem-cell-like

niches providing key elements to control the regulation of stem

cell fate and function. Indeed, material properties have been often

designed to mimic physiologically relevant ECM stiffness, topog-

raphy, and adhesion-ligand type, density and affinity. These fea-

tures, when combined with hPSCs have led to the derivation of

protocols for hPSCs differentiation building personalized tissue

constructs using human organ-derived dECM scaffolds

[43,84,104,105], and even for partially or totally reconstructing

mouse [106] and human whole organs [84,105].

Ott and coworkers recently reported for the first time the whole

repopulation of decellularized human hearts with hiPSCs-derived

cardiomyocytes [84]. In the same line, our group developed a rapid

protocol for the generation of human heart grafts by co-culturing

hPSC-derived cardiomyocytes on top of 400 micrometers-thick

slices of human ventricular dECM scaffolds [43].

Importantly, rat and human lung dECM scaffolds have been

also recently shown to be repopulated with endothelial and peri-

vascular cells differentiated from hiPSCs [105]. Concerning kid-

ney, only two works have investigated the role of rhesus monkey

kidney dECM scaffolds on hPSCs renal differentiation [40,107].

Alternatively, 3D bioprinting technology have opened new

venues for the bottom-up generation of tissue and organ analogues

by the deposition in an additive layer-to-layer approach of differ-

entiated hPSCs and biomaterials, specifically arranged to repro-

duce native 3D architectures (reviewed in [11,12,95]).

Nevertheless, attempts to generate hPSCs derived bioprinted con-

structs are still in its infancy, with only one report on the genera-

tion of mini livers from hPSCs [16].

Tissue engineering of human organ analogues by 3D
bioprinting
3D bioprinting techniques

Bioprinting techniques aim to perform simultaneous deposition of

single or multiple combinations of living cells together with

supportive matrices containing biochemical and biophysical cues

(altogether termed as bioink). In this manner, organs or tissue

analogues are constructed following a predefined architecture in

3D (reviewed in [12–14]). These methodologies are generally clas-

sified based on the technology used to generate the structures of

the cell-laden material as follows:

Inkjet bioprinting, also referred as ‘drop-on-demand printers’

appeared early in 2003 [108]. Firstly developed inkjet printers

modified commercially available two-dimensional (2D) ink-based

printers by replacing the ink in the cartridge by a biological

material, and the paper, by an electric-controlled elevator that

moves on the z direction providing three-dimensionality

(reviewed in [12]) [109]. Nowadays, inkjet printers make use of

nozzles that generate isolated droplets of cell-laden material by

means of piezoelectric [110] or thermal (reviewed in [111]) actu-

ation systems. In this manner, by means of either acoustic waves or

thermal forces, respectively, liquid drops are ejected onto a sub-

strate. In the last years, inkjet bioprinting has allowed for the

efficient introduction of gradients of cells or growth factors along

the 3D constructs by the modification of drop densities and size

[17,112,113]. Despite this major advances, one common drawback

in inkjet printing is the need to work with biological materials in

liquid forms, which in most of the cases demand a fast polymeri-

zation procedure post-printing (e.g., by either chemical, pH or

ultraviolet mechanisms, among others). All these procedures di-

rectly affect the bioprinting process, compromising the chemical

and mechanical properties of ECM-derived materials. As reviewed

elsewhere, other disadvantages are related to the impediment of

building 3D cell-laden constructs with general tissue size, nozzle

clogging when using solutions with high cell densities, and cell

viability constraints (related to the use of cross-linkers) (reviewed

in [12]). Nevertheless, inkjet-based bioprinters have become a

massive used technology reducing costs and facilitating the use

of free designs and softwares worldwide. Current research is now

focused in the development of novel technologies allowing the use

of multiple cell types and materials.

Microextrusion systems appeared as a modification of inkjet prin-

ters. Here the extrusion of the material takes place through micro-

metric apertures (usually a needle with inner diameters that range

from few to hundred micrometers). By applying a continuous

force, this technique allows to print uninterrupted cylindrical

lines. Commonly, these systems robotically extrude biological

materials by pneumatic or mechanical dispensing systems onto

a substrate. It has been reported that almost all kind of hydrogels

with varying viscosities, as well as aggregates with high cell density

can be printed with this approach (reviewed in [10,12]). Compared

to inkjet printing, microextrusion printing enables the deposition

of large amount of cells, allowing the generation of constructs with

general tissue size. So far, high concentrations of hydrogels such as

alginate, fibrin and Pluronic F-127, among others, have proved to

be effective when producing stable 3D cell-laden structures [114–

120]. Importantly, microextrusion systems have been particularly

effective when printing multicellular tissue spheroids that further

self-assemble into the desired 3D structure (reviewed in [15]).

Although all the advantages described here, one of the major

limitations of this technique is the decreased cell viability resulting

from the shear stress when cells are in viscous fluids during the

extrusion process [121]. Thus, one of the main challenges consists

in the retention of cell viability and printing speed without

decreasing pressure or reducing nozzle size. Several tissues have

been fabricated using this system, including branched vascular

trees, aortic valves, and in vitro tumor models (reviewed in [12]).

Recently, Atala and coworkers have lead the first work on the

fabrication of bioprinted tissue functional constructs in vitro and in

vivo for mandible bone, ear-shaped cartilage and organized skeletal

muscle at human-scale [18].

In laser-assisted bioprinting (LABP) drops of cell-laden biomaterials

are generated after laser pulses. The falling bioink droplet is further

collected on the substrate and crosslinked, avoiding shear stress and

resulting in high cell viabilities, even when using highly viscous

materials. This recent methodology relies on the use of a laser pulse

that creates a high-pressure bubble on a ribbon containing the

material to be printed, thereby generating a bioink droplet. LABP is

nozzle-free, thus minimizing clogging-related issues. Moreover, the

achieved resolution allows the delivery of single-cells on each drop.

Since this system generates scaffold-free 3D cell constructs through

a layer-by-layer manner, lately LABP is becoming used for the

deposition of different living cells and biomaterials in a well-

defined 3D structure. Besides these advantages, still possible side
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effects of laser exposure to cells remain elusive. Other limitations

are related to the preparation of cell-laden ribbons (specific for each

cell type and hydrogel, hindering scaling-up procedures) and the

deposition of metallic residues in the final bioprinted construct.

Similarly, targeting and positioning cells becomes difficult because

of the nature of the ribbon cell coating (reviewed in [12]). To date,

few works took advantage of this system in regenerative medicine

[19,122], and the high cost of LABP precludes their use for many

researchers worldwide.

Stereolithography (SLA) was initially used to create cell-free scaf-

folds but the increasing development in the formulations of new

cross-linkable materials allowed the use of SLA for 3D bioprinting

(reviewed in [123]) [124]. In SLA, the laser focusing point moves on

the X/Y axes along the uncured bioink, while the stage where the

material is polymerized lowers allowing polymerization. Lately,

direct light projection (DLP) has emerged as an affordable and versa-

tile variant of SLA. In DLP, the light from a digital micro mirror

device or projector is used for curing photocrosslinkable hydrogels

in a layer-by-layer approach. By curing the structures plane-by-

plane, DLP offers enormous advantages in front of SLA (e.g.,

printing time is not depending on the design complexity of each

plane). DLP has been recently used for generating biocompatible

scaffolds [125–127], and more recently Wang and coworkers dem-

onstrated that DLP enabled for the fabrication of 3D cell-laden

structures with resolutions of 50 micrometers, and reaching 85%

cell viability when encapsulating human fibroblasts [128]. DLP and

SLA offer new alternatives for the fabrication of 3D bioconstructs

with precise micro- and nano-architecture, being affordable sys-

tems in terms of costs.

A summary of the aforementioned bioprinting techniques is

presented in Box 6.

3D bioprinting of cell-laden hydrogels

Since 2000, when rapid prototyping technologies were first

adapted for the deposition of cell-laden hydrogel 3D structures

in cell-compatible printing conditions, researchers all over the

world have tried to produce biological tissue-like constructs using

different cell types and hydrogel formulations. The basic 3D

bioprinting equipment needs when aiming to fabricate cell-laden

3D structures are described in Box 7.

Current efforts are devoted to develop novel biomaterial for-

mulations that can mimic the complexity of the native ECM–a

concept called biomimicry – with an impact for bioprinting appli-

cations. ECM composition and rigidity have proved to dictate cell
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BOX 7

3D bioprinting of cell-laden tissue constructs

3D bioprinter needs � Allow combination of micro-extrusion, fused deposition and inkjet printing at the same time during a

printing procedure

� Have at least two hydrogel-compatible printing heads, which facilitates deposition of different cell types

in the same printed construct

� Possess temperature control systems for printing heads and substrate

� Allow optical monitoring of the printing process

� Allow the interchange of material cartridges during the printing procedure

� Precise control of the pressure applied during the printing process

� Allow the use of different substrates to print the desired 3D tissue construct (e.g. petri dish, multiwall

plates)

� Posses an accurate calibration system for needle tip positioning

� Posses a source of light (UV, blue light) for light-crosslinking hydrogels

� Work under sterile conditions

Key material properties for 3D bioprinting � Printability defines the suitability of a material for a specific printing process and largely depends on the

material physicochemical properties (viscosity, shear thinning, yield stress, hydrogel crosslinking

mechanism) under the conditions provided by the bioprinting instrument

� Biocompatibility refers to the ability to perform as a material that will support the appropriate cellular

activity, including the facilitation of molecular and mechanical signaling systems, in order to optimize tissue

regeneration, without eliciting any undesirable host responses

� Biodegradability describes the biological processes inside the body that cause a gradual breakdown of a

material. Degradation kinetics should be matched to the novo tissue formation and the byproducts

generated should be nontoxic

� Biomechanical properties of the material should provide sufficient structural integrity to the printed

construct and match tissue specific biomechanic requirements

� Biomimicry refers to the ability of reproduce tissue-specific endogenous material compositions

3D bioprinting processing parameters � The four main variables that need to be balanced to optimize the printing procedure and ensure the

design fidelity are: the needle/tip size, the distance from the tip to the surface, the material flow rate and

the linear write speed

� These variables are balanced when the leading edge of the printed bioink is continual with the needle,

being possible to dispense a uniform strand

� These aforementioned variables need to be optimized for every different material used

� Changes on environmental conditions such as humidity and temperature may influence printing fidelity

� As printed structures increase in complexity, the incorporation of support structures within the fabricated

pattern is necessary

� The printing time should be considered, since extended periods of time at non-optimal temperature,

humidity or material biocompatibility will affect both material properties and cell viability
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fate and function (reviewed in [129]). In the human body, tissue

rigidity ranges from 0.2–5 kPa in soft tissues as brain, to 15,000 kPa

in bone, being an important parameter to be considered when

aiming to design 3D tissue and organ analogues.

Besides the need to be biocompatible and biodegradable, a

biomaterial formulation for bioprinting must possess suitable

physicochemical properties in order to fabricate 3D constructs

with high resolution and printing fidelity – a characteristic named

printability (Box 7) (reviewed in [130–132]). In addition, it must

also be optimized in order to minimize stress-induced damage to

the cells and biological components, which occur during the

deposition process (reviewed in [130–132]). The ideal hydrogel

formulation should reach a compromise between preserving cell

viability and matching optimal printability.

Viscosity, shear thinning and yield stress of a defined bioink will

directly affect printing fidelity during the biofabrication process.

Similarly, the specific processing parameters will define the shear

stress that cells will suffer during the deposition and the time

required for the fabrication of a given 3D construct (e.g., tip size,

flow rate, temperature; Box 7). Another important outcome is the

maintenance of sufficient structural integrity by the bioprinted 3D

construct, which will be mainly dependent on the gelation of the

hydrogel formulation. Natural and synthetic hydrogels applied to

3D bioprinting and their correspondent gelation mechanism are

further reviewed elsewhere (reviewed in [130–133]).

Elegant works have demonstrated the feasibility of 3D bioprint-

ing for the generation of several tissues, including bone [18], skin

[19], vascular grafts [118,120,134], tracheal supports [135], heart

[20,117,136] and cartilage [18,20] tissue structures, using several

cell sources such as human umbilical vein endothelial cells, mes-

enchymal stem cells, human meniscus cells and fibroblasts

(reviewed in [10,12]). However, the fabrication of human size organ

analogues with complex architectures requires a more elaborate 3D

bioprinting strategy, usually involving the co-deposition of other

material components (such as supportive and sacrificial materials),

together with cell-laden hydrogels, ensuring sufficient structural

integrity to the printed construct while maintaining an internal

porosity (Fig. 3). In this regard, the recent work by Atala and

coworkers provides a 3D bioprinting platform for the production

of tissues for human applications, paving the way for future build-

ing of solid organs [137].

Acellular organ-specific dECM hydrogels for 3D bioprinting

As decellularization protocols emerged, hydrogels made from

decellularized tissues including urinary bladder [138], heart

[139], liver [140], dermis [141], adipose tissue [142], bone [143],

and lung [144], among others, were developed and reported to

support growth and function of different cell types. However, it is

not until very recently that tissue-specific dECM hydrogels have

been envisioned as a new class of hydrogels for 3D bioprinting

[20,145–147]. Nowadays, one of the main hurdles when using

dECM hydrogels as bioinks relies on their low viscosity, which

inevitably compromise shape fidelity of the bioprinted 3D con-

struct, worsening printing resolution.

To date, only few studies have used dECM hydrogels for 3D

bioprinting, applying different strategies to improve their print-

ability [20,145–147]. Pati and coworkers were the first to success-

fully apply dECM hydrogels for 3D bioprinting. Their strategy

consisted on the co-deposition of an open porous structure of

polycaprolactone (PCL) as a supportive material, together with

the cell-laden dECM hydrogel made from cartilage, heart or adipose

porcine tissues [20]. Recently, the same group used skeletal muscle-

derived dECM hydrogels for 3D printing of muscle constructs [147].

Following a different strategy, Skardal and coworkers elegantly

developed modular hyaluronic acid and gelatin-based hydrogels

supplemented with porcine liver, cardiac and skeletal muscle

dECM solutions. Following a two-step crosslinking procedure,

the authors achieved printable bioinks with different stiffness

ranging from 100 Pa to 20 kPa, thus allowing the possibility to

mimic the mechanical characteristics of different tissues in the

body [145]. Other recent work by Jang and coworkers took advan-

tage of pig heart dECM to prepare cardiac-specific hydrogels that in

combination with human cardiac progenitor cells were used to

fabricate 3D bioprinted cardiac constructs. The gelation of cardiac

dECM hydrogels was based on thermal and chemical crosslinking

using vitamin B2 via UVA activation [146].

Future outlook
A major limitation when generating artificial organs on demand

stands in the development of techniques to properly reintroduce
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FIGURE 3

Schematic representation of a 3D bioprinting system consisting of a

computer aided 3-axis stage controller and a deposition module including

three different print heads connected to a pressure controller (a). Computer

aided design and computer aided manufacturing (CAD/CAM) process for

3D bioprinting of a human size kidney. A 3D CAD model generated from

medical imaging data (CT: computed tomography; MRI: magnetic resonance

imaging) produces a visualized motion program which dictates the XYZ

stage movements to generate the 3D bioprinted kidney prototype (b).
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cells into the organ-specific dECM scaffolds, assessing both com-

plete organ re-endothelization and functional activity. Due to

their intrinsic characteristics, hPSCs have been envisioned as an

optimal cell source for the generation of complex tissue structures

like the organ parenchyma and the vascular system, offering major

advantages when compared with adult somatic or stem cells for

the same purposes. Moreover, targeted genome editing, as CRISPR

platform, is a powerful tool to manipulate and correct disease

related genes in patient-derived hiPSCs, allowing for the genera-

tion of autologous-corrected cells suitable for disease modeling

and drug screening [148]. We believe that targeted genome editing

approaches combined with recent progress in the formation of

patient-specific hiPSCs-derived organoids could provide an un-

precedented source of organ-specific cell types suitable for cell

replacement therapies. In this regard, common efforts on the

definition of chemically defined conditions to culture hPSC-de-

rived organ-specific cells has led to the examination of novel

approaches guiding hPSCs maturation. Following these questions,

different works have relayed on the use of human dECM scaffolds

together with hPSCs in order to generate human tissue grafts

[43,84,104], and even to reconstruct whole organs [84,105], re-

vealing the impact of organ-derived dECMs on the proper instruc-

tion of hPSCs fate and function [40,43,84].

Alternatively, 3D bioprinting represents a formidable technol-

ogy for artificial organ generation. Besides the different limitations

of this nascent technology (e.g., printing resolution and time,

combination of different bioinks simultaneously, among others),

the possibility to print human-scale tissues has been recently

demonstrated [18]. In this regard, seminal studies have already

proved the feasibility to print 3D tissue constructs using organ-

specific dECM hydrogels as biomimetic bioinks [20,145–147],

opening the door to the fabrication of novel bioink formulations

matching cytocompatibility and mechanical strength require-

ments for 3D bioprinting.

Overall, we believe that recent advancements in the fields of

hPSCs differentiation together with organ-derived dECM scaffolds

or novel dECM-based hydrogels aimed for 3D bioprinting repre-

sent a step forward in the fabrication of autologous functional

tissues on-demand (Fig. 4 and Box 8). To this end, multidisciplin-

ary research in the field of engineering, biomaterials science, stem

RESEARCH Materials Today � Volume 20, Number 4 �May 2017

FIGURE 4

3D bioprinting approach for the development of patient-specific organ analogues such as kidney. Patient-specific iPSCs (a) are differentiated into renal

progenitor cells in 2D monolayer cultures (representative image for SALL1 and WT1 double positive renal progenitors by immunofluorescence) (b) that are

further induced to develop into kidney organoids (representative image for PAX8 and E-cadherin positive 3D renal-like structures by immunofluorescence)

(c). The combination of kidney dECM-based hydrogels (d) with patient iPSC-derived renal progenitor cells could be used for the biofabrication of specialized

3D renal constructs (representative image for PAX8 renal structures developed into printed kidney dECM-based hydrogels) (e). This approach renders to the

generation of tissue and organ analogues suitable for regenerative medicine applications (e.g., disease modeling, drug screening, cell replacement therapies,

among others).
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cell biology and medicine will be essential to further succeed in the

biofabrication of autologous organs for future clinical replacement

strategies.
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a b s t r a c t

In recent years, different studies have revealed that adult mammalian cardiomyocytes have the capacity

to self-renew under homeostatic conditions and after myocardial injury. Interestingly, data from animal

models capable of regeneration, such as the adult zebrafish and neonatal mice, have identified different

non-coding RNAs (ncRNAs) as functional RNA molecules driving cardiac regeneration and repair. In this

review, we summarize the current knowledge of the roles that a specific subset of ncRNAs, namely

microRNAs (miRNA), plays in these animal models. We also emphasize the importance of characterizing

and manipulating miRNAs as a novel approach to awaken the dormant regenerative potential of the adult

mammalian heart by the administration of miRNA mimics or inhibitors. Overall, the use of these stra-

tegies alone or in combination with current cardiac therapies may represent new avenues to pursue for

cardiac regeneration.

© 2017 Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Cardiovascular diseases (CVDs) represent a leading cause of

death worldwide [1,2]. Among them, coronary artery disease is the

most frequent cardiovascular disorder leading to acute myocardial

infarction (MI). In the best cases, patients who survive an MI

episode face progressive deterioration of their condition over the

years, ultimately resulting in heart failure. During the last decades,

many efforts have been focused on improving treatments during

the acute phase of MI and enhancing the contraction of the sur-

viving myocardium (i.e., b-blockers, angiotensin-converting

enzyme inhibitors, and mineralocorticoid receptor blockers,

among others). However, none of these approaches are aimed at

inducing the formation of new functional cardiac tissue. Since

transplantation remains the only therapeutic option for end-stage

heart failure, extraordinary efforts have been devoted towards the

identification of novel approaches to induce heart regeneration,

including: (i) the activation of resident cardiac progenitor cells with

proliferative competence and their differentiation into mature

cardiomyocytes, (ii) the transplantation of cardiac precursor cells to

the damaged myocardium, and (iii) improving the proliferation of

pre-existing cardiomyocytes by the administration of compounds

[3,4]. While the two first approaches have not proved successful

enough to restore the cardiomyocytes lost after injury, the third

approach involving the activation of endogenous cardiac regener-

ation by manipulating cardiomyocyte proliferation has recently

demonstrated promising outcomes.

Certain non-mammalian vertebrates, such as some fish and

amphibians are able to regenerate their heart throughout their

entire life [5e7]. For example, adult zebrafish have been shown

to elicit a primitive regenerative response upon injuries such as

cryoinjury [8e10], ventricular resection [6], genetic ablation of

cardiomyocytes [11] and hypoxia-reoxygenation injury [12].

Recently, lineage tracing approaches in this species have shown

that dedifferentiated cardiomyocytes re-enter the cell cycle

through increased expression of polo-kinase 1 (plk1) to replenish

the lost myocardium [7]. Despite these findings, endogenous

mammalian cardiomyocyte dedifferentiation upon injury was
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unexplored until 2011, when Porrello and colleagues observed a

remarkably similar regenerative response in neonatal murine

hearts to that seen in the adult zebrafish [13]. In particular, the

authors showed that amputating 10%e15% of the ventricular

mass in newborn mice elicited a regenerative response during

the early days of life (up to 7 days). These newly generated car-

diomyocytes restored heart function after approximately 30 days,

and arose from pre-existing cardiomyocytes, as demonstrated by

Cre/lox genetic lineage-tracing [13]. Supporting this notion,

Senyo and colleagues later provided conclusive observations

implicating pre-existing cardiomyocytes as the main cellular

source of new cardiomyocytes in aging mice and after MI [14].

Altogether, these findings suggest that the mammalian heart

possesses all the required elements for regeneration, and that the

identification of the molecular pathways sustaining these re-

sponses may represent an attracting area to complement existing

approaches for repairing the human heart [15].

Currently, regenerative strategies for heart healing rely on

developing efficient approaches linked to proliferation, differenti-

ation, and reprogramming. Although these methods have different

characteristics and outcomes, they all depend on gene regulatory

networks responsible for specialized biological processes during

cardiac development and disease [1]. Globally, non-coding RNAs

(ncRNAs) refer to those RNAs with no protein-coding potential but

control different aspects of gene regulatory network activity,

including transcriptional and epigenetic control, post-

transcriptional gene regulation, and nuclear genome organization

[1]. The different RNAs produced by the noncoding genome are rich

and diverse in terms of biogenesis, structure, and function [16]. To

date, hundreds of thousands of ncRNAs have been described in

humans, however, the precise role of a great majority remains

largely unknown. Traditionally, ncRNAs are classified based on their

size into two categories: small (<200 nt), which include microRNAs

(miRNAs), transfer RNAs, and small nucleolar RNAs; and longer

RNAs (>200 nt), which include ribosomal RNAs, natural antisense

transcripts and other long ncRNAs (lnRNAs) [17]. Recently, the

incorporation of ncRNAs within cardiac gene regulatory networks

represents a novel venue for therapeutic intervention in the heart.

Mounting evidence highlight the role of lncRNA in cardiac devel-

opment [18e23] and cardiovascular diseases [21e27]. The reader

may refer to the following reviews summarizing the effects of

lncRNAs on cardiac biology and regeneration [1,2,28,29], and car-

diac disease [30]. In this regard, the development of next genera-

tion sequencing techniques has allowed the characterization of

newly discovered lncRNAs in cardiac homeostasis and disease,

which will allow their use in diagnosis, disease progression moni-

toring and targeted therapies [30].

miRNAs represent the most extensively studied class of small

regulatory ncRNAs in the field of cardiac regeneration. These

21e22 nucleotide-long single-stranded ncRNAs guide RNA-

inducing silencing complexes to their target messenger RNAs

(mRNAs) for degradation or translational repression. Importantly,

miRNAs are known to control embryonic development, tissue

homeostasis and pathological processes, such as MI [31]. Recent

studies highlight that the activation of endogenous cardiac

regeneration may be possible by manipulating cardiomyocyte

proliferation. Alternatively, another approach to cardiac regen-

eration that has attracted much attention is the direct reprog-

ramming of fibroblasts into functional cardiomyocytes, raising

the possibility of in vivo conversion of cardiac fibroblasts into

cardiomyocytes within the injured zone. This review will focus

on highlighting the characteristics and biological roles of miRNAs

in these processes by paying specific attention to the studies

addressing the use of miRNAs that could be targeted for inducing

in situ myocardial repair after cardiac injury in a clinical setting.

2. miRNAs controlling cardiomyocyte proliferation after

cardiac damage: lessons from animal models

Regardless of the injury model used, cardiac regenerative re-

sponses in adult zebrafish are mediated by the proliferation of pre-

existing cardiomyocytes, which undergo de-differentiation and re-

enter the cell cycle. All these events drive cardiomyocyte migration

into the damaged area to restore the ventricular mass lost after

injury [7,32,33]. Indeed, genetic lineage tracing studies have

revealed that existing cardiomyocytes, and not stem cells, are the

major source of regenerating cardiac muscle in these species

[7,33,34]. In this regard, it has been demonstrated that car-

diomyocyte de-differentiation and proliferation after damage in the

adult zebrafish heart takes place as a major consequence to

sarcomere disassembly, which is required for DNA synthesis and

cell division to occur. Along this line, a recent study using proteomic

analyses has revealed that the zebrafish heart, similar to neonatal

mouse hearts, is characterized by an immature myofilament

composition, lacking many of the structural proteins present in

mature mouse cardiomyocytes [35]. However, such cardiac regen-

eration capacity found in the adult zebrafish is largely impeded in

the adult mammalian heart.

Within the last few years, alternative approaches attempting to

recapitulate innate mechanisms of cardiac regeneration as those

found in adult zebrafish or neonatal mice have attracted a lot of

attention. The inability of the adult mammalian heart to regenerate

reflects the postnatal loss of cardiomyocyte proliferative capacity,

which occurs during the first few weeks after birth in mice. Indeed,

the molecular mechanisms sustaining postnatal cardiomyocyte

binucleation and mitotic arrest remain unknown and are currently

some of the most challenging questions to answer in cardiac

biology. In an attempt to identify miRNAs involved in these pro-

cesses, Porrello and colleagues performed microarray analyses to

profile miRNAs involved in postnatal cardiomyocyte mitotic arrest

in 1- and 10- day old mouse hearts. Using this approach, the au-

thors observed that miR-195 expression was upregulated during

this period, and that its overexpression in developing car-

diomyocytes correlated with premature cell cycle arrest and a

predisposition to congenital abnormalities, including ventricular

septal defects [36]. On the contrary, postnatal inhibition of the

entire miR-15 family (miR-15a, miR-15b, miR-16-1, miR-16-2, miR-

195, and miR-497) using locked nucleic acid (LNA)-modified anti-

miRs extended the proliferative capacity of neonatal car-

diomyocytes beyond the normal window of postnatal cell cycle

arrest, resulting in increasing numbers of mitotic cardiomyocytes

and the de-repression of checkpoint kinase 1 [36]. Similarly, the

same group demonstrated that 1-day old miR-195 transgenic mice

failed to regenerate after an infarct, and that cardiac function was

severely impaired due to the formation of large fibrotic scars soon

after the infarct [37]. Accordingly, inhibition of the miR-15 family in

postnatal stages increased cardiomyocyte proliferation and

improved left ventricular function after ischemia-reperfusion (I/R)

injury in mice [37]. The same group observed similar results after

acute inhibition of the miR-15 family in mice and pig models [38].

Overall, these findings suggest that upregulation of the miR-15

family during the neonatal period is an important regulatory

mechanism that controls cardiomyocyte cell cycle arrest and

highlights its potential use as a therapeutic target for the manip-

ulation of cardiac remodeling and function. Nevertheless, further

studies are needed in order to ascertain its effects in cardiac pro-

liferation in adult stages [37].

Of interest, in a work by Yin and colleagues, miR-133, a miRNA

that induces defects in cardiac looping and chamber formation in

Xenopus [39], which also has known roles in cardiac proliferation

[40] and disease [41], was found to diminish its expression during
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zebrafish heart regeneration [42]. Accordingly, the authors engi-

neered a miR-133 sponge construct encoding an EGFP cDNA fol-

lowed by triplicate perfect binding sites for miR-133. In this

manner, by transgenic miR-133 depletion, authors achieved an

enhanced regenerative response seven days after ventricular

amputation compared with wild type controls. Remarkably, one of

themiR133 targets is Mps1 (monopolar spindle protein 1), a mitotic

checkpoint kinase that when mutated hampers zebrafish heart

regeneration leading to scar formation after damage [6].

Importantly, a genomic-scale screening performed by Eulalio

and colleagues has described several individual miRNAs andmiRNA

families able to reduce or stimulate cardiomyocyte proliferation

when delivered exogenously to neonatal rodent cardiomyocytes

[43]. Besides the miR-15 family, another family identified by the

authors to largely inhibit cardiac proliferation was the let-7 family,

a highly conservedmiRNA family that has previously shown to play

important roles during development and stem cell differentiation

[44]. Notably, recent findings from our laboratory have identified

that the miRNA (miR) clusters miR99/Let-7c and miR-100/Let-7a

are down regulated during the early stages of zebrafish regenera-

tion, resulting in increased expression of their protein targets:

smarca 5 (SWI/SNF-related matrix-associated actin-dependent

regulator of chromatin subfamily a, member 5) and fntb (beta

subunit of farnesyl-transferase) [15]. Interestingly, our results also

showed that both human andmurine hearts failed to downregulate

these miRs after injury, and that the delivery of anti-miRs using

adeno-associated virus (AAVs) in a mouse model of MI improved

cardiac function and was correlated with increases in the levels of

FNTB and SMARCA5 expression. Using this approach we also

demonstrated that experimental downregulation of miR-99/100

and/or let-7a/c in vitro (in primary cultures of neonatal car-

diomyocytes) and ex vivo (murine heart organotypic slices) resulted

in the expression of increased amount of GATA4, a marker associ-

ated with dedifferentiated cardiomyocytes, together with markers

of proliferation (PCNA, or phosphorylated H3, respectively) [15].

Importantly, it has been shown that both miR99a and Let-7c act as

key regulators of cardiomyogenesis during embryonic develop-

ment [45], and that the manipulation of the let-7-a/c miRNAs by

Lin28a allows for the induction of regenerative responses in several

adult mouse tissues [46].

Of note, in the above mentioned work by Eulalio and colleagues,

at least 40 miRNAs with previously unknown roles in stimulating

cardiomyocyte proliferation were also identified, including miR-

199a and miR-590, as well as the miR-17/92 and the miR-302/367

clusters [43]. The authors elegantly manipulate miRNA expression

in order to evaluate cardiomyocyte proliferation in vivo. Specifically,

they made use of high-throughput analyses and high-content mi-

croscopy systems to methodically identify proliferation-competent

cardiomyocytes using a library of 875 miRNA mimics. The study

was focused on the identification of miRNAs that promote

expression of proliferative markers (Ki67, H3S10ph) and incorpo-

ration of DNA analogs indicative of DNA synthesis. Using this

approach, the authors found over 204 miRNAs that enhanced car-

diomyocyte proliferation more than 2-fold in both neonatal rats

and adult mice. Subsequently, they selected two inducers with the

highest potential of cardiomyocyte proliferation, namely miR-199a

and miR-590, to be delivered into uninjured and infarcted adult

mice using adeno-associated virus serotype 9 (AAV9) transduction.

Interestingly, the overexpression of the two miRNAs increased

cardiomyocyte proliferation rates, cardiac regeneration and

improved cardiac function [43].

As stated above, the miR-17-92 cluster has also been recognized

as a critical regulator of cardiac proliferation [43]. Interestingly, this

same cluster was previously identified as a human oncogene [47]

and a regulator of cardiac function during embryonic heart

development [48]. Recently, Chen and colleagues have also

demonstrated that transgenic overexpression of the miR-17-92

cluster in the murine heart induces cardiomyocyte proliferation

in embryonic, postnatal and adult stages through the inhibition of

phosphatase and tensin homolog (PTEN) [49]. Moreover, Chen and

colleagues also showed that its overexpressionwas associated with

enhanced cardiac function after MI, highlighting its potential use

for the induction of cardiomyocyte proliferation and regeneration

in adult stages [49].

In addition to miRNAs that can act by suppressing or enhancing

cardiomyocyte proliferation, also several miRNAs have been

described to play a role in regulating cardiomyocyte survival.

Among them, the miR-34 family is induced after MI and promotes

cardiomyocyte cell death [17,50e52]. Specifically, miR-34a has

been described to be upregulated over time in both endothelial

cells and cardiomyocytes [53,54], after cardiac injury [31,52,54],

and in patients with heart failure [55]. Moreover, recent findings

indicate a cardioprotective effect for miR-34a during cardiac aging

[54]. Interestingly, miR-34a targets SIRT1, a deacetylase with car-

diac and vasculoprotective functions, which upon de-repression

contributes to the antiapoptotic effects of miR-34a inhibition.

Moreover, miR-34a represses the protein phosphatase 1 regulator

PNUTS (or serine/threonine protein phosphatase 1 regulatory

subunit 10 [PPP1R10]), which is involved inmediating DNA damage

response and telomere shortening [51,54]. Similarly, it has been

demonstrated that cardiac miR-34a levels are low in the early

postnatal period and will rise to adult levels within one week after

birth. Accordingly, overexpression of miR-34a in early postnatal

mice was found to limit cardiomyocyte proliferation and cardiac

regeneration following injury. Conversely, intravenous antagonism

of miR-34a using LNA improved cardiac function after MI in adult

mice through the modulation of genes previously linked to cellular

proliferation and/or survival, such as Bcl2, Cyclin D1 and Sirt1 [54].

Overall, mounting evidence highlights that manipulation of

cardiomyocyte proliferation is feasible and represents an effective

approach for cardiac regeneration. Nevertheless, the molecular

mechanisms promoting cardiomyocyte re-entry into the cell cycle

still remain largely unknown. In this regard, it has been recently

demonstrated that the miR302/367 cluster stimulates car-

diomyocyte proliferation during early heart development by

inhibiting the Hippo pathway, and that transient treatment with

miR302/367 mimics in mice after MI promotes cardiac regenera-

tion [56]. Interestingly, miR302/367 gain of function led to car-

diomegaly in fetal and juvenile hearts, which show a more

undifferentiated phenotype, similar to that seen in developing

hearts with disrupted Hippo signaling [57]. Conversely, the deletion

of Hippo signaling extends the heart's regenerative capacity beyond

the first week of postnatal life and sustains cardiomyocyte gener-

ation with functional recovery after MI in adult mice [57,58].

Similarly, deletion of Yap in the embryonic mouse heart causes

myocardial hypoplasia, which causes early embryonic lethality

[59,60], whereas in the postnatal heart it induces progressive

dilated cardiomyopathy, which is associated with a reduced num-

ber of mitotic cardiomyocytes during the neonatal stage [61].

Interestingly, when LAD ligation was performed in 7 day-old

transgenic mice overexpressing a constitutively active mutation

of Yap (YapS112A) under the control of an aMHC promoter, trans-

genic mouse hearts could regenerate with almost no fibrosis and

showed increased cardiac tissue formation [61]. Importantly,

overexpression of the constitutively active YapS112A mutation in

cultured cardiomyocytes was associated with the induction of

cardiomyocyte proliferation through activation of the insulin

growth factor (IGF) signaling pathway and the inactivation of

Glycogen synthase kinase 3 beta (GSK3b) [61], highlighting the

importance of Hippo and IGF-Wnt/b-catenin crosstalk for
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cardiomyocyte proliferation during heart development [60,62].

Research of the Hippo pathway in Drosophila has provided

important hints for understanding cell proliferation regulation and

organ size in mammals. In the developing mouse heart, many key

Hippo pathway components are functionally preserved throughout

evolution [63,64]. In mammals the most downstream Hippo

pathway components are the transcriptional coactivators Yap (Yki

in Drosophila) and Taz, which promote transcription of pro-

proliferative genes. Yap is inactivated by a kinase cascade that in-

cludes Mst1/Mst2 (Hippo in Drosophila) and the Lats kinases

(Lats1/2), which act together with the Mob1 complex to promote

Yap exclusion from the nucleus. Indeed, the work by Tian and

colleagues identified that one of the possible mechanisms of action

of the miR302/367 cluster is through the repression of Mst1, Mst2

and Mob1b [56]. Recently, Yang and colleagues conducted micro-

array analyses and observed that miR-206 expression was upre-

gulated by Yap in cardiomyocytes, and that cardiac-specific

overexpression of miR-206 in mice induced hypertrophy and

protected the heart from I/R injury, whereas its suppression exac-

erbated I/R injury and prevented pressure overload-induced car-

diac hypertrophy. Overall, the authors also identified FoxP1 as a

functional target of miR-206, which when overexpressed, attenu-

ated miR-206-induced cardiac hypertrophy and survival [65].

Fig. 1 summarizes the different miRNAs controlling post-natal

cardiomyocyte proliferation after injury in different animal models.

3. miRNAs controlling cardiomyocyte (re)programming

The possibility to isolate and expand cardiac progenitor cells

(CPCs) capable of differentiation into cardiomyocytes and vascular

cells has encouraged the field of cardiac regenerationwith hopes of

future uses in regenerative medicine. Several CPC populations have

been identified in the developing and adult heart including c-

Kit þ CPCs [66,67], cardiosphere-derived cells (CDCs) [68], epicar-

dium derived cells, cardiac side population cells [69], Sca-1þ CPCs

[70], Isl-1þ CPCs [71], and PDGRaþ CPCs [72], (further reviewed in

Fig. 1. microRNAs controlling post-natal cardiomyocyte proliferation. The use of different animal models has allowed for the identification of miRNAs driving cardiac

endogenous repair by the induction of proliferative responses in cardiomyocytes.
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Refs. [73,74]). Despite all the progress, the actual function of these

cell populations is still controversial and further studies are needed

in order to define their regenerative potential in a clinical setting

[4]. Other cell types, such as human embryonic stem cells (hESCs)

or induced pluripotent stem cells (iPSCs) have been recently eval-

uated. However, specification and differentiation towards cardiac

cell types must be tightly controlled in order to produce mature cell

types and avoid adverse events (i.e., tumor formation after trans-

plantation, among others). In addition, a robust protocol for their

derivation into cardiomyocytes has yet to be established, and the

generation of mature and functional cardiomyocytes from human

pluripotent stem cells still remains a major challenge in the field

(Fig. 2).

To date several miRNAs have been shown to promote cardiac

differentiation from hESCs.Wilson and colleagues reported the first

miRNA profiling of cardiomyocytes derived from hESCs and iden-

tified that the expression of several miRNAs, including miR-1, miR-

133, miR-208 was upregulated during the time course of differen-

tiation. The authors also defined a novel role for miR-499 in cardiac

differentiation, since its overexpression caused upregulation of the

cardiac transcription factor MEF2C [75]. Interestingly, both miR-

499 and miR-208 are also known to affect cardiac function. miR-

499 and miR-208 are encoded by an intron of MYH7 and MYH6,

respectively, and they share many predicted targets, though miR-

208 has been previously shown to play a crucial role in stress

adaptation of the adult heart [76]. In recent years, further studies

have tried to dissect the functional role of different miRNAs pre-

viously shown to be related to cardiac differentiation in stem cells,

and identified that whereas miR-499 promotes ventricular speci-

fication of hESCs, miR-1 facilitates electrophysiological maturation

[77].

In an effort to bypass the use of pluripotent stem cell sources as

the initial population for the derivation of cardiac cells, several

strategies are being devised to eliminate the risk of teratomas and

eventually allow for in vivo reprogramming of resident cardiac cells

(Fig. 2). Along this line, a recent report has demonstrated the direct

conversion of mouse fibroblasts to a cardiomyocyte-like phenotype

using a single transient transfection with a combination of miRNAs

with known roles in cardiac development and differentiation (miR-

1, miR-133, miR-208, and miR-499) [78]. Interestingly, the reprog-

rammed cells expressed specific markers for cardiac-like cells and

exhibited electrophysiological characteristics related to car-

diomyocytes. More importantly, direct administration of these

miRNAs into injured myocardia resulted in direct conversion of

cardiac fibroblasts to cardiomyocyte-like cells in vivo, as confirmed

by genetic tracing using Fsp1Cre-mice [78]. In parallel to these

findings, Nam and colleagues found that different human cardiac

transcription factors, including GATA binding protein 4, Hand2, T-

box5, and myocardin, together with two microRNAs, miR-1 and

miR-133, activated cardiac marker expression in neonatal and adult

human fibroblasts. Importantly, long-term culture of transduced

cells showed that human fibroblasts reprogrammed with these

Fig. 2. Cellular reprogramming for heart repair. To date reprogramming strategies as lineage conversion and/or guided differentiation from patient-specific iPSCs represent

attractive strategies for the treatment of cardiovascular diseases. The possibility to work with unlimited amounts of starting cell populations (either patient fibroblasts or patient-

specific iPSCs) would allow for their generation and expansion on demand.
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factors exhibited sarcomere-like structures and calcium transients,

and that a small subset of reprogrammed cardiac cells showed

spontaneous contractility. Interestingly, those changes were in

agreement with the acquisition of the expression of cardiac genes

and suppression of non-myocyte genes [79].

4. Conclusion

Though the ability to induce organ regeneration has fascinated

humanity for centuries, the cellular and molecular events driving

the generation of new tissue structures or parts of organs after

damage are still unknown. With respect to the heart, early studies

in amphibian, axolotls, and newts described the intrinsic capabil-

ities of those organisms to regenerate their hearts after damage

[80e82]. This potential has been believed to be absent in mammals

until the recent years, when independent studies highlighted the

observation that adult mammalian cardiomyocyte renewal occurs

under biological conditions [14,83,84]. Identifying the intrinsic

repair capacity of the mammalian heart has encouraged the sci-

entific community to develop therapeutic strategies to enhance this

residual potential. In this regard, comparative analyses between

cardiac repair and regeneration in different animal models and at

different stages of development have identified the existence of

conserved pathways driving heart regeneration. In this review, we

highlight different studies that provide convincing evidence that

miRNAs might represent an attractive approach when developing

novel strategies for heart healing. Despite these encouraging re-

sults, important issues need to be addressed before translating

these findings into the clinic. For instance, our understanding of

miRNA biology in cardiac tissue is still in its infancy, requiring

further studies in order to achieve a full perspective on cardiac

regulatory networks under miRNA control. Such information will

also benefit the development of effective and safe methods of

miRNA-targeting molecules and the avoidance of unwanted off-

target effects. Eventually, these advances will result in novel ther-

apeutic approaches targeting cardiac failure, a major unmet need in

the clinic.
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