Received: 2 March 2021 | Revised: 24 August 2021

W) Check for updates

Accepted: 29 August 2021

DOL: 10.1002/dvdy.418

TECHNIQUES

Developmental Dynamics

WILEY

Deciphering the minimal quantity of mouse primary cells
to undergo nephrogenesis ex vivo

Aleksandra Rak-Raszewska!
Florence Naillat' |

!Laboratory of Developmental Biology,
Disease Networks Researtch Unit, Faculty
of Biochemistry and Molecular Medicine,
University of Oulu, Oulu, Finland

2Kvantum Institute, Infotech Oulu,
University of Oulu, Oulu, Finland

Correspondence

Aleksandra Rak-Raszewska, Laboratory of
Developmental Biology, Disease Networks
Researtch Unit, Faculty of Biochemistry
and Molecular Medicine, University of
Oulu, Aapistie 5, 90220 Ouluy, Finland.
Email: aleksandra.rak-raszewska@oulu.fi;
a.rakraszewska@gmail.com

Funding information

This work was supported by Finnish
Cultural Foundation (#00160821 personal
grant to Aleksandra Rak-Raszewsko),
CIMO Fellowship (personal grant to
Ganna Reint), Center of Excellence grant
(#2513149) and Academy of Finland
Grant (315030).

1 | INTRODUCTION

During normal embryogenesis, kidney development
occurs as a result of cross-talk between the ureteric

| Ganna Reint' | Fabienne Geiger' |

Seppo J. Vainio'?

Abstract

Background: Tissue organoids derived from primary cells have high potential
for studying organ development and diseases in numerous organs. They recre-
ate the morphological structure and mimic the functions of given organ while
being compact in size, easy to produce, and suitable for use in various experi-
mental setups.

Results: In this study we established the number of cells that form mouse kid-
ney rudiments at E11.5, and generated renal organoids of various sizes from the
mouse primary cells of the metanephric mesenchyme (MM). We investigated the
ability of renal organoids to undergo nephrogenesis upon Wnt/ f-catenin
pathway—mediated tubule induction with a GSK-3 inhibitor (BIO) or by initia-
tion through the ureteric bud (UB). We found that 5000 cells of MM cells are nec-
essary to successfully form renal organoids with well-structured nephrons as
judged by fluorescent microscopy, transmission electron microscopy (TEM), and
quantitative Polymerase Chain Reaction (qPCR). These mouse organoids also
recapitulated renal secretion function in the proximal tubules.

Conclusions: We show that a significant decrease of cells used to generate
renal mouse organoids in a dissociation/re-aggregation assay, does not inter-
fere with development, and goes toward 3Rs. This enables generation of more
experimental samples with one mouse litter, limiting the number of animals
used for studies.
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bud (UB) and the metanephric mesenchyme
(MM) cells. Their interaction triggers a signaling cas-
cade, which induces nephrogenesis and leads to neph-
ron formation.
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During renal development, the UB outgrows from the
Wolffian duct and invades the MM. The first contact of
MM and UB leads to induction of the MM cells, which
form condensed MM caps around UB tips and later the
renal vesicles. These vesicles develop into comma- and S-
shaped bodies, which elongate and develop into neph-
rons consisting of a glomerulus, proximal tubule, loop of
Henle and distal tubules connected by a collecting duct
system.! Kidneys are, however, quite autonomous and
self-developing even outside of an embryo body,>* When
cultured in vitro, kidneys develop appropriately struc-
tured nephrons that are connected with the collecting
duct system.’ Even upon dissociation and re-aggregation,
the kidneys are able to self-organize and generate renal
organoids that resemble the in vivo organ with only small
noticeable difference that instead of one collecting duct
system, a network of disperse collecting ducts occurs.>*’

Some organoids, such as the “mini guts” or “mini
livers” can be generated from single cells, namely the intes-
tinal tract stem/progenitor cell expressing Lgr5.*° How-
ever, unlike intestinal or liver tissue, the kidneys do not
contain a single stem cell population as they develop from
reciprocal interaction of two different populations of cells:
epithelial—the UB and mesenchymal—the MM. The MM
is quite heterogenous cell mixture containing nephron
progenitors,'®'" stromal cells,'>'* and endothelial progeni-
tors'* where FGFs, BMPs, and Wnts maintain the balance
between cell-renewal and differentiation.’> While the UB
can be removed from kidney culture and successfully rep-
laced by BIO (6-Bromoindirubin-3'-oxime)"® or LiCl,* stro-
mal and nephron progenitors within the MM are required
for appropriate kidney development.'”

The organoids from primary renal cells have already
been used to generate chimeric cultures, in cases when
the in vivo gene knock out is leading to early lethality,’
or is difficult to study,'® or to reduce time and cost of chi-
meric animals generations.”'® However, all above-
mentioned studies used a quite high number of cells. In
this paper, we aimed to define a minimal number of cells
required for formation of morphologically and function-
ally accurate in vitro kidney organoid cultures. We sys-
tematically evaluated kidney organoid formation and
development of renal structures within the context of
their size and we experimentally derived the minimal
essential number of cells required for successful genera-
tion of renal organoids. This study is of particular impor-
tance, since the cellular number is known to be crucial
parameter governing the tissue differentiation processes
during the embryogenesis.”® Moreover, since we studied
primary cells, this work may help scientist studying
development to reduce the number of animals used, since
smaller number of cells required for organoid generation
will significantly reduce the number of animals used,

which goes well with the 3Rs: reduction, replacement,
refinement.

2 | RESULTS

Renal organoids generated from primary cells contained
from 80 000 to 180 000 cells®>” which gave rise to several
nephrons. In this manuscript, we attempted to establish
the lowest number of primary cells necessary to generate
renal organoids containing nephrons.

2.1 | Successful organoid formation
required to reach a minimal cell number

We calculated that the E11.5 mouse kidney rudiments
contained on average 20 000 cells of which about 15 000
were MM cells and 5000 were UB cells (Figure 1A). Inter-
estingly, kidney rudiments presented a large variation in
size as some litters had visually smaller kidney rudiments
than others, although they were staged using the fetus
characteristic and somite counts (44-48 somites).*' This
variation was represented in the cell counts after dissoci-
ation, as the smallest counted kidney rudiments consisted
of 15000 cells while the largest had almost twice the
numbers of cells (26 000 cells) (Figure 1B). The same was
true for the MM cells, for which we counted from 10 000
to 26 000 cells per kidney rudiment (Figure 1B). Interest-
ingly, the number of UB cells per kidney rudiment was
more conserved, ranging from 4300 to 6300 cells per kid-
ney rudiment (Figure 1B). Therefore, on average, the kid-
ney rudiment consisted of 75% of the MM cells and 25%
of the UB cells (Figure 1C). We therefore generated
organoids from limited number of MM cells: 30 000,
15 000, 10 000, 5000, and 2500 using a traditional centri-
fuge method and an air-medium interface culture sys-
tem.>'* We then tested whether the organoids were able
to generate nephrons. We depleted the MM of the natural
inducer tissue, the UB, and induced nephrogenesis using
small molecule BIO (6-Bromoindirubin-3'-oxime, 5 uM)
instead. BIO is known inhibitor of GSK-3 and acts as an
efficient (stronger than UB?) inducer of nephrogenesis'®;
it stabilizes p-catenin in the cytoplasm and allows its
translocation into the nucleus, where it coordinates the
transcription of specific genes. The viability of the MM
cells after dissociation into single cell suspension was
>90%, and all samples generated viable cell aggregates/
spheres (Figure 2 A,B). Viability tests performed at days
1 and 3 of organoid culture showed that majority of cells
which did not become induced by day 3, in all organoid
samples, were undergoing apoptosis (Figure 2B) as
depicted by PI staining. In samples consisting of 30 000,
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(A) FIGURE 1 Composition of
kidney rudiments. (A) Schematic
presenting components of the E11.5
embryonic kidneys, (B) Graph
presenting number of counted kidney
cells in the whole kidney (circle
marks), metanephric mesenchyme
(MM) compartment (square marks)
and ureteric bud (UB) compartment
(triangle marks) mean +SEM,
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15 000, 10 000, and 5000 the PI-positive cells, undergoing
apoptosis located mainly to the outer area of the
organoids, and only in few places inside the organoids.
Similar observation was done in intact MM (iMM) cul-
tured for 3 days with the difference that the outer cells
were healthy (Figure 2E). This difference may be
explained by lack of dissociation step in the latter sam-
ples, therefore supporting cell survival, although some
dying cells were also observed in the intact kidney
(iKidney) cultures (Figure 2F). The 2500 cells organoids
presented high level of apoptosis and renal structures did
not develop by day 6 of culture (Figure 2B-D).

We further analyzed organoids grown for 3 days by
measuring the total area of organoids and that of translu-
cent spots, which are indicators of developing renal vesi-
cles on a bright field images (Figure 2 C,D,G). We found
that organoids smaller than those generated by 5000 cells
were not induced by BIO and failed to form nephrons.
We compared it to iKidney and iMM cultured with and
without BIO induction and showed that the uninduced
iMM (-BIO) did not undergo tubulogenesis and similarly
to 2500-cell organoids failed at development of renal
structures (Figure 2 E,F). We further analyzed organoids
cultured for 3 days by immunostaining with laminin to
confirm the number of renal vesicles forming in each
aggregate (Figure 2D). Based on these studies, we can
conclude that the size of the organoid correlated well
with the number of developing nephrons and the
induced area (Figure 2G), while lack of induction by day
3 led to apoptosis of the MM cells.

To ask whether the MM cells would behave similarly
when induced with natural inducer, the UB, we tested
two organoid variants: we dissociated whole kidney rudi-
ments at E11.5, counted the cells and generated
organoids (i) containing 30 000, 15 000, 10 000. 5000, and
2500 cells, and (ii) where we increased the size of
organoids by 25% to account for the UB population. We
observed that in all cases the cells generated viable and
compact spheres at day 1 (Figures 3A and 4A). However,
by day 3 in the first variant, the organoids formed by
5000 and 2500 cells had more apoptotic cells and pres-
ented lack of tubulogenesis as depicted by immunofluo-
rescent staining of day 6 organoids with absence of
epithelialization (Figure 3B,C). On the other hand, in the
second variant, all organoids presented good viability
even at day 3 of culture. However, the 2500 organoids did
not survive to day 6 and remained uninduced, leading to
lack of epithelial structure formation (Figure 4 B,C). In
both variants, the organoids that underwent
tubulogenesis presented expression of renal markers sim-
ilar to the one observed in iKidneys (Figure 5C). Thus
suggesting, that the number of MM cells is more impor-
tant than the overall number of cells.

2.2 | Small organoids generated
nephrons containing all segments

In order to establish whether the organoids were able to
generate well-structured nephrons from a limited number
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of cells, we analyzed the expression patterns of renal
markers in the organoids. A series of immunostainings and
quantitative Polymerase Chain Reaction (qQPCR) analyses
showed that all organoids, except for those ones generated
from 2500 cells, formed nephrons containing the distal
tubules (Figure 5; Pax2, Slcl2al), proximal tubules
(Figure 5; LTL, Aqpl, Slcd4a4), and glomeruli (Figure 5;
Wtl1, Synpo, Podocin) at day 6 of culture. Although there
were no significant changes in gene expression between
the organoids samples, a trend could be observed: the
smaller the organoid, the lower the expression level. The
gene expression in iMM presented similar level to same
genes expression observed in organoids generated by
15 000 and 10 000-cells organoids.

We then continued to analyze the ultrastructure of
generated organoids (Figures 6 and 7). Transmission elec-
tron microscopy (TEM) analysis of samples cultured for
6 days showed that in organoids sizes 5000 to 30 000,
glomeruli-like structures could be observed (Figures 6A
and 7A,B). The glomeruli presented as round aggregates
of cells surrounded with a basement membrane. The
developing podocytes (P) were connected with each other
with tight junctions and junctional complexes and were
forming primary foot processes (in all organoid sizes).
Moreover, in 15 000 and 30 000 organoids, a layer of flat-
tened cells, which could represent the parietal epithelial
cells (PEC) of putative Bowman's capsule, surrounded
the podocyte clusters (Figure 6A,B). Furthermore, we
studied the degree of tubulogenesis in organoids. We
identified a set of tubules, which at day 6 or 8 of develop-
ment did not have an open lumen, but possibly three dif-
ferent kinds of tubules were observed (Figures 6C-H and
7C-G): developing proximal tubules, distal tubules and
the loops of Henle. The tubular cells with numerous tight
junctions and junctional complexes, and a very rich vacu-
olar apparatus at the apical site represented developing
proximal tubules; there was no obvious brush border at
this point of development, although in some cases
microvilli-like structures were observed (Figure 6C,D).
The second type of tubules was the only one with lumen,

and due to a small tubule diameter and presence of flat-
tened cells connected with tight junctions at the apical
surface, we believe, they may represent the loops of
Henle (Figure 6E,F). The third set of tubules, which may
represent the developing distal tubules had cells tightly
connected with each other by numerous infoldings of cell
membrane along the lateral site of the cells, had elon-
gated mitochondria and did not have so many vacuoles
at the apical site (Figure 6G,H). The smallest organoids
generated from 2500 cells were represented by clusters of
cells, which were undergoing apoptosis, and were devoid
of any structures (Figures 2 B-D and 6L,J).

2.3 | Small organoids presented
proximal tubule functionality but were
delayed in development

Since all organoid sizes, except for the 2500-cell organoid,
presented development of fully structured nephrons, we
asked if these nephrons were functional. One of the func-
tions of the kidney is to remove metabolic waste. A large
family of membrane transporters Slc 22, known as well
as organic anion transporters (Oat's), may be efficiently
and specifically blocked by probenecid (Figure 8A,B). We
therefore used Oats activity to test the renal secretion
function in generated organoids.

At day 6 of development, the iKidney and iMM sam-
ples had an active uptake of 6-carboxyfluorescein (6-CF,
10 pM) from the solution, and the uptake was efficiently
blocked by probenecid (200 pM, CTLR).” We immedi-
ately imaged the organoid samples and analyzed the
intensity of 6-CF fluorescence in the cells (Figure 8 B).
The 6-CF up-take and its secretion were similar between
iKidney and iMM with regards to fluorescent intensity
and were observed at day six of culture also in 10 000,
15000 and 30 000- cell organoids (Figure 8B,C). The
uptake of 6-CF in 5000-cell organoids at day six of culture
was not different from control samples. We concluded
that the secretory function of proximal tubules in

FIGURE 2

Generation of renal organoids of various sizes. (A) Bright field images of generated spheres of renal organoids using 30 000,

15 000, 10 000, 5000, and 2500 cells before they were placed into Trowel culture system; scale bar—500 pm. (B) Viability staining of
propidium iodine and Hoechst of renal organoids performed at day 1 (upper panel) and day 3 (lower panel) of culture; maximum intensity

projections (MIPs) and cross-sectional views, scale bar—100 pm. (C) Brightfield images of generated renal organoids in a Trowel culture at

day 3; scale bar—500 pm. (D) Immunofluorescent images of generated renal organoids at day 3 of culture with Laminin (green) and DAPI

(blue) depicting the presence of renal vesicles or renal tubules in the samples; MIPs were used to generate the shown images; scale bar

50 pm. (E) Bright field images at day 3 of culture (left); scale bar - 500 pm; and viability staining (right) at days 1 and 3 of culture in intact

metanephric mesenchyme samples induced with BIO (+BIO) and without induction (-BIO); scale bar 100 pm, (F) Bright field images of

intact kidney cultured for 1 and 3 days (upper panel); scale bar—500 pm, and viability staining of days 1 and 3 intact kidney samples

(bottom panel), scale bar—100 pm, (G) Analysis of the organoids: the size, induced area and number of developing nephrons (number of

experiments—2-5, number of samples analyzed per experiment—20)
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FIGURE 3 Generation of ureteric bud (UB)-induced organoids of various sizes. (A) Brightfield images of generated spheres of renal
organoids (MM + UB) using 30 000, 15 000, 10 000, 5000, and 2500 cells before they were placed into Trowel culture system; scale bar—
500 pm. (B) PI and Hoechst staining of renal organoids presenting viable aggregates of cells at day 1 of culture (1 hour after transfer of
spheres into Trowel culture), and at day 3 of culture, where 5000 and 2500 organoids did present increased number of apoptotic cells (PI+)
at day 3; maximum intensity projections (MIP) and cross-sectional views were used to generate presented images, scale bar—100 pm.

(C) immunofluorescent confocal images of day 6 organoids presenting: ureteric bud structures (Tromal) surrounded with nephron
progenitors (Six2)—upper panel, ureteric bud (Tromal) and nephron progenitors as well as developing nephrons (Pax2)—middle panel, and
the development of early glomeruli (Wt1) and proximal tubules (LTL)—bottom panel. Out of all samples the development was not observed
in organoids generated by 5000 and 2500 cells
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FIGURE 4 Generation of ureteric bud (UB)-induced organoids of various sizes with 25% of cells more. (A) Bright field images of generated
spheres of renal organoids (MM + UB) using 30 000, 15 000, 10 000, 5000 and 2500 plus 25% of cells before they were placed into Trowel culture
system; scale bar—>500 pm. (B) PI and Hoechst staining of renal organoids presenting viable aggregates of cells at day 1 of culture (1 hour after
transfer of spheres into Trowel culture), and at day 3 of culture, all organoids present good viability at day 3; maximum intensity projections
(MIP) and cross-sectional views were used to generate presented images, scale bar—100 pm. (C) immunofluorescent confocal images of day

6 organoids presenting: ureteric bud structures (Tromal) surrounded with nephron progenitors (Six2)—upper panel, ureteric bud structures
(Tromal) and nephron progenitors as well as developing nephrons (Pax2)—middle panel, the development of early glomeruli (Wt1) and
proximal tubules (LTL)—bottom panel. Out of all samples, the development was not observed in organoids generated by 2.5 K cells

5.000-cell organoids was not present at this time point. cell organoids was weaker than in the 10 000-cell
However, at day 11 of culture, a low level of secretory  organoids at day six, the difference was not significant
function was observed. Although this activity in the 5000 (Figure 8D [marked with #]). This data suggests that
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FIGURE 5 All sizes of organoids generated nephrons containing all segments at day 6 of culture. (A) Upper panel: immunostaining
depicting connection between glomeruli (WT1+) and proximal tubules (LTL+) and presence of distal tubules (Pax2 + LTL-); (upper panel)
scale bar 20 pm. Middle panel: immunostaining depicting presence of proximal tubules (LTL+) with water channels present (Aqp1); scale
bar 50 pm. Bottom panel: immunostaining presenting glomeruli (Synpo+) surrounded with basement membrane (Laminin+) in generated
organoids; scale bar 20 pm. (B) Immunostaining of intact kidney samples (upper panel) and intact metanephric mesenchyme (bottom panel)
presenting connection between glomeruli (Wt1+) and proximal tubules (LTL+), co-expression of LTL and Aqp1 in proximal tubules; scale
bar—50 pm, and glomeruli (Synpo+) surrounded with basement membrane (Laminin+); scale bar—20 pm, (C) Immunostaining of intact
kidney samples presenting expression of Pax2 and Six2 alongside the ureteric bud marker—Tromal, (D) Graphs presenting qPCR analysis of
genes expression in developing organoids; distal tubule—Slc12al, Proximal tubule—Slc4a4 and glomeruli—Podocin; (number of
experiments—3; number of samples pooled per each organoid size—10-20, Mean + SEM)



RAK-RASZEWSKA ET AL.

FIGURE 6 Ultrastructure of developing organoids.

(A) Glomerulus, (B) Glomerulus, P-podocyte, PEC, parietal
epithelial cell, arrowhead, foot processes, star, tight junctions, hash,
putative urinary space, (C) Proximal tubule, arrowheads, tight
junctions, (D) Proximal tubule developing brush border, (E) Loop
of Henle, (F) Loop of Henle tight junctions between cells, (G) Distal
tubule, arrowheads, cell membrane infoldings; star, elongated
mitochondria, (H) Distal tubule lateral site presenting basement
membrane infoldings, (I) Lack of renal structures in organoid
generated from 2500 cells, (J) Lack of structures in organoid
generated with 2500 cells

there is a delay in development of the smallest organoids.
The qPCR data of Oatl and Oat3 expression in organoids
presented no significant changes between samples, but
again, a trend could be observed; the smaller the
organoid, the lower the gene expression (Figure 8E).
However, the level of Oatl and Oat3 expression in iMM
was placed somewhere between 10 000 and 5000-cell
organoids whereas the functionality was high, similar to

iKidney. This might be explained, by development of
proximal tubules with fewer but highly active trans-
porters (Figure 8D,E).

3 | DISCUSSION

During embryogenesis, reaching a specific cell number
threshold regulates progression from one developmental
stage to next. For example, in order to proceed to gastru-
lation phase, a mouse embryo needs to reach approxi-
mately 1000 cells, and smaller zygotes experience delay
in development until the required number of cells, is
reached.” In this report, we investigated the minimal
number of cells required to generate functional renal
organoids. Our data show that induction with BIO
resulted in 100% induction rate in all organoid samples
but the 2500-cell organoid, which showed no induction
at all (Table 1). Neither increasing the speed of centrifu-
gation (from 1380g to 1450g) nor elongation of centrifu-
gation time (from 20 to 30 minutes) improved the
tubulogenesis in the 2500-cell organoids. It is worth not-
ing that the original centrifugation time of 2 minutes®
generated spheres from more than 15 000 cells, while
using less cells resulted in lack of aggregates that would
undergo nephrogenesis (data not shown). Therefore,
from experiments, in which we induced the MM with
BIO, we concluded that the minimal number of cells to
generate renal organoid is 5000 cells. However, from the
experiments, where we induced the MM with UB cells,
we saw, that not the overall number of cells is impor-
tant, but the cells’ origin. When we generated organoids
from 5000 cells of UB and MM origin, they did not
develop nephrons, the tubulogenesis did not start and
they were undergoing apoptosis. Yet, when we increased
the size of the organoid to keep the number of MM cells
at 5000 and added more cells to account for the UB
(25%), they were developing in a similar manner as
those induced by BIO. Therefore, the minimal number
of cells to generate renal organoid containing nephrons
is 5000 of MM cells. Indeed, nephron ablation studies
showed that upon removal of 40% of the Gdnf-
expressing cells, kidneys are significantly smaller and
develop less glomeruli.** In this study,** the limits of
cells for renal agenesis was not investigated, and given
our results, the ablation would have to exceed 66.6% of
MM cells for that to happen.

We generated different sizes of renal organoids from
primary MM cells and analyzed their development. While
our immunofluorescence and TEM data suggested that
all generated organoids underwent nephrogenesis and
generated nephrons with evidence of early segmentation
after 6 days in culture, qPCR data of genes expression
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FIGURE 7 Ultrastructure of developing organoids. (A) Glomerulus, in some cases contain parietal epithelial cells (PEC) surrounding
the podocytes, (B) Developing foot processes between podocyte cells, marked with arrowheads, (C) Proximal tubules, (D) Apical site of
proximal tubule presenting rich vacuolar apparatus, (E) Distal tubule, (F) Lateral site of distal tubule presenting basement membrane
infoldings marked with arrowheads and elongated mitochondria marked with stars, (G) Apical site of distal tubule presenting not so rich
vacuolar apparatus, tight junctions marked with arrowheads

specific for each nephron section suggested that smaller  tubular cells functionality (Figure 8) indicated that the
organoids had lower gene expression (Figure 5). These small organoids were delayed in development. This data
data, together with our analysis of organoid proximal stays in agreement with observations of whole embryo



RAK-RASZEWSKA ET AL.

(A) Oat activity blocked Oat active (D) 250 -
+ Probenecid - Probenecid —er
g 200 X
c
@
8 % 150 T
=]
i O R 2 £ 100 £
e W * w
Q
e °* § B & 50
OAT3
0_

+§’ *‘é’ *}“ ‘{.b@ N 6(37‘ &

7 7 7 s . N

ST S
& E

Oat activity blocked

(+Probenecid, CTRL) Oat active Oat active

m

Oat 1

Intact kidney

intact 30K 15K 10K 5K 2.5K

Oat3

Gene expression [fold change] relative to freshly isolated MM

Intact MM

intact 30K 15K 10K 5K 2.5K

200pm

(C) 30.000 15.000 cells 10.000 cells

5.000 cells 5.000 cells

Day 6

Organoids

FIGURE 8 Organoids have Oat activity. (A) Schematic presenting activity of Oatl and Oat3 in proximal tubule cells. On the left, the
activity of Oatl and Oat3 was blocked with probenecid, while on the right, the Oatl and Oat3 actively transport the small molecule of
6-carboxyfluorescein (6-CF, green) into the cell, (B) confocal image of intact kidney (upper panel) and intact metanephric mesenchyme
(bottom panel) samples cultured for 6 days where the up-take of 6-CF was inhibited by probenecid (CTRL), and Oats activity presenting up-
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TABLE 1 Induction rate of renal

EXP 1
organoids
30K 3/3
15K 3/3
10K 4/4
5K 4/4

25K —

development, where reaching a certain number of cells
allows progression to next milestone.

The bottom limit of cells that are able to generate
functional renal organoids might be placed somewhere
between 5000 and 2500, as may be suggested by recent
work* where the iPSC-derived renal organoids were
three-dimensional (3D) bioprinted by using as little as
4000 cells. We have used FACS to sort specific number of
MM cells (5000, 4000, 3000, 2500) however, the cells did
not survive well the sorting procedure and none of the
pellets generated spheres (data not shown).

10K renal organoids were generated from hiPSC in a
recent study by Borestrom, and after 25 days of culture
they were not different from 100K organoids (RNA-seq
analysis), although an earlier time point was not investi-
gated.?* There are two possibilities: (i) iPSC behave differ-
ently to primary cells in respect to cell number, and
(ii) that the smaller organoids do require longer culture
time to reach a similar level of maturity as bigger
organoids, which was suggested by a functionality assay
in the current study. Nevertheless, it should be kept in
mind, especially in generating organoids for drug-related
toxicity screens that an appropriate number of cells is
used, and generated organoids are fully functional in
order to avoid false-negative/false-positive results.

To summarize, the ability to generate small functional
renal organoids from primary cells is in accordance with
the 3Rs rule: reduction, replacement, and refinement.
Reduction of number of cells required for renal organoid
formation means that more samples can be prepared from
one mouse litter, substantially reducing the number of ani-
mals used. Moreover, while large organoids may be
required for transplantation studies those small in size
might do better in 3D bioprinting or microfluidic set-ups.

4 | EXPERIMENTAL
PROCEEDURES
4.1 | Ethical statement

The animal care and experimental procedures in this
study were performed in accordance with the Finnish
national legislation on the use of the laboratory animals,

WILEY_L *
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EXP 2 EXP 3 EXP 4 EXP 5 Total %o
3/3 3/3 5/5 5/5 19/19 100
3/3 3/3 5/5 5/5 19/19 100
4/4 5/5 5/5 5/5 23/23 100
4/4 5/5 6/6 6/6 25/25 100
0/5 0/5 0/4 0/4 0/18 0

the European Convention for the protection of vertebrate
animals used for the experimental purposes (ETS 123),
and the EU directive 86/609/EEC. The animal experi-
mentation was also authorized by the Finnish National
Animal Experiment Board (ELLA) as being compliant
with the EU guidelines for animal research and welfare.

4.2 | Animals and cells

The embryos for this study were obtained from pregnant
wild-type CD-1 mice. The metanephric kidneys were dis-
sected from embryonic day (E) 11.5 mouse embryos in chilled
Dulbecco's phosphate-buffered saline (PBS) buffer (Sigma,
Darmstadt, Germany). Following a 30 seconds incubation in
pancreatin (Sigma)/trypsin (Sigma) (1.125%/2.25%) solution,
the MM was mechanically separated from the UB.*®

The MM was incubated in 0.1% BSA (Sigma) in PBS
and Collagenase IV (Worthington, Columbus, OH, USA)
for 10 to 15 minutes at 37°C. The MM was pipetted twice
to help with cell separation and once the single cells were
identified down the microscope, the reaction was stopped
using kidney culture medium (DMEM (#21885-025,
ThermoFisher Scientific, Waltham, MA, USA) sup-
plemented with 1% (v/v) Penicillin/Streptomycin (Sigma)
and 10% (v/v) FBS (Gibco, Waltham, MA, USA)). The
single MM cells were washed three times in kidney
medium and cell number was counted using TC20 Auto-
mated Cell counter (Bio-Rad, Hercules, CA, USA).

The UB cells were incubated in 1x trypsin/EDTA
solution for 10 minutes at 37°C; samples were vigorously
pipetted after 5 minutes of incubation, in order to gener-
ate single cell solution. Following the incubation time,
cells were washed three times with kidney culture
medium and the number of cells was counted using
TC20 Automated Cell counter (Bio-Rad).

For induction with UB, whole kidneys were treated
with 1X trypsin/EDTA solution for 10 minutes at 37°C.
Samples were pipetted vigorously after 5 minutes of incuba-
tion. Upon identification of single cells, the trypsinization
was stopped by adding equal volume of complete kidney
culture medium. The single renal cells were washed three
times in kidney medium and cell number was counted
using TC20 Automated Cell counter (Bio-Rad).
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Organoid generation

Following cell counting, an appropriate amount of media
with cells (30 000, 15 000, 10 000, 5000, 2 500) were trans-
ferred into low binding tubes (Eppendorf, Hamburg,
Germany) and the GSK-3 inhibitor (BIO) (Sigma,
#B1686; 5 pM) was added. Tubes with cells were cen-
trifuged at 1380x g for 20 minutes and transferred in an
incubator for overnight incubation at 37°C. The next day,
the pellets were transferred onto Millipore filters (1 pm;
Whatman, Maidstone, UK) and cultured in fresh kidney
culture medium at 37°C."®** Medium was changed every
2 to 3 days.

When induction with UB was set up, an appropriate
number of cells in kidney culture medium were trans-
ferred to low binding tubes and the ROCK inhibitor (Y-
27632) (#1254, 10 uM, Tocris, Bristol, UK) was added
for 24 hours of culture.” Tubes with cells were cen-
trifuged at 1380xg for 20 minutes and transferred into
the incubator for ON incubation at 37°C. On the next
day, the pellets were transferred onto Millipore filters
(1 pm; Whatman) and cultured in fresh kidney culture
medium at 37°C.*> Medium was changed every 2 to
3 days.

44 | Viability staining

In order to investigate the viability of the samples and
assess the incidence of apoptosis, we used propidium
iodide, PI (#P1304MP, Invitrogen, Waltham, MA, USA)
and Hoechst 33342 (Thermo Scientific, #H1399) nucleic
acid stains. The Hoechst stains all cells, while PI is mem-
brane impermeant and excluded from viable cells. The
Hoechst and PI were added to the culture medium in a
dilution of 1:1000 for 40 minutes incubation in the incu-
bator at 37°C and 5% CO,. Following this time, samples
were briefly washed 2x with PBS™" (Sigma), mounted
on slides using Immu-Mount mounting solution (Thermo
Scientific) and imaged immediately with Zeiss LSM
780 confocal microscope.

4.5 | Immunofluorescence staining

Organoids were fixed at day 3 or 6 of culture in cold 100%
methanol at RT for 15 to 30 minutes transferred into
fresh 100% methanol and stored at —20°C for processing.
Before immunostaining, samples were washed twice in
1x PBS (Sigma) for 15 to 30 minutes. Then, samples were
blocked in 10% goat serum with 1% Triton X-100 in 1x
PBS for 1 hour at RT. Following blocking, samples
were incubated with following antibodies: Aquaporin 1

(#CAO0648, rabbit, 1:50, Cell Applications, San Diego, CA,
USA), Laminin (#L9393, rabbit, 1:1000, Sigma), Pax2
(#PRB-276P-200, rabbit, 1:200, Covance, Princeton, NJ,
USA), Synaptopodin (#BM5086P, mouse 1gG;, 1:4, Acris,
Herford, Germany), Wt-1 (#05-753, rabbit, 1:500, Mil-
lipore, Burlington, MA, USA), Lotus Tetragonolobus lec-
tin (LTL, #FL-1321-2, 1:300, Vector Laboratories,
Burlingame, CA, USA), Troma 1 (#AB531826, 1:200,
DSHB, Olympia, WA, USA), Six2 (#11562-1AP, 1:200,
Proteintech, Manchester, UK) at 4°C ON. On the next
day, the samples were washed three times in 1x PBS and
the secondary antibody was applied: goat anti-rabbit
(647, Molecular Probes, Eugene, OR, USA)), goat anti-
mouse IgG; (488 or 546, Molecular Probes), goat anti rat
(647, Molecular Probes) for ON incubation at 4°C. The
next day, the samples were washed twice 15 minutes
with 1x PBS, once 5 minutes with 1x PBS supplemented
with Hoechst 33342 (Thermo Scientific, #H1399) and
washed once 15 minutes with 1x PBS, then samples were
mounted using Immu-Mount mounting solution
(Thermo Scientific), and imaged using Zeiss LSM800 con-
focal microscope, and ZEN software.

46 | qPCR

Organoids were collected into Trizol (Life Technologies,
Waltham, MA, USA) at day 6 of culture and stored in
—20°C until RNA extraction. The total RNA was
extracted using standard Trizol/chloroform (Sigma) pro-
tocol and cDNA synthesis was perform according to
ThermoScientific protocol (cDNA synthesis Kit #K1612).
Cycling parameters were as follows: 95°C - 5 min, 95°C -
30 seconds, 62°C - 90 seconds, 40 cycles. The primer
sequences are given in Table 2.

47 | TEM

Organoids were fixed with mixture of 1% glutaralde-
hyde and 4% paraformaldehyde in 0.1 M PBS (pH 7.4)
for 12 hours at RT and stored at 4°C until processed fur-
ther. After fixation, the samples were washed once in
0.1 M PBS ON followed by three 20 minutes washes in
water. Then, samples were incubated in 1% OsO, for
60 minutes, followed by three 10 minutes washes in
water and 60 minutes incubation in 1% to 2% uranyl
acetate, and three 10 minutes washes in water. Then,
the samples were dehydrated through a graded series of
acetone solutions and embedded in Epon (Ladd, Wil-
liston VT, USA). 60 nm thick sections were analyzed on
TEM microscope (Tecnai G2 Spirit, Leica, Wetzlar,
Germany).
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TABLE 2 List of primers used in the study
Gene Primer sequence Source
Slc12al F: TCATTGGCCTGAGC PrimerBank ID:
GTAGTTG 1079521al
R: TTTGTGCAAATAGC
CGACATAGA
Slc4a4 F: GAAGGTCACCACAC PrimerBank ID:
GATCTACA 9055346al
R: TCCACATCAGATTT
GTCGGAGT
Podocin  F: GACCAGAGGAAGGC PrimerBank ID:
ATCAAGC 18485514al
R: GCACAACCTTTATG
CAGAACCAG
Oatl F: CTGATGGCTTCCCA PrimerBank ID:
CAACAC 31982137al
R: GTCCTTGCTTGTCC
AGGGG
Oat3 F: ATGACCTTCTCCGA PrimerBank ID:
GATTCTGG 31543719al
R: GTGGTTGGCTATTC
CGAGGAT
GapDH F: AGGTCGGTGTGAAC PrimerBank ID:
GGATTTG 6679937al
R: TGTAGACCATGTAG
TTGAGGTCA
4.8 | Organic anion transporter assay

Organoids were cultured for 6 days and Oat activity was
investigated as described before.” Briefly, organoids were
washed with 1x PBS, then incubated twice 5 minutes in
PBS“*"™e" (Sigma), then control samples were incubated
for 1 hour in PBS“*™&* supplemented with both: pro-
benecid (Sigma, #P8761-25G, 200 pM) and 6-CF (Sigma,
#C0662-50MG, 10 pM) at 25°C in the dark; while the
experimental samples were incubated in PBS<* ™ Me*
supplemented with 6-CF only. Following this incubation,
samples were washed twice 5 minutes in cold PBS“**Me&*
and activity of all Oats was blocked by 15 minutes incu-
bation in probenecid solution (800 pM). Following this,
samples were mounted and immediately imaged using
confocal microscope Zeiss LSM 800 and ZEN software.

4.9 | Data analysis

Analyses were performed either in Excel or in GraphPad
Prism on at least three biological experiments. The num-
ber of samples used for qPCR in each experiment varied
between 6-10 for biggest organoid (30 000-10 000) and

10-20 for smallest organoids (5000 and 2500). The qPCR
results were normalized to freshly isolated MM cells.

The total area of the organoids, the induced area
(of renal vesicles and more advanced nephrons) and
number of developing nephrons, was calculated on day
3 of culture using Fiji (ImageJ2).>® A border was drawn
around the specific area and measurements were done
automatically by the program. Numerical analysis was
performed using Excel.

6-CF fluorescence intensity was measured from three
samples in two places each using function “Profile” in
ZEN software. One-way analysis of variance was used to
find the significant differences between samples, the
30 000 organoid sample was used as a control if not
stated otherwise in the text, differences were considered
significant at *P < 0.05, **P < 0.001, ***P < 0.0001 or not
significant - # or left unmarked.
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