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SUMMARY
MicroRNAs (miRNAs) are gene expression regulators and they have been implicated in acquired kidney diseases and in renal develop-

ment, mostly through animal studies. We hypothesized that the miR-199a/214 cluster regulates human kidney development. We de-

tected its expression in human embryonic kidneys by in situ hybridization. To mechanistically study the cluster, we used 2D and 3D hu-

man embryonic stem cell (hESC) models of kidney development. After confirming expression in each model, we inhibited the miRNAs

using lentivirally transducedmiRNA sponges. This reduced theWT1+metanephricmesenchyme domain in 2D cultures. Sponges did not

prevent the formation of 3D kidney-like organoids. These organoids, however, contained dysmorphic glomeruli, downregulated WT1,

aberrant proximal tubules, and increased interstitial capillaries. Thus, the miR-199a/214 cluster fine-tunes differentiation of both meta-

nephric mesenchymal-derived nephrons and kidney endothelia. While clinical implications require further study, it is noted that pa-

tients with heterozygous deletions encompassing this miRNA locus can have malformed kidneys.
INTRODUCTION

MicroRNAs (miRNAs) are small (20–25 nucleotides) RNAs

that regulate gene expression by binding to the 30 UTRs

of their target gene mRNA and inhibiting their translation

and/or causing their degradation (Bartel, 2009; Filipowicz

et al., 2008). Diverse studies, mostly in animal models,

are implicating miRNAs in acquired kidney diseases and

in renal development (Jones et al., 2018; Nakagawa et al.,

2015; Sankrityayan et al., 2019; Shaffi et al., 2018; Trionfini

et al., 2015; Zhao et al., 2019). MiR-199a and miR-214 are

transcribed as part of the long non-coding RNA dynamin

3 opposite strand (DNM3OS), from which they are excised

to yield their mature forms (Lee et al., 2009) and they

have been found to be involved in the development and

disease of various tissues. As examples, miR-199a is

involved in osteogenesis, chondrogenesis, and adipogene-

sis, and in the stress response to hypoxia in the heart, lung,

and brain (Gu and Chan, 2012), whilemiR-214 participates

in muscle, bone, pancreatic, and nervous system develop-

ment (Chen et al., 2010; Flynt et al., 2007; Joglekar et al.,

2007; Shi et al., 2013; Sun et al., 2018; Watanabe et al.,

2008) and protects against heart ischemia (Aurora et al.,

2012).More recently, expression and possible roles formiR-

NAs have begun to be investigated in the kidney. Indeed, a

number of groups have recently implicated miRNAs in

genetic diseases of the kidney (Trionfini et al., 2015). The

miR-17-92 cluster has been shown to be important in the

regulation of nephron progenitors in mice. miR-19b in

the cluster suppresses the cystic fibrosis transmembrane

conductance regulator (Cftr) gene, in murine nephron pro-
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genitors, and misregulation of this gene causes changes

in proliferation of the progenitors (Marrone et al., 2014;

Phua et al., 2019). Knockout studies revealed a requirement

for miR-210 through its regulation of Wnt signaling in the

development of normal nephron numbers in male mice

(Hemker et al., 2020). An anti-inflammatory/anti-cystic

role formiR-214 in autosomal dominant polycystic kidney

disease has also been identified (Lakhia et al., 2020). MiR-

214 also promotes kidney fibrosis in experimental animals

(Denby et al., 2014), which may be linked to its ability to

promote epithelial-to-mesenchymal transition (EMT) in

tubular epithelial cells (Liu et al., 2018c).MiR-199a expres-

sion is downregulated in human renal cell carcinoma (He

et al., 2015; Liu et al., 2018b) and deregulated in rodent ge-

netic models of polycystic kidney disease (Dweep et al.,

2013), in lupus nephritis (Ye et al., 2018), and in

ischemia/reperfusion injury (Godwin et al., 2010).

While the role and mechanisms of action of miR-199a/

214 in the kidney have begun to be elucidated, functional

studies that focus on human kidney development have yet

to be undertaken. We hypothesized that themiR-199a/214

cluster regulates human kidney development and elected

to use human embryonic stem cell (hESC)-based models

(Bantounas et al., 2018; Takasato et al., 2014, 2016) to

investigate its function. Following confirmation of miR-

199a/214 expression in histological sections of human em-

bryonic kidneys and in hESC-derived kidney tissues, we

differentiated hESCs in 2D and 3D in the presence or

absence of competitive inhibitors of the miRNAs (miRNA

‘‘sponges’’), which bind to andmaskmiRNAs thus prevent-

ing the latter from accessing their targets (Ebert et al., 2007;
uthors.
ecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. In Situ Hybridization for the miR-199a/214 Cluster in Human Embryonic Kidney at Week 12 of Gestation
(A–C) Low-magnification images showing part of the cortical region of week 12 human embryonic kidney sections probed with amiR-199a-
3p, miR-214-3p, or scrambled control probe. Squares show the positions of the high-magnification images in (D, E, and G–J).
(D–F) MiR-199a-3p was present in outer cortical, maturing (D), but not in more mature, deeper layer (E) glomeruli, and was also present in
interstitial cells (F).
(G–I) MiR-214-3p was also present in early maturing (G) but not more mature (H) glomeruli and was additionally expressed in interstitial
cells and some tubules (I).

(legend continued on next page)
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Ebert and Sharp, 2010). We found that inhibiting this

miRNA cluster resulted in aberrations of the metanephric

mesenchyme (MM) domain in 2D cultures. Sponges did

not prevent the formation of 3D kidney-like organoids.

Histological and molecular analyses of these organoids,

however, revealed glomerular dysmorphology and an in-

crease of the capillary network between tubules. Thus,

the miR-199a/214 cluster fine-tunes the differentiation of

the human kidney.
RESULTS

Expression of the miR-199a/214 Cluster in the

Developing Human Kidney

To determine expression of themiR-199a/214 cluster in the

developing kidney, we performed in situ hybridization

(ISH) experiments, using digoxigenin-labeled locked nu-

cleic acid (LNA) probes, firstly on 12-week gestation human

embryonic kidney sections (Figure 1). We focused on miR-

199a-3p and miR-214-3p because these are the dominant

mature strands stemming from their corresponding pre-

miRNA hairpins in most tissues, according to the miRBase

database (Kozomara andGriffiths-Jones, 2011).MiR-214-3p

expression appeared more widespread than that of miR-

199a-3p (Figures 1A–1C). On higher-power images, both

were expressed in less mature more superficial glomerular

tufts, including in presumptive podocytes (Figures 1D

and 1G), but they appeared downregulated in the most

mature (i.e., deepest) glomeruli (Figures 1E and 1H). In

addition, both miRNAs were expressed in the interstitium

between tubules (Figures 1F and 1I). MiR-214-3p but not

miR-199a-3p was expressed in cortical tubules (Figures 1F

and 1I) and in the nephrogenic zone, where it was promi-

nent in S-shaped bodies, nephron precursors (Figure 1J).

We also examined expression of the miRNAs in week 7 hu-

man embryonic sections (Figures 2A and 2B) and stained

for WT1, CDH1, and MEIS1 to identify MM, tubules, and

interstitium, respectively (Figures 2C–2E). We detected

both miR-214-3p and miR-199a-3p in the interstitium

within the rudimentary metanephros and around the ure-

ter stalk at 7 weeks gestation, in a similar location to MEIS1

immunostaining.
Expression of the miR-199a/214 Cluster in hESC-

Kidney Development

Having confirmed expression of miR-199a and miR-214

in vivo, we wanted to investigate their potential roles in

the developing kidney. To this end, we first used a previ-
(J) Higher-magnification view of the nephrogenic zone showing stron
H); 200 mm (F, I); and 40 mm (J). t, tubule; s, stroma; g, glomerulus; ss
(pink) counterstain.
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ously establishedmethod of hESC differentiation to kidney

in 2D culture, capable of modeling early events in kidney

development (Bantounas et al., 2018; Takasato et al.,

2014) (Figure 3A). In thismodel, stem cells are first differen-

tiated, through intermediate mesoderm, to precursor cells

forming multilayered structures emanating from the cell

monolayer. Cells within these immature structures initially

express both epithelial (CDH1 [E-cadherin]) andMM (WT1

[Wilms tumor 1]) markers (Figure 3B). As the cells mature,

these structures are divided into mutually exclusive WT1+

and CDH1+ domains (Figure 3C). We traced the expression

of the primary transcript (DNM3OS) as well as individual

mature miRNAs of the cluster by qPCR in three different

hESC lines: MAN13, MAN11, and HUES1 during kidney

differentiation (Figures 3D, 3E and S1). In each line, we

observed a similar pattern of expression, with both the pri-

mary and mature transcripts being expressed simulta-

neously, starting between days 7 and 10 of differentiation

and increasing thereafter, reaching a plateau in HUES1

and MAN13 during the second half of the differentiation

protocol. MiR-199a-3p and miR-214-3p were the dominant

mature species for miR-199a and miR-214, respectively,

while expression of the 5p strandswas at least 10-fold lower

in both cases.

Inhibition of miR-199a/214 Decreases the Amount of

MM and Alters Epithelial Morphology in

Differentiating hESC Cultures

Wenextwanted to knowwhether inhibiting either of these

miRNAs would have an effect on the differentiating cul-

tures. We constructed lentiviral vectors expressing miRNA

inhibitors (sponges) against each of the fourmature species

of the miRNA cluster (miR-199a-5p,miR-199a-3p,miR-214-

5p, and miR-214-3p), previously shown to be effective by

Tsujimura et al. (2015), under the control of a U6 promoter

(Figure 4A). These inhibitors act by binding to the mature

miRNAs, thereby preventing the latter from accessing their

intracellular targets (Ebert et al., 2007). MAN13 hESCs were

transduced with the sponge-expressing lentiviral vectors

(or with control lentivirus expressing only EGFP) on the

day of plating and then differentiated. At the end of the

2D protocol (day 30), the cultures were immunostained

forWT1, as amarker ofMM in the developingmultilayered

kidney tissue, and also for CDH1 to assess the extent of

epithelialization. Inhibiting miR-199a-3p significantly

decreased the extent of the MM domain, as judged by the

proportion of multilayered kidney tissue masses that

immunostained positive for WT1 (Figures 4B–4G). More-

over, inhibition of miR-214-3p (but not of miR-199a-3p)
g miR-214-3p expression. Scale bars, 100 mm (A–C); 50 mm (D, E, G,
b, S-shaped body. Stained areas appear purple, over Nuclear Fast Red



Figure 2. Expression of Members of the
miR-199a/214 Cluster in Human Embry-
onic Kidney at Week 7 of Gestation
(A and B) In situ hybridization with LNA
probes againstmiR-199a-3p andmiR-214-3p,
revealing expression of both miRNAs mainly
in the stroma. Stained areas appear purple,
over Nuclear Fast Red (pink) counterstain.
(C–E) Sections of week 7 human embryonic
kidneys were stained for different lineage
markers (WT1 for MM; CDH1 for tubules;
MEIS1 for stroma). Scale bars, 100 mm. s,
stroma; ub, ureteric bud tip; uret, ureter.
Stained areas are brown, over hematoxylin
(blue) counterstain.
appeared to change the morphology of the epithelia mak-

ing these structures more elongated compared with con-

trols (Figures 4H–4K and S2).

Following this, we tested if overexpressing miR-199a, us-

ing a lentiviral vector in a different hESC line, MAN11,

which normally generates a lower proportion of the WT1+

(MM) domain than MAN13, had opposite effects. Indeed,

overexpression of miR-199a increased the extent of the

WT1+ domain, while by the end of the differentiation proto-

col, it made CDH1+ tubules appear less thin/elongated; the

opposite of the effects elicited by the sponge (Figure S3).

Effects of DownregulatingmiR-199a/214 in Organoids

We next investigated whether the perturbation of the

WT1+ domain observed in 2D culture correlated with de-

fects in nephron maturation in more mature tissues. As

the 2D differentiation method that we employed does

not progress beyond the condensation of MM around

branching tubules (Bantounas et al., 2018), we differenti-

ated hESCs into 3D kidney organoids (Figures 5A–5D).

We and others have previously shown that this method
predominantly yields MM-derived nephrons with imma-

ture glomeruli and proximal tubules, as well as minor pop-

ulations of distal-like tubules and collecting duct-like struc-

tures (Bantounas et al., 2018; Takasato et al., 2016). To

ascertain that this was a suitable model for our investiga-

tion, we first differentiated MAN13 hESCs using this

method and determined the level of both the pre-miRNA

(DNM3OS) and the mature miRNAs of the miR-199a/214

cluster during differentiation by qPCR. Similarly to the

2Dmodel, the expression of all molecular species increased

with time andmiR-199a-3p andmiR-214-3pwere the domi-

nant strands (Figures 5E and 5F). We also performed LNA

probe ISH with probes against miR-199a-3p and miR-214-

3p, finding that interstitial cells, tubules, and glomeruli ex-

pressed these miRNAs (Figures 5G–5L).

Inhibition of miR-199a-3p or miR-214-3p Results in

Formation of Dysplastic Nephrons and a Denser

Vascular Network

After verifying expression of the miRNAs in the 3D orga-

noid model, we proceeded to inhibit their activity in this
Stem Cell Reports j Vol. 16 j 134–148 j January 12, 2021 137



Figure 3. Expression of the miR-199a/
214 Cluster in MAN13 hESC Cultures
Differentiating to Kidney in 2D
(A) Schematic representation of the 2D dif-
ferentiation protocol.
(B and C) 2D cultures immunostained for
CDH1 and WT1 at day 13 (B) and day 30 (C) of
the differentiation protocol, showing the
eventual separation of CDH1+ (epithelial
cells) and WT1+ (MM) to discrete areas of the
developing structures. Scale bars, 120 mm.
(D and E) Time course of the primary tran-
script (D) and mature miRNAs (E) of the miR-
199a/214 cluster during 2D differentiation,
assessed by qPCR (mean ± SEM; n = 3 inde-
pendent differentiation experiments).
See also Figure S1.
system.We transducedMAN13 hESCs with lentiviruses ex-

pressing sponges against miR-199a-3p or miR-214-3p, or a

control EGFP lentivirus (Figure 4A), then differentiated

them as 3D organoids. We confirmed transgene expression

from the vectors through to the end of the differentiation

protocol (day 25), as shown by the persistence of EGFP

signal (Figure S4), at which point we undertook immuno-

histochemical and molecular analyses. In control organo-

ids, we detected round glomerular profiles with delicate

fronds in their tufts, and these glomeruli immunostained

for SYNPO (Synaptopodin), PODXL (Podocalyxin), and

WT1. In contrast, subsets of glomeruli were dysmorphic

in organoids in which miR-199a-3p or miR-214-3p was in-

hibited (Figures 6A–6I). These glomeruli appeared to have

irregular, sometimes square-shaped outlines and lacked

delicate fronds in their tufts, and it was difficult to discern

discrete junctions between the Bowman space and the

adjacent tubule. There was, however, no difference in pro-

portions of each organoid that immunostained for the

three glomerular markers, suggesting that the total mass

of glomeruli was not affected. Interestingly, as measured

by qPCR, transcripts for PODXL were significantly lower

than in controls when miR-214-3p was inhibited, and

WT1 transcripts were significantly downregulated when

either miRNA was inhibited (Figures 6M–6O). Numerous

other kidney differentiation transcripts were not affected

by miRNA inhibition (Figure S5), suggesting a specific ef-

fect. Moreover, our manipulations had no significant effect

on the average size of the organoids, as assessed by

measuring the areas of their transversemid-sections on his-

tology (Figure S6A).
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Organoid sectionswere then immunostained for the prox-

imal tubule apical protein Cubilin (CUBN) (Nielsen et al.,

2016) to determine whether miRNA inhibition had any

adverse effects on proximal tubules (Figures 6J–6L). The pro-

portions of organoid cross-sections with positive CUBN

stainingdidnot differ significantlybetween the three groups

(Figure S6B). On close inspection, however, the normal api-

cal linear pattern of CUBN seen in control organoids (Fig-

ure 6J) was difficult to discern in sponge-treated organoids,

inwhich thepatternappearedmorediffuse, sometimesgran-

ular and cytoplasmic, pointing to a loss of its proper cellular

polarity (Figures 6K and 6L). To examinemore distal parts of

the nephron andpresumptive collecting ducts,we immuno-

stained for CDH1, but observed no differences between con-

trol and sponge-treated organoids (Figures S6C–S6H).

We further asked if our miRNA manipulations had an ef-

fect on the development of blood vessels in the organoids.

Compared with controls, PECAM1 immunostaining

(marking vascular endothelial cells) revealed a significantly

denser network of vessels in both anti-miR-199a-3p- and

anti-miR-214-3p-treated organoids compared with controls

(Figure 7). Vasculature was observed surrounding the devel-

oping Bowman capsule but in no condition did we observe

glomerular tufts with capillary loops. Thus, the over-abun-

dant capillaries remain confined to the interstitial space.

Molecular Sponges that Target the miR-199a/214

Cluster Result in a Tendency for Increases in Key

Kidney Developmental Transcripts

Finally, to gain insight into themechanism of action of the

miR-199a/214 cluster, we measured the levels of several



Figure 4. Inhibition of Members of the
miR-199a/214 Cluster by miRNA Sponges
in Differentiating 2D Cultures
MAN13 hESCs transduced either with control
(EGFP-only) lentiviral vectors or with vectors
expressing ‘‘sponge’’ inhibitors against miR-
199a-5p, miR199a-3p, miR-214-5p, or miR-
214-3p schematically shown in (A) were
differentiated in 2D and immunostained
with WT1 or CDH1 antibodies at the end (day
30) of the protocol.
(B–G) Inhibition of miR-199a-3p caused a
significant decrease in the extent of the
WT1+-stained area (MM) within developing
cell aggregates (examples outlined) in
differentiating cultures. Quantified in (G):
mean ± SEM; n = 3 independent differenti-
ation experiments; *p < 0.05, one-sample t
test; individual p values are also shown for
anti-miR-199a-3p and anti-miR-214-3p).
Scale bars, 120 mm.
(H and I) Low-magnification images showing
that inhibition ofmiR-214-3p results in more
elongated epithelial structures (CDH1+) in
the cultures. Scale bars, 600 mm.
(J and K) Examples of individual CDH1+ tu-
bules showing normal (control) versus
elongated (anti-miR-214-3p) phenotype.
Scale bars, 60 mm.
See also Figures S2 and S3.
miR-199a/214 target transcripts that have been shown to

be destabilized by these miRNAs in other (non-renal)

models and which have also been shown to play roles in

kidney development (reviewed in Little and McMahon,

2012; Papakrivopoulou et al., 2013). We predicted that, if

the activity of the miRNAs were to be inhibited by the mo-

lecular sponges, then the levels of the target transcripts

should increase. Indeed, we observed tendencies for several

of these targets to increase at the later time points of our or-

ganoid differentiation protocol. FZD4, VANGL2, and

MAPK8 tended to increase when the anti-miR-199a-3p

sponge was applied (Figure S7A), while levels of FZD4 tran-

scripts tended to increase in the presence of the anti-miR-

214-3p sponge (Figure S7B). As assessed by the DIANA-miR-

Path software (Vlachos et al., 2012), these three species of

transcripts are not only targets of themiR-199a/214 cluster,

but they also participate in the same WNT signaling

pathway that controls planar cell polarity. Indeed, an aber-

ration in planar cell polarity may help explain the loss of

uniform apical CUBN immunostaining in tubules in the or-

ganoids when either of the miRNAs was inhibited (Figures

6J–6L). Furthermore, WNT9b from the developing ureteric
bud signals to the surrounding MM, binding to FZD4 to

synchronize the maturation of both tissues (Carroll et al.,

2005) and this is in agreement with our observation that

the balance between MM and tubules is deregulated in

our sponge-treated 2D cultures (Figures 4B–4G). In addi-

tion to this, levels of TWIST1 and JAG1 transcripts, both

previously shown to be downstream of WNT (Howe

et al., 2003; Katoh and Katoh, 2006), also showed a ten-

dency to increase at certain points of the organoid differen-

tiation protocol after exposure to the molecular sponges.
DISCUSSION

In this study, we showed that a particular miRNA locus, en-

coding the miR-199a/214 cluster, is expressed both in hu-

man embryonic kidneys in vivo, and in kidney tissues

differentiated from cultured hESCs. We inhibited these

miRNAs using molecular sponges, and we overexpressed

them in human stem cell-derived kidney tissues. Neither

manipulation prevented the formation of kidney-like tis-

sues, either in 2D or in 3D organoid cultures. Critically,
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however, we report here that the miR-199a/214 cluster has

demonstrable effects in fine-tuning the development of

human nephrons, and the extent of the capillary network

between tubules. These effects are also consistent with

the fine-tuning roles played by miRNAs in other, non-kid-

ney, examples of mammalian development and differenti-

ation (e.g., Martinez and Walhout, 2009; Schratt, 2009;

Xiao and Dudley, 2017). Indeed, we noted that the expres-

sion level of the miR-199a/214 cluster tended to increase

during the stem cell-to-kidney differentiation protocol.

This, again, is in accord with the idea that these molecules

do not control, for example, whether a specific organ, such

as a kidney, will initiate but instead will modify its tissue

components as its nephron and vascular lineages continue

to mature.

Using ISH of human embryonic kidneys we detected

both miRNAs in the interstitium within the rudimentary

metanephros and around the ureter stalk at 7 weeks gesta-

tion. At 12weeks, bothmiRNAswere expressed in the inter-

stitium, with miR-214 also detected in the nephrogenic

zone and in deeper tubules. Next, hESCs were used to

investigate the role of the cluster in kidney development.

miR-199a/214 was upregulated during 2D kidney differen-

tiation in several wild-type lines. In 3D organoids, intersti-

tial cells, tubules, and avascular glomeruli expressed these

miRNAs as assessed by ISH. It should be noted that, as pre-

viously observed (Bantounas et al., 2018), glomeruli that

differentiate in organoid culture remain immature

compared with in vivo counterparts. This may explain

why we observed marked miRNA expression in glomeruli

within organoids yet only transient expression of the miR-

NAs in glomeruli in native embryonic human kidneys, i.e.,

the outer layers of glomeruli, that would have recently

formed from MM, were positive but the deeper, more

mature, glomeruli appeared to have downregulated the

miRNAs. In 2D cultures, transduction of lentiviral vectors

overexpressing sponge inhibitors into hESCs decreased

the MM domain, as assessed by WT1 immunostaining,

and altered themorphology of adjacent tubules, as assessed

by CDH1 immunostaining. To understand the repercus-
Figure 5. Endogenous Expression of miR199a/214 Cluster Memb
Organoids
(A) Schematic representation of the differentiation protocol. On day
continue developing as 3D organoids.
(B–D) Phase contrast images showing the development of the org
morphogenesis is visible in the periphery of the organoids. Scale bar
(E and F) Time course of the primary transcript (D) and mature miRNAs
assessed by qPCR (mean ± SEM; n = 3 independent differentiation
experiment).
(G–L) In situ hybridization with LNA probes against miR-199a-3p a
glomerular expression as well as some often patchy expression in the tu
Stained areas appear purple, over Nuclear fast red (pink) counterstai
sions inmoremature developing kidneys, we differentiated

control or miRNA sponge-transduced hESCs into 3D orga-

noids. Here, we documented dysmorphic glomeruli and a

more prominent interstitial vascular network. Thus, the

miR-199a/214 cluster fine-tunes differentiation of both

MM-derived nephrons and capillaries between tubules.

While clinical implications of these observations require

further study, it is noted that a subset of peoplewith hetero-

zygous deletions encompassing theDNM3OS locus that en-

codes the miR-199a/214 cluster, have malformed kidneys

and renal tracts (Chatron et al., 2015). Importantly, these

patients did not completely lack kidneys but instead had

organs that were, for example, abnormal in shape (Chatron

et al., 2015). Although there is no published information

about kidney physiology or histology in these individuals,

based on our ex vivo organoid experiments we predict that

the following may be found in the patients on further

investigation: a reduced glomerular filtration rate, because

of dysmorphic glomeruli; and a Fanconi-like syndrome of

proximal tubule dysfunction, because of the combination

of disturbed polarity demonstrated by CUBN mislocaliza-

tion, as well as aberrations in peritubular capillaries. In

future, it would be informative to generate induced plurip-

otent stem cells from such individuals; we predict that the

kidney organoids that would form from them would have

similar phenotypic aberrations to those in the current

study. To our knowledge, patients with biallelic deletions

of the DNM3OS locus have yet to be reported, so their po-

tential renal phenotype is unknown.

In the 2D differentiating cultures, inhibitingmiR-199a or

miR-214 resulted in a proportionally smaller WT1+ domain

(representing MM) at the end of the protocol, which could

be linked to nephron abnormalities that were observed in

our 3D organoid experiments. A similar effect in terms of

the MM domain was observed by Takasato et al. (2016),

whereby increasing the duration of Wnt pathway activa-

tion at the beginning of hESC differentiation to kidney tis-

sue resulted in a higher proportion ofMM in the cultures, at

the expense of presumptive ureteric bud-derived epithe-

lium, whereas decreasing it had the opposite effect. Wnt
ers during Differentiation of MAN13 hESC-Derived 3D Kidney

7, the cells are pelleted and transferred to Transwell membranes to

anoids during the 3D part of the differentiation protocol; clear
s, 600 mm.
(E) of themiR-199a/214 cluster during 3D organoid differentiation,
experiments, with three organoids pooled per time point in each

nd miR-214-3p on day 30 organoids shows strong interstitial and
bules. Scale bars, 50 mm. t, tubules; g, glomeruli (shown by arrows).
n.
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signaling is central to nephron development (Carroll et al.,

2005; Kobayashi et al., 2008; Park et al., 2007); so, mecha-

nistically, the two observations could be linked, given that

themiR-199a/214 cluster has been shown to control mem-

bers of theWnt pathway (including b-catenin, GSK3b, and

Frizzled-4 [Alexander et al., 2013; Ghatak and Raha, 2015;

Wang et al., 2012; Xia et al., 2012]) in a variety of tissues.

Notably, although in 2D there was a reduction of the

WT1+ cell population when the miRNAs were inhibited,

we did not observe the same in our 3D organoids, where

the overall area stained with an anti-WT1 antibody was

the same across all conditions. It must be noted, however,

that our 3D organoids reach a later stage in kidney develop-

ment, when the majority of WT1+ cells are confined to

glomeruli and, thus,WT1 staining represents immature po-

docytes rather than MM. Nonetheless, in miRNA sponge-

treated organoids, we observed a trend for increased levels

of target transcripts of genes involved in WNT signaling,

implying the deregulation of the pathway and potentially

linking our 2D with our 3D organoid results, as well as

mechanistically explaining our observed phenotype. In

future studies, detailed proteomic analyses of control versus

sponge-treated organoids should be informative to both

confirmthe effects on these targetmolecules and to identify

further targets. The latter is especially important given that

levels of many target transcripts do not decrease upon

miRNA binding, but instead the levels of encoded proteins

are reduced due to miRNA-induced block in translation.

In addition, despite the extent of PODXL and WT1 im-

munostaining being unchanged compared with controls,

transcripts encoding these proteins were actually lower in

the sponge-treated organoids. Since immunohistochem-

istry is not quantitative, the amount of WT1 protein in tis-

sues may therefore actually be less, contributing to the

abnormal glomerulogenesis observed: indeed, it is known

that WT1 drives expression of PODXL (Palmer et al.,

2001), whichmay in turn lead to the glomerular abnormal-

ities observed in our organoids.

Another abnormality that was observed in organoids

treated with the miRNA sponges was in proximal tubules
Figure 6. Characterization of Glomerular and Proximal Tubule Mo
(A–I) MAN13-derived organoids treated with anti-miRNA sponges and
and immunostained using antibodies against glomerular markers: (A–
the circular profiles in controls with fine fronds in the glomerular t
organoids; (D–F) PODXL; (G–I) WT1. Scale bars, 100 mm. Immunostai
(J–L) Organoids immunostained for CUBN (brown; no counterstain),
continuous linear apical pattern in control tubules (J) (marked by arro
L). Scale bars, 20 mm.
(M–O) Quantification of transcripts encoding SYNPO, PODXL, andWT1 b
differentiation experiments; each dot represents a pooled RNA sample
test).
See also Figures S4–S7.
that, like glomeruli, are derived from WT1+ MM. In the

sponge-treated organoids, proximal tubules lacked the

normal apical linear pattern of CUBN, perhaps suggest-

ing aberrant polarity. This phenotype is in keeping

with the expression of the miRNAs we observed in con-

trol organoid tubules, as well as miR-214-3p expression

in human embryonic kidney tubules in vivo. Moreover,

we observed tendencies for increased transcript levels

of FZD4, VANGL2, and MAPK8, mRNAs encoding planar

cell polarity molecules implicated in kidney tubule

morphogenesis and differentiation (Papakrivopoulou

et al., 2013). An aberration of CUBN would be predicted

to compromise the processing of glomerular ultrafiltrate

(Nielsen et al., 2016) and we note that an important

role for miRNAs in regulating ion transport in the kidney

has already been suggested (Elvira-Matelot et al., 2011;

Liu et al., 2017).

Epithelial structures were clearly affected in 2D cultures

transduced with the anti-miR-214 sponge vector: CDH1+

epithelia became more elongated and connected up to

form a network. These branched CDH1+ tubules in 2D cul-

tures are more likely to represent ureteric bud derivatives

and inhibiting miR-214-3p could, thus, favor ureteric bud

epithelium stabilization, while restricting MM (as shown

by the reduction in WT1+ cells). In agreement with this

interpretation, CDH1 itself has been previously reported

as a direct target of miR-214 (Wang et al., 2016), while in

some cancers miR-214 was found to promote EMT (Liu

et al., 2018a; Long et al., 2015; Zhao et al., 2018) and there-

fore inhibiting it would be expected to result in epithelial

stabilization.

We have also shown that inhibition of miR-199a/214 re-

sulted in an increased vascular network in kidney organo-

ids. This is in agreement with previous studies in non-kid-

ney tissues indicating that miR-199a and miR-214 are

mainly antiangiogenic. For instance, miR-214 is expressed

in vascular smooth muscle cells, where it targets proangio-

genic QKI (van Mil et al., 2012) and it is upregulated in

heart failure patients (Duan et al., 2015), in both cases

preventing vascular sprouting. The cluster also targets
rphology following Inhibition of miR-199a/214 Activity
control organoids were fixed at the end of differentiation (day 25)
C) SYNPO, with a typical glomerulus circled in each condition. Note
ufts, whereas the glomeruli are dysmorphic in the sponge-treated
ning is brown over hematoxylin (blue) counterstain.
marking proximal tubules (individual tubules outlined) revealed a
ws), which is disorganized in the anti-miRNA sponge organoids (K,

y qPCR at day 25 of differentiation (mean ± SEM; n = 3 independent
from three organoids; N.S., not significant; *p < 0.05, one-sample t
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Figure 7. Inhibition of miR-199a or miR-
214 Increases Vascular Density in Kidney
Organoids
(A–C) MAN13-derived organoid sections
were immunostained for PECAM1 (marking
vascular endothelial cells). Scale bars,
500 mm.
(D–F) PECAM1+ areas of the organoids in (A–
C) are highlighted in each case showing the
increased extent of staining in the anti-
miRNA organoids.
(G–I) High-power images showing the
denser network of blood vessels in the anti-
miRNA organoids compared with controls.
Scale bars, 100 mm. Immunostaining is
brown over hematoxylin (blue) counterstain.
(J) Quantification of the extent PECAM1
staining in organoids (mean ± SEM; each dot
represents a separate organoid; organoids
from three independent experiments were
used *p < 0.05, **p < 0.01 ANOVA, followed
by post-hoc t tests).
See also Figures S4–S7.
vascular endothelial growth factor (VEGF) and its recep-

tors in endometrial cell hypoxia, coronary heart disease,

and cancer (Dai et al., 2015; Ghosh et al., 2017; Jin

et al., 2015). In fact, inhibition of these miRNA is

emerging as a mechanism that allows tumor angiogenesis

and survival (He et al., 2013; Lombardo et al., 2018; Orso

et al., 2020; Wang et al., 2012). In the light of these find-

ings, it is, therefore, not surprising that we observed a

similar ‘‘contra-vascular’’ function for the cluster in the

kidney. Our data reinforce the idea that considering regu-

lation of the vascularization as predominantly reliant on

growth factor (e.g., VEGFA)-receptor interactions is a

considerable simplification. This is supported by the

recent data from Wang et al. (2020) showing that,

although miR-218-2 homozygous knockout mice were

not viable, in the heterozygote knockout the density of
144 Stem Cell Reports j Vol. 16 j 134–148 j January 12, 2021
capillaries was found to be reduced around kidney tubules

postnatally.

Finally, given the very strong stromal expression of the

miRNA cluster in both human tissue sections and organo-

ids, it may appear surprising that abnormalities following

miRNA inhibition were mainly in nephrons. However, it

must be stressed that the different cell populations in the

developing kidney depend on each other to co-develop

and differentiate and that miRNA may play a role in this

communication. Furthermore, a significant change

occurred in the vasculature throughout the interstitium.

In keeping with the results of our study, when Dicer1 (the

main nuclease effecting miRNA maturation) was knocked

out in the kidney stroma (Foxd1+ cells of mice), severe

glomerular, tubular, and angiogenic abnormalities were

observed (Nakagawa et al., 2015).



In summary, our data strongly suggest the importance of

the miR-199a/214 cluster in fine-tuning human kidney

development, as assessed by a human stem cell model.

Further work is necessary to both define the precise molec-

ularmechanisms of the observed aberrations of glomerular,

tubule, and capillary differentiation, and to determine the

potential physiological effects of these phenotypes.
EXPERIMENTAL PROCEDURES

Human Tissues
Human tissues, collected after maternal consent and ethical

approval (REC 08/H0906/21+5), were provided by the Medical

Research Council and Wellcome Trust Human Developmental

Biology Resource (http://www.hdbr.org/). Kidneys were fixed, pro-

cessed, and sections prepared as described previously (Lopes et al.,

2019).
hESC Culture and Renal Differentiation
ESCs were grown on 24-well or 6-well plates coated with 5 mgmL�1

recombinant human Vitronectin (Life Technologies, no. A14700)

in the case of MAN11 andMAN13 (Ye et al., 2017) or withMatrigel

(BD Biosciences, no. 734-1440) in the case of HUES1, in mTeSR1

(STEMCELL Technologies, no. 5850) or TeSR2 medium (STEM-

CELL Technologies, no. 5860), with the medium changed once

daily. The cells were passaged by treatment of the cultures with

0.5 mM EDTA solution (pH 8) (Invitrogen, no. 15575-038; diluted

in PBS) and replating the cells in mTeSR1 or TeSR2 medium, con-

taining 5 nM ROCK inhibitor, Y-27632 (Tocris, no. 1254) for 24 h.

For differentiation, stem cells were plated on Vitronectin-coated

plates, at a density of 18,000 cells cm�2 when untransduced, or at

20,500 cells cm�2 when transduced with lentivirus (to account for

additional cell death due to some viral toxicity) in mTeSR1 or

TeSR2 medium containing 10 nM Y-27632. The following day

the medium was replaced with STEMdiff APEL (STEMCELL Tech-

nologies, no. 05210), containing 8 mM CHIR-99021 (Tocris, no.

4423) for 3 days, followed by APEL supplemented with 200 ng

mL�1 FGF9 (PeproTech, no. 100-23) and 1 mg mL�1 heparin

(Sigma, no. 3149) for a further 10 days. Subsequently, the cells

were cultured in basal APEL medium, which was changed daily.

3D hESC-kidney organoid culture was performed according to

Takasato et al. (2016) and Bantounas et al. (2018). In brief, hESCs

were seeded as above and, beginning the following day (day 0),

they were incubated in STEMdiff APEL 2 medium (STEMCELL

Technologies, no. 05270) with 2% PFHM-II (protein-free hybrid-

omamedium II) (Thermo Fisher Scientific, no. 12040077), supple-

mented with 8 mM CHIR-99021 for a period of 4 days, before

switching to APEL 2/2% PFMH with FGF9/heparin, as above. At

day 7, the cells were collected by treatment with TrypLE (Life Tech-

nologies, no. 12605-028) and divided into 200,000 cell aliquots.

The aliquots were then centrifuged at 4003 g in a microcentrifuge

and the resulting cell pellets were placed on Millicell Cell Culture

inserts (pore size, 0.4 mm; diameter, 30 mm; no. PICM03050),

which were placed into 6-well plates with 1.2 mL of APEL 2/2%

PFMH/5 mMCHIR-99021 medium per well. After 1 h, the medium

was changed back to APEL 2/PFMH/FGF9/heparin until day 12 and
then to APEL 2/PFMH for the remainder of the protocol (day 25).

At the 3D stage, the medium was changed once every 2 days.

RNA Extraction and qPCR
RNA was extracted using the mirVana miRNA isolation kit

(Thermo Fisher Scientific, AM1560) according to the manufactur-

er’s instructions. Mature miRNA PCR was conducted using the

appropriate TaqMan miRNA Assays (Thermo Fisher Scientific)

and longer transcripts were detected using the TaqMan RNA-to-

Ct 1-Step Kit (Thermo Fisher Scientific, no. 4392653). For a more

detailed description and primer sequences, see Supplemental

Experimental Procedures and Table S2.

ISH of miRNA in Kidney Tissue and 3D Organoid

Sections
Digoxigenin-labeled miRCURY LNA probes were used to detect

mature miRNAs on paraffin-embedded sections of kidney organo-

ids. See Supplemental Experimental Procedures for details.

Immunostaining of 2D Cultures and

Immunohistochemistry on 3D Organoid Sections
See Supplemental Experimental Procedures. Primary antibodies

used are listed in Table S1.

Construction of miRNA Sponge-Expressing Lentiviral

Shuttle Plasmids, Lentiviral Vector Production, and

Transduction of Stem Cells
Previously published miRNA sponge-expressing plasmids: pLLX

(empty vector), pLLX-sponge-miR-199a-5p, pLLX-sponge-miR-

199a-3p, pLLX-sponge-miR-214-5p, and pLLX-sponge-miR-214-5p

were a gift from Professor Nakashima’s group (Kyushu University,

Japan) (Tsujimura et al., 2015). Each of these five plasmids was di-

gested with ApaI/XhoI to excise the pU6 sponge expression

cassette, which was then cloned into ApaI/XhoI-digested pLL3.7

vector (Addgene, no. 11795). Lentiviral vectors were then pro-

duced as described previously in Bantounas et al. (2018) (see Sup-

plemental Experimental Procedures). hESCs were transduced

with lentivirus at a multiplicity of infection of 5 IU/cell.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/

10.1016/j.stemcr.2020.11.007.
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