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Tubuloids derived from human adult kidney and
urine for personalized disease modeling
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Adult stem cell-derived organoids are three-dimensional epithelial structures that recapitulate fundamental aspects of their
organ of origin. We describe conditions for the long-term growth of primary kidney tubular epithelial organoids, or ‘tubuloids’.
The cultures are established from human and mouse kidney tissue and can be expanded for at least 20 passages (>6 months)
while retaining a normal number of chromosomes. In addition, cultures can be established from human urine. Human tubu-
loids represent proximal as well as distal nephron segments, as evidenced by gene expression, immunofluorescence and
tubular functional analyses. We apply tubuloids to model infectious, malignant and hereditary kidney diseases in a personal-
ized fashion. BK virus infection of tubuloids recapitulates in vivo phenomena. Tubuloids are established from Wilms tumors.
Kidney tubuloids derived from the urine of a subject with cystic fibrosis allow ex vivo assessment of treatment efficacy.
Finally, tubuloids cultured on microfluidic organ-on-a-chip plates adopt a tubular conformation and display active (trans-)

epithelial transport function.

lished from embryonic stem cells or induced pluripotent

stem cells (collectively called pluripotent stem cells (PSCs))
and from adult stem cells (ASCs)'. PSC-derived organoids recapitu-
late development and have the potential to form structures through
processes that only occur during development'. Typically, PSCs are
first expanded and subsequently differentiated toward the fully dif-
ferentiated (and non-expandable) end product in approximately
2-3months. PSC-derived organoids have the advantage of struc-
tural complexity and are used to study development, hereditary dis-
ease and infectious disease (reviewed in refs. '*). For tissues that are
only formed once and never repaired afterwards, such as the brain, it
is the only approach to create organized tissue in vitro. PSC-derived
organoids were pioneered for the brain, followed by multiple other
organs, including intestine and stomach. PSC-derived ‘mini-kidney’
organoids have been developed recently that contain cells from all
kidney lineages, resulting in strikingly complete ‘mini-kidneys™.
However, generation of PSC-derived organoids in a personalized
fashion is relatively time-consuming. Primary patient cells (typi-
cally fibroblasts) must be reprogrammed into induced PSCs (iPSCs)
and subsequently differentiated into the tissue of choice. This
procedure takes several months, and the resulting organoids usu-
ally cannot be expanded further. The protracted time frame may
be especially problematic for personalized cancer drug screening

O rganoid cultures representing different organs can be estab-

(by conversion of tumor cells into iPSCs and then back into tumor
cells); direct expansion of malignant cells from individual patients
in an organoid-type format would be highly preferable.
ASC-derived epithelial organoids recapitulate adult tissue repair
rather than development'. Thus, only tissue compartments that
exhibit regenerative capacity are amenable to this approach. ASC-
derived organoids are of lower complexity than PSC-derived organ-
oids and to date strictly represent the epithelial parts of organs, with
the absence of nerves, blood vessels and stromal elements. The latter
may be seen in PSC-derived organoids. These organoids invariably
appear as cystic, highly polarized epithelial structures'. While not
representing complete organs to the same extent as PSC-derived
organoids, they contain the entire assortment of differentiated,
functional epithelial cells and reproduce architectural aspects (such
as the spatial distribution of individual cell types) of the original
epithelium. ASC-derived organoids can be derived from the per-
tinent tissues of individuals of any age, typically within 7d, and
do not need to be directed through embryonic development, as
they are already fully specified towards the tissue of interest at the
start of culture. In contrast to PSC-derived organoids, they can be
expanded for many passages while remaining genetically stable’. As
a consequence, they can be cloned at any stage of their culture and
are ideally suited for CRISPR-based genomic modification’. These
characteristics make ASC-organoids a fast and versatile entity for
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Fig. 1| Human kidney tubuloid culture. a, Tubuloids exhibit a cystic morphology (representative image of >10 independent tubuloid lines). b, Scanning
electron microscope image of P4 confirms that cystic tubuloids consist of a single layered cuboidal epithelium with cells of approximately 10 um in
diameter (representative image of at least n=3 independent tubuloid lines). ¢, An example of a typical normal metaphase spread, from a tubuloid culture
after 18 passages (representative image of >40 spreads, from tubuloids in P11, P14 and P18 in 3 independent experiments, from 3 independent tubuloid
cultures). d, WGS reveals a normal karyogram over short-term (P2) and long-term (P8) cultures (one tubuloid line was used for WGS). Scale bars, 100 um

(a, whole droplet); 75um (a, P1, P26 and b); 10 um (inset of b and ¢).

personalized medicine approaches, with the explicit restriction that
they only model function and disease of the epithelial elements of
their organ of origin.

We originally developed the ASC-organoid technology for the
intestine’. Similar protocols are now available for many organs and
cancers derived thereof (reviewed in refs. %), including liver, prostate,
pancreas, stomach, salivary gland, breast, colon and taste buds. These
protocols have been applied for cancer modeling and infectious dis-
ease modeling, as well as for personalized medicine approaches for
cystic fibrosis™. Here we extend the approach to the kidney.

Results

Establishing and characterizing kidney tubuloids. To establish
a culture protocol sustaining the growth of human kidney tubu-
loids, we adapted our protocol for the expansion of adult intesti-
nal Lgr5*stem cells*”. We resuspended tubular fragments, obtained
after collagenase digestion of cortical human kidney, in Matrigel
(Fig. la) and added culture media containing (1) R-spondin-
conditioned medium to enhance canonical Wnt signaling, known
to be essential for kidney homeostasis® and repair’; (2) FGF-10, a
signal that promotes survival of kidney progenitor cells'’ and that is
present in adult kidney'’; (3) A8301, to inhibit the TGF-p receptors
ALK4/5/7, preventing growth arrest and epithelial to mesenchymal
transition'’; (4) the mitogen epidermal growth factor (EGF); and
(5) Rho-kinase inhibitor to prevent anoikis of dissociated cells'.

304

Noggin, Wnt-conditioned medium or Wnt-surrogates', nicotin-
amide and a p38-inhibitor did not increase expansion capacity after
12 weeks of culture and were therefore removed from the medium.
Addition of PGE-2 (ref. '°; after 12 weeks), addition of BMP-4 (for 4
passages) and FGF-2 (in the presence of FGF-10, for 4 passages) did
not have a significant effect on expansion capacity.

Kidney tubuloids typically developed within 6d after seeding
(Fig. 1a) as cystic structures consisting of a simple cuboidal epithe-
lium. See Fig. 1b for a scanning electron microscope image of the
cells. Under optimized conditions, human tubuloids could be pas-
saged at least 20 times with 1:3 weekly split ratios (Fig. 1a). Tubuloid
lines could be established from small tissue samples with 100% effi-
ciency (n>30).

Karyotyping showed that cells retain a normal number of
chromosomes over a very long-term culture period (18 passages)
(Fig. 1c and Supplementary Fig. 1). Genomic stability was further
validated by whole genome sequencing (WGS) analysis of match-
ing early passage (P2) and late passage (P8) tubuloids and of the
original kidney tissue. In agreement with karyotyping analysis, we
did not observe large chromosomal aberrations by WGS (Fig. 1d).
By contrast, chromosomal and/or structural variations occur fre-
quently in embryonic stem cells', iPSC'” and in cell lines such as
Madin-Darby canine kidney (MDCK) cells'®. By WGS, we observed
19 mutations in coding regions (of which 15 were missense muta-
tions; Supplementary Fig. 2) in late passage tubuloids compared to
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parental tissue and none in the early passage tubuloids. None of
these mutations are recurrently found in cancers and none occur
in genes that are associated with kidney function or dysfunction.
Using a similar protocol, we established long-term mouse tubuloid
cultures with essentially 100% efficiency (n > 10) that also retained a
normal number of chromosomes (Supplementary Fig. 3).

To determine what compartment of the nephron was represented
in our system, we performed bulk RNA sequencing (RNA-seq). We
compared the transcriptome of cortical kidney tissue samples from
three donors with the tubuloid lines established from these. Markers
of endothelium (PECAM1, CDH5, FLT1 (ref. **)) and interstitium/
smooth muscle (MEISI (ref. 2°), CALDI (ref. *'), PDGFRB (ref. »%))
were not expressed in tubuloids, whereas (kidney) epithelial
(EPCAM, PAXS (ref. *°)) markers were highly expressed (Fig. 2a).
In agreement with the notion that the culture conditions support a
regenerative response, we noted increased expression of ASC mark-
ers, such as SOX9 (ref. **) and PROMI (ref. **). Two stem cell mark-
ers of kidney development, LGR5 (ref. *°) and SIX2 (ref. %), were
not detected in tissue or in tubuloids. Podocyte markers (NPHSI,
WT1I, PODXL) were not observed in the tubuloids, whereas proxi-
mal tubule markers (ABCC1, ABCC3, ABCC4, SLC22A3, SLC40A1)
were highly expressed. In addition, collecting duct (CDHI, GATA3,
AQP3) markers were expressed as well as some markers for loop of
Henle (CLDN10 (ref. *®), CLDN14 (ref. *)) and distal tubule (PCBD1
(ref. %), SLC41A3 (ref. *'); Fig. 2a). Thus, the growing structures rep-
resent tubular epithelium, exhibit a stem cell signature and lack cell
types that are not regenerated in vivo (for example, podocytes™).

For an in-depth, high-resolution analysis of the epithelial com-
partment, we performed single-cell RNA-seq. We sorted 192 tubu-
loid cells and 192 EPCAM™ epithelial cells (to prevent contamination
with blood cells) from the primary cortical kidney tissue from which
the tubuloids were derived. After filtering, the median unique tran-
script number per cell was 13,633. EPCAMY* kidney epithelial cells
and tubuloid cells were assigned to specific cell-cycle phases based
on the expression levels of cell cycle-specific genes (Supplementary
Fig. 4)*. As expected, tubuloid cells were fast-cycling. After correc-
tion for cell-cycle differences as well as collagenase dissociation-
induced stress (a known issue in single-cell RNA-seq experiments on
primary tissue’), unsupervised clustering identified seven clusters
(Fig. 2b,c). All cells were PAX8*and thus kidney epithelial in nature
(Supplementary Fig. 5)*. Other epithelial markers were expressed
in all clusters, such as EPCAM, KRT18 and KRT19 (Supplementary
Fig. 6). Cluster 1 contained cells derived from primary tissue as
well as from tubuloids, characterized by an intercalated cell signa-
ture (expression of SLC4A1, SLC26A7, ATP6V1BI1) (Supplementary

Fig. 6). Cluster 2 contained the majority of the primary kidney epi-
thelial cells. Clusters 3 to 7 consisted of tubuloid-derived cells. Cluster
4 displayed a collecting duct cell signature (marked by urea-trans-
porter SLCI4A1 (ref. *°) and CLDNS (ref. %)), whereas the signature
of cluster 5 implied a proximal tubule cluster (marked by SLC2A1, a
set of genes involved in glucose handling, and VEGFA™*). Cluster 7
cells showed increased expression of COL4A3 and COL4A4 expres-
sion, combined with reduced expression of KRT18 and KRT19, sug-
gestive of an epithelial to mesenchymal transition. Clusters 3 and 6
displayed an epithelial signature but did not express segment-spe-
cific genes (although cluster 6 showed some expression of the proxi-
mal tubule organic cation transporter SLC22A5 (Supplementary Fig.
6)). The absence of expression of segment-specific genes in clusters
3 and 6 may reflect a progenitor status.

Immunostaining confirmed the tubular epithelial nature of
the tubuloids. All tubuloids were PAX8* (Supplementary Fig. 5).
Basolateral Integrin a6 (ITGA6), sub-apical TJP1 (ZO1l) and
Filamentous-Actin (F-Actin) demonstrated that the structures form
a polarized epithelium (Fig. 2d). This was further substantiated with
basolateral cytokeratin (wide spectrum) combined with apical acet-
ylated tubulin (to stain for the primary cilium; TUBA) and F-Actin
(Fig. 2e). A three-dimensional reconstruction that illustrates the
epithelial architecture, high level of polarization and the presence
of an apical primary cilium on each tubuloid cell is provided in
Supplementary Video 1. Proximal tubule cells were identified by
Villin (VIL1), expressed in the microvilli of the proximal tubule, com-
bined with basolateral Claudin-3 (CLDN-3) and F-Actin (Fig. 2f).
In addition, we detected tubuloids that were positive for the princi-
pal cell marker of the collecting duct AQP3 (Fig. 2g) and the inter-
calated cell marker SLC4A1 (Fig. 2h). To confirm the presence of
collecting duct cells, an immunofluorescent staining for CDH1 and
GATA3 was performed, showing double-positive cells (Fig. 2i).

The bulk and single-cell RNA-seq analyses showed limited
expression of loop of Henle-specific genes (UMOD, SLC12A1) and of
the distal tubule marker CALBI (Fig. 2a and Supplementary Fig. 7).
Indeed, SLC12A1 was present in a minority of cells at the protein
level at the apical side, where it is located in vivo (Fig. 2k). Growth
factor withdrawal, a method previously used to promote differentia-
tion of other types of organoids®, allowed detection of distal tubule
marker CALBI in the cytoplasm and loop of Henle marker UMOD
by immunofluorescence (Fig. 2j and Supplementary Fig. 7). When
cells within a tubuloid were positive for a segment-specific marker,
generally the majority of the cells in that tubuloid were positive for
that marker (Fig. 2f-j), suggesting a nephron segment-specific phe-
notype of individual tubuloids.

>
>

Fig. 2 | Kidney tubuloids represent tubular epithelium. a, Color-coded heatmap of an RNA-seq analysis comparing 3 independent cortical tissue samples
(1, 2, 3) and the 3 corresponding tubuloid lines (1, 2, 3), showing that tubuloids are tubular epithelial in nature, have a high expression of ASC markers and
express marker genes of proximal tubule, loop of Henle, distal tubule and collecting duct. b, t-distributed stochastic neighbor embedding (t-SNE) maps

of unsupervised clustering of matching primary kidney epithelial cells and cultured tubuloid cells (192 kidney and 192 tubuloid cells were sequenced in
one run and after quality checks (see Methods) 51 kidney cells and 149 tubuloid cells were used for clustering analysis). ¢, Seven clusters were identified:
cluster 1 (n=8) contains tubuloid and primary kidney epithelial cells and these cells express typical intercalated cell genes; cluster 2 (n=45) contains
only primary kidney epithelial cells, whereas cluster 3-7 contains only tubuloid-derived cells. Cluster 4 (n=19) expresses collecting duct genes, cluster

5 (n=39) proximal tubule genes and cluster 7 (n=28) displays a more fibrotic signature. Clusters 3 (n=33) and 6 (n=28) may represent a more
undifferentiated progenitor phenotype (¢). d, Immunofluorescent staining for basolateral Integrin a6, sub-apical ZO1and F-Actin demonstrates that

the tubuloids form a polarized epithelium (this combined staining was performed in one tubuloid line). e, Immunofluorescent staining for basolateral
keratin combined with apical acetylated tubulin (primary cilium) and F-Actin confirms the polarized nature of the tubuloids (this combined staining was
performed in one tubuloid line). f, Expression of Villin, a marker of the microvilli of the proximal tubule, is detected with immunofluorescence, in a staining
combined with basolateral Claudin-3 and F-Actin (this combined staining was performed in one tubuloid line). g h, The presence of collecting duct
marker genes is detected with immunofluorescence: principal cell marker AQP3 (n=3 independent experiments) (g) and intercalated cell marker SLC4A1
(n=3 independent experiments) (h). i, Combined expression of GATA3 and CDH1 confirms the presence of collecting duct cells (n=3 independent
experiments). j, Expression of distal tubule marker CALB1 is observed after withdrawal of growth factors (n=2 independent experiments). k, A minority
of the tubuloid cells express loop of Henle marker SLC12A1 (n=2 independent experiments). I, Tubuloids display proximal tubule transporter function:

by addition of a P-gp-specific inhibitor (+ P-gp-i), accumulation of calcein (Calc) is observed. This is not observed without the inhibitor (- P-gp-i) (n=3
independent experiments). Scale bars, 50 um, except d and insets in e, f, g, h, i where it is 10 um.
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To evaluate functionality of the proximal tubule cells, we
exposed tubuloids to a substrate (calcein-AM, which diffuses freely
into cells) of the proximal tubule xenobiotics efflux pump ABCBI
(P-glycoprotein (P-gp)) in the presence or absence of the P-gp-
specific inhibitor PSC-833 (ref. ). If P-gp were functional in tubu-
loids, accumulation of calcein-AM (which is intracellularly cleaved
into the fluorescent calcein) should occur when P-gp-activity is
blocked. An illustration of the experimental set-up is provided
in Supplementary Fig. 8. We observed accumulation of calcein
in the presence of the inhibitor as assessed by confocal micros-
copy (Fig. 21). We quantified this by measuring fluorescence in a
plate reader and found the difference to be significant (P=0.0016,
Supplementary Fig. 9).

NATURE BIOTECHNOLOGY

A defining feature of stem cells is their multilineage potential*.
We evaluated the presence of stem cells in the cultures by estab-
lishing a tubuloid line from a single cell. This clonal line expressed
marker genes of multiple nephron segments, indicating multilin-
eage capacity and hence stemness (Supplementary Fig. 10). In com-
parison with the bulk tubuloid line from which the clonal line was
established, diversity in segments was largely preserved, although
there were differences: the clonal tubuloid line had an increased
expression of the traditional loop of Henle marker (SLC12A1) and a
decreased expression of the typical distal tubule marker (SLCI2A3).
In addition, expression of the collecting duct marker AQP3 was low
while the other collecting duct marker NR3C2 was only marginally
increased compared to control colon organoids (both in the clonal
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Fig. 3 | Modeling BK virus infection with human kidney tubuloids. a, Periodic acid-Schiff (PAS) staining reveals large blue nuclei (intranuclear basophilic
viral inclusions; arrow heads) in an infected tubuloid 10 d post-infection (n=2 independent experiments). b, The larger nuclei (arrow heads) present in a
patchy pattern 10 d post-infection, stain for SV40 T antigen (n=2 independent experiments). ¢, In addition, in the same tubuloid nuclei are present that
stain for VP-110d post-infection (experiment performed once). d, Transmission electron microscopy reveals the presence of viral particles in nuclei of an
infected cell 10 d post-infection, and these were absent in the negative control (experiment performed once). e, BK virus particles increase exponentially
in the first 10d in culture (each line represents one independent experiment, data expressed genome equivalents in International Units per ml). f, Infection
of tubuloids can be established directly from urine from a patient with BK virus-induced nephropathy: the number of virus particles increases sharply
between the start of incubation (Incubation) and after 10 d of culture (Incubation + culture) (each dot represents an independent experiment (n=2), the
line indicates the mean, data expressed as genome equivalents in International Units per ml). g, Filtered supernatant of tubuloids infected with BK virus

is infectious: we compared input (Incubation) to the output after culture (Incubation + culture) (each dot represents an independent experiment (n=3),
the line indicates the mean, data expressed as genome equivalents in International Units per ml). h, The number of BK virus copies decreases significantly
in the presence of CDV in a dose-dependent manner (each line represents one independent experiment, data expressed as genome equivalents in

International Units per ml; P <0.01 from 20 ug ml™ onwards, using a one-way analysis of variance (ANOVA), combined with Tukey post-hoc tests). Scale
bars, a-¢, 100 um; d, 500 nm.

and parental lines). This suggested the lack of collecting duct cells in
the clonal line. Together, this indicated that the clonal line displayed
a proximal nephron (proximal tubule and loop of Henle) pheno-
type, rather than a distal nephron (distal tubule and collecting duct)
phenotype. Yet, we deduced from this that tubuloids contain cells
with multilineage potential, designating them as ASCs.

diagnose BK nephropathy in kidney biopsies (Fig. 3b). At the same
time point post-infection (10 d), in the same tubuloid, enlarged
nuclei were present that stained for VP-1 (Fig. 3c), showing that
both early (SV40/Large T antigen) and late (VP-1) genes of BK virus
were expressed at that time point. The presence of large numbers of
viral particles within the nuclei was confirmed by transmission elec-

Thus, in tubuloids under expansion conditions, proximal tubule
cells were abundantly present and functional, collecting duct cells
were more sparsely present and a few loop of Henle cells were found.

Modeling infectious kidney disease. BK virus is a tubule-specific
circular DNA virus for which no curative treatment exists. To vali-
date tubuloids as an ex vivo model to study BK virus infection, we
infected kidney tubuloids with a clinical isolate of BK virus that
was first propagated in a cell line. Scattered nuclei of tubuloid cells
increased to at least twice the normal size (Fig. 3a). The enlarged
nuclei stained strongly for SV40/Large T antigen, which is used to
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tron microscopy (Fig. 3d). The number of virus copies increased
exponentially during the first 10d after infection (Fig. 3¢) as shown
by quantitative PCR. In addition to productive infection with a
clinical isolate propagated in a cell line, infection could be estab-
lished from urine samples of a BK virus patient (Fig. 3f). In three
experiments, viral DNA was sequenced at day 1 and day 30 after
infection of tubuloids; no DNA changes were detected (sequencing
data in Supplementary Dataset 3). Negative controls were included
in all experiments to rule out that a latent BK virus strain repli-
cated rather than the added strain. Thus, BK virus expands stably in
human kidney tubuloids.
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Fig. 4 | Tumoroid lines can be established from Wilms tumor tissue. a, Nephroblastoma-derived tumoroids of patient 1 (Pt1), as assessed with bright
field microscopy (representative image of at least n=3 independent experiments) that shows expansion of the stromal (arrow head) compartment of the
tumor (Supplementary Videos 2-4). b,c, Hematoxylin and eosin (H&E) stains (performed once for this tumoroid line) of the primary tumor tissue (b) and
the tumoroid line (¢) both show the typical tri-phasic nephroblastoma histology, with blastema (arrow head b), epithelium (arrow head e) and stroma
(arrow head s) present. d,e, The second nephroblastoma (Pt2) did not show this tri-phasic morphology: bright field (representative image of at least n=3
independent experiments) (d) and H&E staining (performed once for this tumoroid line) (e). f, Low-coverage WGS of patient 2 (experiment performed
once) shows that healthy tissue and the healthy tubuloid line do not display CNVs. However, in the tumor tissue and tumoroid line, typical Wilms tumor
CNVs, such as 1q gain, gain of chromosome 8 and 12, and 16q loss were identified. g, Wilms tumor-derived tumoroids (T) from both patients express SIX2,

whereas the matched normal lines (H) do not: normalized expression is depicted (analysis performed in triplicate for n=2 independent lines, once). h,
This is confirmed with immunofluorescence staining for SIX2 and F-Actin (representative image of n=3 independent experiments). Scale bars, 200 um,

except h where it is 50 um.

To test whether virus particles produced in culture were infec-
tious, we filtered culture supernatant 30d after tubuloid infection.
As the medium was refreshed 13 times, there was a minimal con-
tribution of virus particles used to establish infection. Incubation
of tubuloids with the filtered supernatant was sufficient to estab-
lish infection and subsequent culturing increased the number of
viral copies (Fig. 3g), indicating active production of infectious
viral particles. We tested the effect of anti-viral treatment by incu-
bating tubuloids with BK virus and culturing them for 7d in the
presence of 10-320ugml™ cidofovir (CDV; an inhibitor of DNA
polymerase), a drug used clinically for the treatment of BK virus

308

nephropathy*. The number of viral copies decreased significantly
compared to control (P <0.01, from 20 pgml™ onwards) in a dose-
dependent manner (Fig. 3h). The half-maximum inhibitory con-
centration (~10ugml™) was within the range of clinically obtained
serum levels®. Thus, BK virus infection in tubuloids mimics clinical
histopathology with respect to the patchy pattern of infection and
histological findings and allows testing of treatment efficacy ex vivo.

Establishing ‘tumoroids’ from Wilms tumors. Wilms tumor,
or nephroblastoma, is the most common pediatric solid tumor,
accounting for 5% of all childhood malignancies™. Mutations in
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genes such as WT1, CTNNBI or SIX2 are believed to occur in kid-
ney stem or progenitor cells during embryonic development. The
resulting Wilms tumors often display a typical tri-phasic histol-
ogy, with stroma, blastema and epithelium as components*. Copy
number variations (CNVs) are observed in 75% of cases'®. In
addition, expression of the kidney developmental stem cell marker
SIX2 is observed*.

We established tumor organoids, or ‘tumoroids, from tumor
and matching normal tissue of two patients with nephroblastoma
(Fig. 4a,d). Nephroblastoma tumoroids from both patients could
be expanded with a split ratio of 1:2-1:3 once every 10-14d. The
tumor tissue of the first nephroblastoma patient contained stroma,
blastema and epithelium. The tumor-derived structures displayed a
clearly different morphology compared to tubuloids derived from
healthy tissue, as assessed by phase-contrast microscopy (Fig. 4a)
and 6-day time-lapse imaging videos (Supplementary Videos 2-4).
The most striking difference was the presence of a stromal (non-
epithelial) compartment in culture. Like the original tumor tissue
(Fig. 4b), the tumoroids contained stroma, blastema and epithelium
(Fig. 4c). An 8-base-pair deletion was found in Exon 7 of WT1, pres-
ent in all healthy and tumor-derived samples, implying a germline
mutation in WTI (Supplementary Fig. 11a). An additional hetero-
zygous 4-base-pair Exon 10 insertion was found in tumor tissue as
well as in the tumoroids. This mutation was acquired as it was absent
from healthy tissue and healthy tubuloids (Supplementary Fig. 11b).

In the case of the second patient, the tumor-derived structures
were morphologically similar to healthy tissue-derived tubuloids
(Fig. 4d,e). However, low-coverage WGS revealed typical CNVs
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associated with nephroblastoma, including gains of 1q and of chro-
mosomes 8 and 12 (ref. *°) and loss of 16q™. Identical CNV's were
found in the primary tumor tissue (Fig. 4f) but not in the healthy
tissue and the healthy tubuloids, proving that the tumoroids geneti-
cally reflected the primary tumor.

Wilms tumors often highly express SIX2, particularly those that
do not carry SIX2 driver mutations*. From the RNA-seq analysis
described above, we confirmed that adult kidney tissue and healthy
tubuloids do not express SIX2. Accordingly, the tubuloids derived
from the healthy kidney tissue of the two Wilms tumor patients did
not express SIX2, while SIX2 expression was sharply upregulated in
both patients’ tumoroids (Fig. 4g,h).

Tubuloids from urine of individuals with cystic fibrosis. A limita-
tion of the described culture system is that nephrectomy or biopsy
is required to establish cultures. These invasive procedures are stan-
dard-of-care for only a limited number of kidney diseases. Using
previously described protocols™, we were able to isolate cells from
urine that could be expanded into tubuloids. Urine-derived kidney
tubuloid lines could be expanded over 10-15 passages with weekly
passaging in a 1:3 ratio. We established three independent tubu-
loid lines from healthy volunteers (two pediatric and one adult).
Tubuloid cultures were derived from kidney epithelium, as demon-
strated by PAX8* staining of all tubuloids in two lines (Fig. 5a). One
line contained a mixed culture of PAX8*and PAXS8" structures, the
latter positive for the urothelial marker TP63 (P63) (Fig. 5b).

In addition, we established a tubuloid line from urine of a patient
with cystic fibrosis (CF) (carrying the CFTR mutations F508del/
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384-well microtiter plate. Schematic layout of one chip on the organ-on-a-chip plate, with separate compartments for gel and medium perfusion with
cells seeded in one medium channel (A'). b, Seven days after seeding, a confluent tubular layer is formed as assessed by bright field microscopy (n>3
independent experiments with up to n=40 tubes per experiment). ¢,d, Immunofluorescence shows cells that express ZO1, a marker for tight junctions
that is located sub-apically (representative image of n=3 independent experiments with at least 3 replicates) (¢) and E-Cadherin (CDH1), a marker for
the adherens junctions (representative image of n=3 independent experiments with at least 3 replicates) (d). e, Immunofluorescence shows cells that are
positive for acetylated tubulin on the apical side and Na*/K*-ATPase on the basolateral side, showing that the cells are polarized (representative image

of n=3 independent experiments with at least 3 replicates). f, Immunofluorescence shows cells that are positive for Ezrin, a marker for the microvilli

on the apical side of proximal tubule cells (representative image of n=3 independent experiments with at least 3 replicates). g, Schematic layout of a
barrier integrity assay, where FITC-dextran is added to the lumen of the cell compartment (n=3 independent experiments). In chips with tube formation,
no leakage is observed, whereas in the negative control (no cells present), FITC-dextran spreads over the whole chip. h, A typical organ-on-a-chip plate
overview after 20 min of 20 kDa FITC- dextran exposure, where FITC-dextran spreads over the whole chip in the negative controls (no cells, first column),
but not in the chips where cells were plated (representative image of n=3 independent experiments). i, The tubes significantly increase in intracellular
calcein, after inhibition of P-gp with PSC-833, demonstrating P-gp activity (individual tubes are plotted, after normalization of n=3 experiments (Exp.) and
the lines indicate the mean per experiment; * P=0.03 with a two-tailed unpaired t-test). j, Fluorescent rhodamine 123, which was added at the basal side

of the tubes, is detected in the lumen at the apical side and the apparent permeability (P,

) can be reduced by the addition of PSC-833, demonstrating

PP

that the process is P-gp-dependent. Means of technical duplicates are plotted of n=2 independent experiments; lines indicate the mean per experiment;
** P=0.00001 with a two-tailed unpaired t-test. Immunofluorescent images (c,ef) are a z-slice of the tube and positioned at 50 um from the bottom
glass, whereas d is positioned on the bottom glass. White arrows (c,ef) indicate the apical side of the tube. Scale bars, b, 100 um; ¢-f, 25 um.

S1251N), from which an intestinal organoid line had already been
established. These tubuloids were PAX8* (Supplementary Fig. 12) and
thus kidney-derived. Morphologically, the kidney tubuloids remained
folded over long-term culture (~10 passages) (Fig. 5¢), rather than the
typical cystic phenotype (Fig. 5a). This is analogous to the morphol-
ogy of intestinal CF organoids, which are also folded, while normal
intestinal organoids are cystic®. This difference in phenotype between
CF and normal organoids/tubuloids (described in more detail in ref. ©)
is probably a result of the lack of CFTR function, which reduces the
flow of chloride into the lumen of the organoids and consequently
reduces the amount of water that follows by osmosis.

We evaluated whether tubuloids are useful for testing CF treat-
ment efficacy by performing the previously described forskolin
swelling assay’, which is currently being used with rectal organoids
as an ex vivo drug efficacy screen in the clinical management of CF
in the Netherlands®* The addition of forskolin, which opens the
CFTR channel, leads to rapid swelling of healthy intestinal organ-
oids and no swelling of CF rectal organoids. With certain specific
mutations, such as F508del/S1251N¢, some CFTR function remains.

A strong correlation exists between restoration of the swelling
response by CFTR-restoring drugs and the clinical response of indi-
vidual patients®.

In CF-urine tubuloids, forskolin caused minimal swelling
(Supplementary Video 5) in a concentration-dependent man-
ner (8nM and 5pM; Fig. 5d), indicating some residual CFTR
function, which is expected with the F508del/S1251N genotype®.
Swelling increased significantly (P=0.02 with 5uM forskolin) by
pre-incubation with the CFTR-potentiator drug VX-770 (ivacaftor,
Kalydeco) (Supplementary Video 6), a registered drug for treatment
of F508del/S1251N mutations that also clinically benefitted this
patient (Fig. 5d). The intestinal organoids from the same patient
yielded similar results to the CF-urine tubuloids: forskolin induced
limited swelling (Supplementary Video 7), which was enhanced by
pre-incubation with the CF drug VX-770 (Supplementary Fig. 13
and Supplementary Video 8).

Tubuloids-on-a-chip. Previously, proximal tubule cell lines have
been coerced into a kidney tubule conformation®. To guide tubuloids
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to grow in a kidney tubule conformation, we plated tubuloid-derived
cells in a three-lane OrganoPlate™, an organ-on-a-chip platform with
40 parallel chips having stratified compartments for extracellular
matrix (ECM) and medium perfusion (Fig. 6a). Tubules are cultured
in a medium perfusion compartment along the matrix gel allow-
ing apical as well as basolateral access™. After seeding, tubes formed
within 7d (Fig. 6b) and the cells building the tubes were polarized,
as assessed by immunofluorescence of acetylated tubulin (apical)
and Na'/K*-ATPase (AT1Al, basolateral) (Fig. 6e). In addition,
cells expressed the proximal tubule microvillus marker Ezrin (EZR)
apically (Fig. 6f), whereas CDH1 showed the presence of adherens
junctions (Fig. 6d). ZO1 expression (Fig. 6¢) visualized tight junc-
tions and suggested leak-tightness of the tubes. To confirm that the
tubules were leak-tight, we added 20kDa fluorescein isothiocyanate-
(FITC-)dextran and 155kDa tetramethylrhodamine isothiocyanate-
(TRITC-) dextran to the cell compartment (Fig. 6g,h). After 20 min,
FITC-dextran remained within the cellular tube compartment,
whereas in the negative control (no cells plated), FITC-dextran was
diffusely present throughout all compartments (Fig. 6h).

As tubes were leak-tight, we performed a P-gp transporter assay
in the presence or absence of inhibitor PSC-833 as described above
(Fig. 2l and Supplementary Figs. 8 and 9). We observed a significant
(P=0.03) accumulation of calcein intracellularly in the presence of
PSC-833, demonstrating activity of P-gp (Fig. 6i). Subsequently, we
tested whether the tubes displayed trans-epithelial transport func-
tion. Fluorescent rhodamine 123 is transported into cells by Organic
Cation Transporter 1 and 2 (OCT1 and OCT2), which are influx
pumps located on the basolateral side of proximal tubule cells. It is
secreted from cells at the apical membrane by P-gp*”. Rhodamine
123 was added at the basal side of the tube in the presence or
absence of the P-gp inhibitor PSC-833. After 3 and 5h of incuba-
tion, the fluorescent intensity of rhodamine 123 at the apical side
was measured and the difference between the two time points was
quantified and used to calculate the apparent permeability (P,,,). A
scheme of the experimental set-up is provided in Supplementary
Fig. 14. Fluorescence was detected at the apical side, indicating
trans-epithelial transport (Fig. 6j). The apparent permeability was
reduced in the presence of PSC—833 (P=0.00001), showing that
efflux of rhodamine 123 was dependent on P-gp function (Fig. 6j).

Thus, tubuloid-derived cells can form leak-tight, polarized kid-
ney tubules that can perform (trans-epithelial) transporter activity
in an organ-on-a-chip format, enabling personalized transporter
and drug-disposition studies in tubuloids.

Discussion

In this study, we report a robust kidney tubuloid culture system that
allows long-term expansion and analysis of healthy and diseased
human kidney tissue. The technology is developed based on previous
protocols for stable expansion of epithelial elements of a variety of
ecto-, meso- and endodermal organs’. These previous protocols have
been used for a wide range of applications, as ASC-derived organoids
can be subjected to essentially any experimental manipulation and
analysis that has been established for classical cell lines. The expand-
ing kidney tubuloids retain the characteristics of primary, functional
renal epithelial cells representing distinct nephron segments, most
notably of the proximal tubule. We demonstrate the use of tubuloids
for the modeling of an infectious kidney disease (BK virus), a malig-
nancy (Wilms tumor) and a hereditary disease (CF).

BK virus infections are responsible for the loss of 5-10% of
donor organs in kidney transplant recipients®. Currently, BK virus
is studied using kidney cell lines, wherein a diffuse and general
infection is observed™. Infection of tubuloids yielded a patchy pat-
tern of infection and an increase of nuclear volume (due to intranu-
clear basophilic viral inclusions®), which mimics the findings in BK
nephropathy kidney biopsies®'. In addition, tubuloid culture allows
the study of virus infection in a personalized fashion.

ARTICLES

Methods to study patient-derived Wilms tumors have thus far
involved cell lines and patient-derived xenografts. These xenografts
are expensive, have a low ‘take’ rate, are slow to establish and are
not amenable to high-throughput studies. The few existing Wilms
tumor cell lines (for example, ref. ©*) have undergone extensive in
vitro adaptation/selection. These cell lines do not yield the histology
of typical Wilms’ tumors, while Wilms tumoroids typically do: we
present a Wilms tumoroid culture that contains the three compo-
nents (stroma, blastema and epithelium) seen in a subset of Wilms
tumors. An added advantage of the current technology is the avail-
ability of the original tumor tissue as well as of matching normal
kidney tissue and tubuloids.

In the Netherlands, a Forskolin-based swelling assay on rec-
tal organoids is used for determining treatment efficacy in CF.
Tubuloid cultures established from urine might reduce the need for
more invasive rectal biopsies. Because this proof-of-principle was
established for a single patient, this application awaits further vali-
dation. Besides the use for CF, deriving tubuloid cultures from urine
may also be valuable for the study of (rare) genetic kidney diseases,
for which biopsies are not routinely taken.

We believe that our tubuloid culture system is complementary
to the existing PSC-derived organoids®*=. It adds the unique fea-
ture of direct expansion of patient-derived renal tissue (from biopsy
material and from urine). It is thus very rapid and does not have the
disadvantages of reprogramming to iPSCs, including genetic insta-
bility during long culture periods®’. There are, however, limitations
to the culture system. First, the tubuloid cultures are heterogeneous.
In a way, this is an advantage of the system, as the heterogeneity
of the tubuloids may reflect the heterogeneity within the tubular
epithelium. A strategy to mitigate heterogeneity is making clonal
lines, which represent regional identities. For some studies this will
be beneficial (for example, for studying a specific proximal tubule
transporter) and for others it will be a drawback (for example, the
study of renal tumor heterogeneity). Second, under the current cul-
ture conditions, we generate cells representing proximal tubules,
loop of Henle, distal tubules and collecting duct. Yet, glomerular
cells are lacking. As ASC-organoids recapitulate tissue repair and
given that entire nephrons cannot be replaced, it was expected that
glomerular cells cannot be expanded in this culture system. Third,
while we are able to generate cells expressing markers of the differ-
ent nephron compartments, the conditions are biased for proximal
tubule cell generation. Future studies will address growth factor
conditions to efficiently generate other parts of the nephron. Fourth,
the culture system is purely epithelial in nature, and lacks interstitial
cells and vasculature. Yet, it should be noted that epithelial cells are
often the primary substrate of disease.

Taking together the present results, we have established a ver-
satile culture system for primary kidney epithelial cells that allows
molecular and cellular analyses, disease modeling and drug screen-
ing in a rapid and personalized fashion. Future studies may opti-
mize specific growth factor (withdrawal) conditions to enrich for
loop of Henle and distal tubule cell types, as has been done success-
fully for the various small intestinal epithelial cell types®.

Online content
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summaries, source data, statements of data availability and asso-
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Methods

Mice and human tissue. All animal experiments were approved by the Animal
Experimentation Committee of the Royal Dutch Academy of Science and
University Medical Centre (UMC) Utrecht and we complied with all relevant ethical
regulations. All experiments with human tissue were approved by the medical
ethical committee of the UMC Utrecht and we complied with all relevant ethical
regulations. If required, written informed consent from patients was obtained.

Tubuloid culture. Human tissue. From cortical kidney tissue, tubular fragments
were isolated by collagenase digestion (C9407, Sigma) for 45 min at 1 mgml™.
Fragments were seeded in growth factor-reduced Matrigel (Corning) or Basement
Membrane Extract (BME, R&D Systems) and cultured in medium (ADMEM/
F12 supplemented with 1% penicillin/streptomycin, HEPES, GlutaMAX,
N-acetylcysteine (1 mM, Sigma) and 1.5% B27 supplement (Gibco)), supplemented
with 10% Rspol-conditioned medium® or 1% Rspo3-conditioned medium, the
latter produced via the r-PEX protein expression platform (U-Protein Express),
EGF (50 ngml™, Peprotech), FGF-10 (100 ngml-, Preprotech), Rho-kinase
inhibitor Y-27632 (10 uM, Abmole), A8301 (5uM, Tocris Bioscience) and
primocine (0.1 mgml, Invivogen).

Differentiation medium contained ADMEM/F12 supplemented with 1%
penicillin/streptomycin, HEPES and GlutaMAX.

Factors that were tested but that did not enhance expansion capacity were:
10% noggin-conditioned medium; 40% Wnt3a-conditioned medium (produced
using stably transfected L cells), 0.5nM Wnt-surrogates'* (U-Protein Express),
10 mM nicotinamide (Sigma), 3 pM p38-inhibitor (SB202190, Sigma), 1 uM PGE-2
(Tocris), 25 ngml™! FGF-2 (Peprotech) and 10 ngml-! BMP-4 (Peprotech).

Human urine. Urine (30-50 ml was sufficient) was processed quickly after voiding
and, until processing, the sample was kept at 4°C. Rho-kinase inhibitor Y-27632
(10 uM, Abmole) and primocine (0.1 mgml™, Invivogen) were added. After
centrifugation, the pellet was washed with medium (ADMEM/F12 supplemented
with 1% penicillin/streptomycin, HEPES and GlutaMAX), supplemented with
Rho-kinase inhibitor Y-27632 (10 uM, Abmole) and primocine (0.1 mgml,
Invivogen). After a second centrifugation step, the pellet was resuspended in
growth factor-reduced Matrigel (Corning) or BME (R&D Systems) and cultured in
the tubuloid culture medium described above.

Clonal organoid line. Single-cell suspensions were generated from an early passage
(P2) tubuloid line using TrypLE (Sigma-Aldrich). Single cells were sorted using
FACS (FACSAria, BD), resuspended in BME (R&D Systems) and plated in a
limiting dilution. Cells were cultured in the described expansion medium. After
approximately 4 weeks, single tubuloids were picked and clonally expanded

as described.

Mouse. Kidneys were isolated and tubular fragments were isolated by collagenase
digestion (C9407, Sigma) for 15 min at 0.5 mgml™. Fragments were seeded in
growth factor-reduced Matrigel (Corning) and cultured in medium (ADMEM/
F12 supplemented with 1% penicillin/streptomycin, HEPES, GlutaMAX), with
1.5% B27 supplement (Gibco), 40% Wnt3a-conditioned medium (produced
using stably transfected L cells), 10% noggin-conditioned medium, 10% Rspol-
conditioned medium®, EGF (50 ng ml™!, Peprotech), FGF-10 (100 ngml™,
Preprotech), N-acetylcysteine (1.25mM, Sigma), A8301 (5uM, Tocris Bioscience)
and primocine (0.1 mgml™, Invivogen).

Histology and immunohistochemistry. Tissues were fixed in 4%
paraformaldehyde, dehydrated and embedded in paraffin. Sections were subjected
to H&E, PAS and/or immunohistochemical staining. Immunohistochemistry

was performed according to standard protocols on 3-4 um sections. The primary
antibodies were rabbit anti-Pax8 (1:500, 10336-1-AP, Proteintech), mouse anti-P63
(1:50, M7317, Dako), mouse anti-VP-1 (1:2,000, clone 3B2 SAB1412996, Sigma)
and mouse anti-SV40 (1:100, bPAb416, Merck Millipore). Primary antibodies
were dissolved in 0.05% BSA in PBS. If required, a rabbit-anti-mouse-HRP
(1:500, Dako) in PBS and 5% normal mouse serum was used. Goat anti-rabbit
PowerVision-Horse Radish Peroxidase (Leica Biosystems) was used as tertiary
antibody and counterstaining was carried out with hematoxylin.

Scanning electron microscopy. Tubuloids were fixed for 15 min with 1% (v/v)
glutaraldehyde (Sigma) in PBS at room temperature. Samples were subsequently
serially dehydrated by consecutive 10 min incubations in 2 ml of 10% (v/v), 25%
(v/v) and 50% (v/v) ethanol-PBS, 75% (v/v) and 90% (v/v) ethanol-H,0, and 100%
ethanol (2x), followed by 50% ethanol-hexamethyldisilazane (HMDS) and 100%
HMDS (Sigma). The samples were removed from the 100% HMDS and air-dried
overnight at room temperature. After overnight evaporation of HMDS, samples
were mounted onto 12 mm specimen stubs (Agar Scientific) and coated with gold
to 1nm using a Quorum Q150R sputter coater at 20 mA before examination with a
Phenom PRO Table-top scanning electron microscope (PhenomWorld).

Karyotyping. Tubuloids were treated with 0.1 uygml™ colcemid (Gibco) for 16h.
Cultures were washed and dissociated into single cells using TrypLE (Gibco) and

processed as previously described™. Slides were mounted with 4,6-diamidino-2-
phenylindole (DAPI)-containing Vectashield and analyzed on a DM6000 Leica
microscope. At least 40 spreads were analyzed, in at least three independent
experiments, from multiple tubuloid lines.

Whole genome sequencing. DNA libraries for Illumina sequencing were
generated by using standard protocols (Illumina) from 0.5 pg of genomic DNA
isolated from tubuloid cultures by using the QIAsymphony DSP DNA Mini Kit
(Qiagen) according to manufacturer’s instructions. All samples were sequenced
(2x 150 base pairs (bp)) by using Illumina HiSeq X Ten sequencers to 30X base
coverage. Sequence reads were mapped and analyzed as previously described”".

A full pipeline description and settings are available at https://github.com/
UMCUGenetics/IAP. Raw variants were multisample-called by using the GATK
HaplotypeCaller v.3.4-46 and postprocessing filters were performed as previously
described”". Briefly, we considered variants at autosomal chromosomes without
any evidence from a paired control sample (the original tissue used to generate the
tubuloid cultures), passed by VariantFiltration with a GATK phred-scaled quality
score > 100, a base coverage of at least 20X in the control tissue, P2 and P8 cultures,
a minimal variant allele frequency of 0.1, no overlap with single nucleotide
polymorphisms in the Single Nucleotide Polymorphism Database v.137.b3730

and absence of the variant in a panel of unmatched normal human genomes (BED
file available upon request). Finally, to obtain a final catalog of P2 mutations, we
filtered variants with a GATK genotype score (GQ) lower than 99 in the P2 culture
and 10 in the control sample. To obtain a final catalog of P8 mutations, we filtered
variants with any presence in the P2 culture and with a GATK genotype score
(GQ) lower than 99 in the P8 culture and 10 in the control sample and P2 culture.
Sequence data have been deposited at the European Genome-phenome Archive
(EGA), which is hosted by the EBI, under accession code EGAS00001002729.

Immunofluorescence. For whole mount immunofluorescence staining, tubuloids
were processed as previously described”.

Rabbit anti-AQP-3 (1:100, 125219, Abcam), rabbit anti-AE1/SLC4A1 (1:100,
AEI11-A, Alpha Diagnostics International), goat anti-Calbindin D28K (1:200, N-18,
Santa Cruz), goat anti-GATA3 (1:300, AF2605, R&D Systems), mouse E-Cadherin
(1:300, 610182, BD Biosciences), rabbit anti-Claudin-3 (1:200, AB15102, Abcam),
mouse anti-Integrin a6 (1:200, AB20142, Abcam), Alexa Fluor 647 Phalloidin
(1:100, A22287, Thermo Fisher Scientific), mouse anti-Villin (1: 200, SC-58897,
Santa Cruz), rabbit anti-ZO1 (1:100, 402200, Thermo Fisher Scientific), mouse
anti-acetylated tubulin (1: 2,000, SC-23950, Santa Cruz), rabbit anti-cytokeratin
(1:20, Z0622, Dako) and SIX2 (1:300, 11562-1-AP, Proteintech) were used as
primary antibody. Sheep anti-UMOD (1:200) and rabbit anti-NKCC2 (1:200)
were kindly provided by J. Hoenderop (Nijmegen, the Netherlands). Alexa Fluor
immunoglobulin Gs (IgGs) were used as secondary antibodies:568 donkey anti-
rabbit IgG, Alexa Fluor 568 donkey anti-goat IgG, 488 donkey anti-rabbit IgG, 555
donkey anti-mouse IgG (1:500, Thermo Fisher Scientific). Nuclei were stained with
DAPI (Thermo Fisher Scientific) or DRAQ5 (Biostatus). Immunofluorescence
images were acquired using a confocal microscope (Leica, SP5 and SP8 or Zeiss
LSM880). Images were analyzed and processed using Leica LAS AF Lite or LASX
software (Leica SP5 or SP8 confocal). Three-dimensional reconstruction of intact
tubuloids was performed using the software Imaris.

Single-cell sequencing. Sample and SORT-seq library preparation. Samples were
prepared according to the Sort-seq method as described previousy”. Briefly,
EPCAM* primary kidney cells, FACS sorted (Facsjazz, BD) with Alexa Fluor 488
anti-human CD326 (EPCAM, clone9C4; Biolegend), and the single-cell suspension
from passage 4 tubuloids (derived from the same tissue as the EPCAM* primary
kidney cells) were single-cell sorted into 384-well plates (Bio-Rad) containing

5 ul of vapor lock (Qiagen), 100-200nl of reverse transcription (RT) primers,
deoxyribose nucleoside triphosphates (ANTPs) and synthetic messenger

RNA spike-ins.

Live single cells were selected on the basis of DAPI and forward/side scatter
properties. After the sort, plates were spun down and frozen to —80 °C until
further processing.

RNA samples were processed into complementary DNA libraries as described
previously’*”* and on the basis of the CEL-seq2 technique. Illumina sequencing
libraries were prepared with the TruSeq small RNA primers (Illumina) and were
sequenced paired-end at 75-bp read length on an Illumina NextSeq. Primary cells
and tubuloid cells were processed and sequenced in parallel.

Single-cell sequencing data analysis. Paired-end reads from Illumina sequencing
were aligned to the human transcriptome with the Burrows-Wheeler Alignment
(BWA) tool”. Failed reactions as evident by lower external RNA controls counts
were discarded. Cells with less than 2,000 unique transcripts were also removed.
After cell filtering, unique transcript counts were normalized to 10,000, instead

of down-sampling. Analysis was performed using the method of Satija et al.”.
Dissociation-induced stress’* was quantified using a scoring strategy’ based on the
expression of heat shock genes (Supplementary Fig. 15). A score over 0.4 was used
to filter out cells that were severely stressed. Cell-cycle analysis was performed as
described before™. To avoid clustering of cells based on cell-cycle profiles or stress,
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the following genes were removed from the clustering estimation and included
back for further analysis: the cell-cycle associated genes, heat shock protein

genes, as well as genes assigned by curators (that is, not inferred from electronic
annotation) with the gene ontology terms GO:0001666—response to hypoxia,
GO:0006986—response to unfolded protein, GO:0006979—response to oxidative
stress, GO:0006006—glucose metabolic process, GO:0006006—glucose metabolic
process and GO:0042254—ribosome biogenesis. A total of 263 genes (18% of
variable genes) were filtered out based on cell-cycle and gene ontology terms. The
first 14 principal components were used for cluster identification with a resolution
of 2. A pseudo-count of one was used. Differential expression was performed using
the Wilcoxon test with 1.8-fold expression cut-off and 5% Bonferroni multiple-
testing corrected statistical significance cut-off. Single-cell sequencing data can

be found in the Supplementary Information and have been deposited at the Gene
Expression Omnibus (GEO) under accession code GSE107795.

Bulk RNA sequencing. Sample and library preparation. Passage 3 or 4 tubuloid
samples (n=3; 200 pl of BME per sample) and matched cortical kidney tissue
samples (n=3) were harvested with TRIzol reagent (Life Technologies) and RNA
was isolated according to the manufacturer’s instructions. RNA samples were
processed into cDNA libraries based on the CEL-seq2 technique as described
previously”>”. Illumina sequencing libraries were prepared with the TruSeq small
RNA primers (Illumina) and were sequenced paired-end at 75-bp read length on
anlllumina NextSeq. Tissue samples and tubuloids were processed and sequenced
in parallel.

RNA-seq data analysis. Paired-end reads from Illumina sequencing were aligned
to the human transcriptome with BWA”. Reads were normalized and differential
gene expression analysis performed using the DESeq2 package’. Per gene, Z-
scores of normalized expression were calculated and the results were depicted on a
heatmap. Analyses, quantification and data visualization were run on Rstudio.

Bulk sequencing data can be found in the Supplementary Information and have
been deposited at the GEO under accession code GSE107795.

BK virus experiments. BK virus infection. Tubuloids were harvested, Matrigel was
removed with cold ADMEM/F12, tubuloids were centrifuged, supernatant was
taken off and tubuloids were subsequently incubated in ADMEM/F12 with crude
BK virus (in Fig. 3a-e,g,h a clinical isolate genotype BK1b-1, isolated from urine
of an immunocompromised patient, was first propagated in MRCS5 cells; in Fig. 3f
infected urine was used directly) for 2h at 37 °C, with regular mixing. The genome
equivalent used for the infections was 2.5 10° IU ml™" (measured directly after
incubation) and for the infections established with urine it was 6.3 x 10> TU ml~".
After incubation, tubuloids were centrifuged and after a wash step with ADMEM/
F12, tubuloids were plated out in Matrigel. Samples were harvested either directly
after incubation or after different periods in culture (1, 2, 5, 10 or 30d after
incubation; with the 30 day time point for sequencing of BK virus) in 500 pl of
ADMEM/F12 and stored at —20 °C until analysis.

Supernatant infection. 400 pl of supernatant of a well (with 40 ul of Matrigel)
that was infected 30 d before, was harvested and diluted 1:15 in ADMEM/F12.
Subsequently, it was filtered with a Millex-GS 0.22 um sterile filter unit (Merck
Millipore) to remove cells, and this was used to infect tubuloids as described
above. The genome equivalent used for the infections was 9.0 10* [Uml™!
(measured directly after incubation). Samples were harvested either directly
after incubation or after 10d in culture in 500 ul of ADMEM/F12 and stored
at —20°C until analysis.

CDV inhibition experiment. Tubuloids were infected as described under BK virus
infection. Tubuloids were cultured in tubuloid culture medium, supplemented
with a range of concentrations of (0, 10, 20, 40, 80, 160, 320 ugml') of CDV
(Selleckchem). A non-infected control was exposed to 80 pgml™ CDV. Tubuloids
were harvested after 7d of culture and, during this period, culture media were
refreshed twice. Samples were harvested in 500 ul of ADMEM/F12 and stored at
—20°C until analysis.

BK virus DNA extraction and real-time TaqgMan PCR. Viral DNA was isolated
using a MagNaPure 96 automated extraction system (Roche). Phocine herpes
virus was added to the material before DNA extraction as an internal control.
Samples were assayed in a 25 pl reaction mixture containing 10 ul of isolate,
Tagman universal PCR mastermix (Applied Biosystems, ABI), primers (300 nM
diagnostic primers; BK-forward: TGCTGATATTTGTGGSCTGTTTACTA; BK-
reverse: CTCAGGCGRATCTTAAAATATCTTG) and fluorogenic probe (200 nM
diagnostic probe; probe A: CAGCTCTGGAACACAACAGTGGAGAGGCG; probe
G: CAGCTC TGGGACACAACAGTGGAGAGGC) labeled with 5' reporter dye
(FAM) and 3' quencher dye (TAMRA).

The amplification and detection were performed with an ABI 7500 system for
2min at 50°C, 10min at 95°C and 45 cycles of 15s at 95°C and 1 min at 60°C.
Samples were controlled for the presence of possible inhibitors of the amplification
reaction by the indicated internal control, for which the signals had to be within
the reference range.
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Transmission electron microscopy. Tubuloids were infected as described under BK
virus infection and a negative control was included. Tubuloids (80 ul of Matrigel)
were harvested after 10d of culture. Matrigel was removed with recovery solution
(Corning). Recovery solution was removed and 200 pl of Karnovsky reagent was
added. Samples were processed for transmission electron microscopy as described
previously”. Imaging was done with a FEI Tecnai T12 (80kV).

Sequencing of BK virus DNA. The whole genome sequence of BK virus was
obtained with the use of a modified sequence method®. BK virus PCR fragments
were obtained by fractional amplification of MagNAPure 96 total DNA isolates
using the Superscript III one-step RT-PCR System (Thermo Fisher; the cDNA
step was omitted (15-30 min at 45-60 °C) and the process was started directly
with heat inactivation of Superscript IIT RT (2 min at 94°C)) with a Platinum Taq
High-Fidelity Kit (Invitrogen) and a 9800 Fast thermal cycler (ABI) according

to the manufacturers protocol. PCR products were applied to a 1% agarose gel
and purified from the gel with the use of a GeneJet PCR purification kit (Thermo
Scientific). Isolated fragments were used for WGS. Sequencing was performed
by Macrogen Europe (Amsterdam, the Netherlands). The resulting sequence
information was assembled into BK virus whole genome sequences through
alignment with the reference BK virus genome GenBank accession code V01108.
Sequencing primers can be found in Supplementary Table 1.

SV40 stain. See Histology and immunohistochemistry.

Negative controls. Importantly, the negative controls that were included in the

BK virus experiments showed no evidence for infection with BK virus or other
polyomavirus that can be detected by antibodies to SV40. We performed PCRs

on tubuloids before and at multiple time points after incubation with BK virus

to assess BK virus replication. All samples consistently tested negative before
inoculation with BK virus. The sequence of BK virus, harvested from tubuloid
culture, was identical with the sequence of the strain added to the tubuloid culture,
which indicates that the added strain had replicated and it was not some other,
potentially latent BK virus strain.

Genotyping. DNA from tubuloids and tissue was isolated with a gDNA

ReliaPrep Kit (Promega) according to the manufacturer’s instructions. Primers
for PCR amplification of WT1 with Phusion High-Fidelity Polymerase (Thermo
Scientific), were, for exon 7 (ref. *'), fw (5'-ACCTACGTGAATGTTCACATGT-3')
and rv (5'- GTTTGCCCAAGACTGGA-3’) and for exon

10, fw (5'-GTGAAAAGCCCTTCAGCTGTC-3') and rv
(5’-AAGGGTCAGGGGGACATGAT-3’). Products were cloned into a CloneJET
vector (Thermo Scientific) and sequenced using a T7 sequencing primer.

Low-coverage WGS for copy number profiling. Genome wide copy number
alterations were established using low-coverage WGS. Shotgun libraries were
prepared using the TruSeq Nano DNA Library Prep Kit (Illumina) according to the
manufacturer’s reccommendations.

Briefly, 50-180 ng of input DNA (obtained with a Promega gDNA ReliaPrep
Kit) from the primary tissues and the tubuloids were fragmented to 300bp in 130l
using the Covaris System (Covaris). After concentrating the volume to 50 ul, end
repair, A-tailing and adapter ligation were performed following the manufacturer’s
instructions. For selective amplification of the library fragments that have adapter
molecules on both ends we used 12 PCR cycles. Libraries were quality checked
on an Agilent Bioanalzyer using a DNA 7500 Chip (Agilent Technologies) and
quantified using qPCR with a commercially available PhiX library (Illumina) as
a standard. Libraries were pooled equimolarily and sequenced on an Illumina
NextSeq in a 150-bp single read run. Copy number analysis was performed as
previously described™. Briefly, low-coverage WGS reads were mapped to the
pseudo-autosomal-region masked genome and reads in different windows (~55kb)
were counted and normalized by the total number of reads. We further normalized
read counts according to the GC content using LOWESS statistics. To avoid
position effects we normalized the sequencing data with GC-normalized read
counts of control samples. Subsequently, we generated segments of similar copy
number values by applying circular binary segmentation and gain and loss analysis
of DNA.

Real-time qPCR. Tubuloids were lysed and homogenized and total RNA was
extracted with an RNEasy Mini Kit (Qiagen), according to the supplier’s protocol.
cDNA was synthesized from the RNA template using Moloney murine leukemia
virus reverse transcriptase, RNase H Minus, Point Mutant (Promega) as per
manufacturer’s instructions. The resulting cDNA was diluted and this was used
to determine expression levels. The reference genes used were GAPDH or RPLPO.
Expression levels of the following genes were measured: SIX2 (ref. *), ANPEP,
ABCC4, SLC4A4, SLC12A1, CLDN10, SLC12A3, SLC41A3, PCBD1, AQP3 and
NR3C2. Primer sequences, all used at 60 °C, except SIX2 (which was used at 61 °C),
can be found in Supplementary Table 2.

The iQ SYBR Green Supermix (Bio-Rad) was used to multiply and measure the
c¢DNA with a CFX96 or CFX384 Touch Real-Time PCR Detection System (Bio-
Rad). Samples were run in triplicate in 20 pl reactions (Fig. 4g) on a 96-well plate or
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in duplicate in 12.5 pl reactions (Supplementary Fig. 10) on a 384-well plate in the
following PCR program: 95 °C for 3 min, followed by 39 cycles of 10s at 95°C, 30s
at the indicated annealing temperature and 30s at 72 °C, followed by a melt of the
product from 65°C to 95°C.

mRNA expression of SIX2 was normalized to GAPDH mRNA and expressed as
fold change to the matched normal tubuloid line with the AACT method (Fig. 4g).
In normal samples, no SIX2 expression was detected after 39 cycles and therefore,
for calculation of the fold change, the value 40 was used. This most likely leads
to an underestimation of the SIX2 upregulation in the tumor-derived tumoroids.
qPCR products were loaded on an agarose gel to confirm a single product of the
expected size (152bp) and to show the difference between healthy tissue-derived
tubuloids and tumor-derived tumoroids.

mRNA expression of ANPEP, ABCC4, SLC4A4, SLC12A1, CLDN10, SLCI2A3,
SLC41A3, PCBD1, AQP3 and NR3C2 was normalized to RPLPO mRNA and
expressed as the fold change to human colon organoids cultured in expansion
conditions (established and cultured as previously described”) with the AACT
method (Supplementary Fig. 10).

P-gp transporter assay. Tubuloids were mechanically disrupted and seeded in
BME on either glass bottom plates (for confocal imaging) or an opaque 96-well
plate (for quantification in a fluorescence plate reader). Medium with or without
P-gp-inhibitor PSC-833 (Tocris biosciences) at 5uM was added. The next day,
calcein-AM (1 uM, R&D Systems) was added with or without 5uM PSC-833. After
1h of incubation at 37 °C, the medium was removed and the cells were washed
twice with 200 pl of ice-cold HanK’s Balanced Salt Solution (HBSS). Then, cells
were either fixed in 2% (w/v) paraformaldehyde (for confocal analysis) or cells
were lysed by addition of 100 pl of 1% (v/v) Triton X-100 (fluorescent plate reader).
Samples were used directly for analysis with a confocal microscope (SP5 or SP8,
Leica) or a fluorescence plate reader (Ascent Fluoroskan FL microplate reader)
with an excitation wavelength A of 488 nm and an emission 4 of 518 nm.

Forskolin (FSK) swelling assay and intestinal organoid culture. The FSK-
induced swelling assay and intestinal organoid culture were carried out as
described previously®, with the difference that swelling was monitored for 3h
after addition of FSK (8 nM and 5 pM), in both intestinal organoids and
urine-derived tubuloids.

Organ-on-a-chip-plates—OrganoPlates. Cell culture. In each of the 40 chips in
the three-lane 400 um OrganoPlate microfluidic system (Mimetas, 4003400B),
2l of ECM gel composed of 4 mgml™ Collagen I (AMSbio Cultrex 3D Collagen I
Rat Tail, 5mgml™), 100 mM HEPES (Life Technologies) and 3.7 mgml~ NaHCO,
(Sigma) was dispensed in the gel inlet, incubated for 30 min at 37 °C and covered
with 30 ul HBSS (Sigma). The next day, tubuloids were trypsinized, made into a
single-cell suspension and applied to the OrganoPlate by seeding 2l of 10 X 10° of
cells per ml in the inlet of the top medium channel. Next, 50 ul of human tubuloid
culture medium was added to the same inlet and the plate was placed on the

side in an incubator for 5h to allow the cells to attach to the ECM. Afterwards,

an additional 50 ul of culture media was added to each of the remaining in- and
outlets of the top and bottom medium channels. Subsequently, the OrganoPlate
was placed horizontally in the incubator (37°C, 5% CO,) on an interval rocker
(every 8 min switching between +7° and —7° inclination) allowing bi-directional
flow with a mean flow rate of 2.02 ulmin' and a mean shear of 0.13 Pa. The
medium (50 pl each on the in- and outlets) was refreshed every 2 to 3d. After 7d,
cells were either formaldehyde fixed for immunofluorescent staining or used for
barrier integrity or transport assays.

Immunofluorescence in OrganoPlates. Kidney tubuloid-derived tubules cultured
in the OrganoPlate were fixed with 50 ul of 3.7% formaldehyde (Sigma) in HBSS
for 15min, washed twice with HBSS and permeabilized with 0.3% Triton X-100
(Sigma) in HBSS for 10 min. Next, cells were washed with 4% FCS (Sigma) in
HBSS and incubated with blocking solution (2% FCS, 2% BSA (Sigma), 0.1%
Tween20 (Sigma) in HBSS) for 30 min. Afterwards, cells were incubated with
primary antibodies for 1h at room temperature, washed twice, incubated with
secondary antibodies for 30 min at room temperature and washed twice with
4% FCS in HBSS. The following antibodies were used: mouse anti-Ezrin (1:125,
catalog. no. 610602, BD Transduction), rabbit anti-ZO1 (5ugml™, catalog. no.
617300, Life Technologies), rabbit anti-CDH1 (1:200, catalog. no. 31958, Cell
Signaling Technology), rabbit anti-Na/K-ATPase (1:400, catalog. no. ab76020,
Abcam), mouse anti-acetylated tubulin (1:2,000, catalog. no. T6793, Sigma), mouse
isotype (Life Technologies), rabbit isotype (Life Technologies), goat anti-mouse
Alexa Fluor 647 (Life Technologies, 1:250) and goat anti-rabbit Alexa Fluor 488
(Life Technologies, 1:250). Finally, the nuclei were stained with Hoechst 33342
(Life Technologies) and cells were stored in HBSS. The kidney tubuloid-derived
tubules were imaged with ImageXpress Micro XLS-C High Content Imaging
System (Molecular Devices).

Barrier integrity assay. Medium in the apical perfusion channel was replaced by
medium containing 0.5 mgml™ FITC-dextran (20kDa, Sigma) and 0.5 mgml™!
TRITC-dextran (155kDa). Leakage of the fluorescent dye from the lumen of the

renal tubular structure into the ECM compartment was imaged every 5 min for at
least 30 min on an ImageXpress XLS Micro (Molecular Devices) or Leica SP5.

P-gp transport assay. Cells were incubated with calcein-AM (Life Tech, 1 uM)

at the apical side of the tube in the presence or absence of PSC-833 (Sigma) at
5uM in OptiHBSS (33% Opti-MEM (Gibco)), 66% HBSS (Sigma) for 1h in the
incubator (37°C, 5% CO,) on an interval rocker (8 min, 7°). After incubation, cells
were washed once with OptiHBSS, nuclei were stained with Hoechst 33342 and
the tubes were imaged with ImageXpress Micro XLS-C High Content Imaging
System (Molecular Devices). The intracellular fluorescent values were corrected
for total cell numbers of each microfluidic chip, for background values, and were
normalized to the calcein-AM only condition.

Trans-epithelial transport assay. Medium in the apical channel was replaced

with medium containing 5uM PSC-833 or 0.2% DMSO. Medium in the basal
channel was replaced with medium containing 10 uM rhodamine 123 (Sigma)

and 5uM PSC-833 or 0.2% DMSO, respectively. To determine the concentration

of rhodamine 123, a concentration curve was added to extra chips. Tubules were
incubated for 5h on the rocker (8 min, 7°) in the incubator (37°C, 5% CO,). After

3 and 5h, the rhodamine 123 concentration was measured by imaging the top
inlets with the FITC filter on the ImageXpress Micro XLS-C High Content Imaging
System (Molecular Devices). The apparent permeability (P, in cm s™') was
calculated by using the following formula:

XV,

receiver

— Acreceiver
Bpp=
AtXAX Cyonor

where C,., is the measured intensity difference in the top wells over time, V. ;.r
is the receiving volume in the reservoirs of the top inlets, t is the time difference,
A is the surface of the ECM interface with the medium channel and C,,,,, is the
donor concentration of 10 uM rhodamine 123.

Statistics. In the BK virus experiments (Fig. 3e,g,h) and the forskolin swelling

assays (Fig. 5d), the means of the three independent experiments were compared

in a non-paired two-tailed -test, or a one-way ANOVA was performed, combined
with Tukey post-hoc tests (Fig. 3h). The forskolin swelling assays were performed in
duplicate and for the the virus experiments PCRs were performed in duplicate. For
the transporter assays, where multiple independent measurements were taken on
distinct ‘tubuloids-on-a-chip’ and where a relative difference between start and end is
considered, values were normalized to negative controls (Fig. 6i; n> 3 for each of the
independent experiments; Supplementary Fig. 9, n>5 for each of the 3 independent
experiments). The normalized measurements were then grouped to calculate

the significance with a non-paired two-tailed t-test. For Fig. 6j (two independent
experiments with #=20 and n=14), the values of the independent experiments were
grouped to calculate the significance with a non-paired two-tailed ¢-test.

For the single-cell RNA-seq, differential expression was performed using the
Wilcoxon test with 1.8-fold expression cut-off and 5% Bonferroni multiple-testing
corrected statistical significance cut-off. For bulk RNA-seq, reads were normalized
and differential gene expression analysis performed using the DESeq2 package’.
Per gene, Z-scores of normalized expression were calculated and the results were
depicted on a heatmap.

A P<0.05 was considered statistically significant.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are available from the
corresponding author upon reasonable request. WGS data have been deposited at
the EGA, which is hosted by the EBI, under accession code EGAS00001002729.
Single-cell and bulk sequencing data can be found in the Supplementary
Information and have been deposited at GEO under accession code GSE107795.
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Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
|X| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons
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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
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Software and code

Policy information about availability of computer code

Data collection No software was used for data collection.

Data analysis Microsoft Excel (different versions, including 2007, 2010 for Windows and for Mac), GraphPad Prism 7, Imaris, LAS X, Leica AF Lite, GATK
HaplotypeCaller v3.4-46, BWA and DESeq2.No code was used that has not been published before.

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
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The data that support the findings of this study are available from the corresponding
author upon reasonable request. Sequencing data has been deposited in publicly available depositories with accession codes GSE107795 and EGAS00001002729.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample-size calculation was performed.
When quantitative data were obtained, sample sizes were based on previously published studies on this type of measurements and assays
(e.g. Dekkers et al. Nature Medicine, 2013 for forskolin swelling assays and Jansen et al. Exp. Cell. Res., 2014).
In most experiments, qualitative data were obtained (e.g. microscopy images of tumor versus normal) rather than quantitative.

Data exclusions  No data were excluded.
Replication Attempts at replication were successful in multiple tubuloid lines grown under the same conditions.
Randomization  Samples were allocated randomly to different experimental groups.

Blinding Blinding was not possible during data collection (e.g. tumor tissue is clearly distinct from healthy kidney tissue). In the virus experiments,
analysis was carried out by a different person than the one responsible for data collection. In the forskolin swelling assays and single cell RNA
sequencing experiments, analysis was carried out with an algorithm, excluding bias.

Reporting for specific materials, systems and methods

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study

|:| Unique biological materials |:| ChlIP-seq

|X| Antibodies |:| Flow cytometry

|X| Eukaryotic cell lines |:| MRI-based neuroimaging
|:| Palaeontology

|X| Animals and other organisms

OOXOICX

|X| Human research participants

Antibodies

Antibodies used All antibodies were used against human tissue.
rabbit anti-Pax8 (1:500, 10336-1-AP, Proteintech). Manufacturer's website: validated for IHC on human tissue.
mouse anti-P63 (1:50, M7317, Dako). Manufacturer's website: validated for IHC on human tissue.
mouse anti-SV-40 (1:100, bPAb416, Merck Millipore): Manufacturer's website: validated for IHC for detection of large T antigen.
mouse anti-Ezrin (1:125, #610602 (clone 18), BD Transduction). Manufacturer's website: validated for IF on human tissue during
development.
rabbit anti-AQP-3 (1:100, 125219, Abcam). Manufacturer's website: validated for IF on human tissue.
rabbit anti-AE1 / SLC4A1 (1:100, AE11-A, Alpha Diagnostics International). Manufacturer's website / datasheet: validated for IHC
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on rat tissue. Epitope is 70% conserved in humans (in both erythrocyte and kidney) and others have used the antibody on
western blot on human material (Rentsch et al 2006, J. Appl. Phys.)

goat anti-calbindin D28K (1:200, N-18, Santa Cruz). Manufacturer's website: validated for IF/IHC on human tissue.

Rabbit anti-Na+/K+ ATPase (1:400, #ab76020, Abcam). Manufacturer's website: validated for IF on human tissue.

Rabbit anti-NKCC2 (1:200) was provided by Prof. Hoenderop (Nijmegen, the Netherlands).

goat anti-GATA3 (1:300, AF2605, R&D Systems). Manufacturer's website: validated for IF on human tissue.

mouse E-Cadherin (1:300, 610182, BD Biosciences). Manufacturer's website: validated for IF on human tissue.

rabbit anti-Claudin-3 (1:200, AB15102, Abcam). Manufacturer's website: validated for IF on human tissue.

Rabbit anti-CDH1 (1:200, #3195S, Cell Signaling Technology). Manufacturer's website: validated for IF on human tissue.

mouse anti-Integrin alpha-6 (1:200, AB20142, Abcam). Manufacturer's website: validated for IF on human tissue.

Rabbit anti-Na/K-ATPase (1:400, #ab76020, Abcam). Manufacturer's website: validated for IF on human tissue.

mouse anti-Villin (1: 200, SC-58897, Santa Cruz). Manufacturer's website: validated for IF on human tissue.

rabbit anti-ZO1 (1: 100, 402200, Thermo Fisher Scientific). Manufacturer's website: validated for IF on human tissue.

Rabbit anti-ZO-1 (5ug/ml, #617300, Life tech). Manufacturer's website: validated for IF on human tissue.

mouse anti-VP1 (1:2000, clone 3B2 SAB1412996, Sigma). Manufacturer's website: validated for detection of BK virus protein VP1
with IHC.

mouse anti-Acetylated Tubulin (1: 2000, SC-23950, Santa Cruz). Manufacturer's website: validated for IF on human tissue.
rabbit anti-cytokeratin (1: 20, Z0622, Dako). Manufacturer's website: validated for IF on human tissue.

Six2 (1:300, 11562-1-AP, Proteintech). Manufacturer's website: validated for IF on human tissue.

Goat-anti-Rabbit Powervision-Horse Radish Peroxidase (1:500, Dako). Manufacturer's website: validated for detection of rabbit
1gG.

568 donkey anti-rabbit immunoglobulin G (IgG), Alexa Fluor 568 donkey anti-goat 1gG, 488 donkey anti-rabbit 1gG, 555 Donkey
anti-mouse 1gG (1:500, Thermo Scientific): Manufacturer's website: validated for detection of IgGs of the indicated species.

Validation Validation statements are included in the 'Antibodies used' statement above.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) MRCS cells
Authentication Non authenticated, because it is not relevant, as the cell line was only used to produce BK virus
Mycoplasma contamination Negative

Commonly misidentified lines -
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals We used the kidneys from adult, male and female, C57BL/6 mice for organoid culture.
Wild animals Study did not involve wild animals.
Field-collected samples Study did not involve field-collected samples.

Human research participants

Policy information about studies involving human research participants

Population characteristics Both adult and pediatric, male and female human kidney tissue was included.

Recruitment Anonymized kidney tissue became available after nephrectomy: this was left-over material that was not required for diagnosis
and no informed consent was required (i.e. no recruitment), on the condition that cultured material was destroyed after one
year. For the organoid line that was used for the WGS analysis, informed consent was obtained using the Hubrecht Organoid
Technology (HUB) approved protocol. In two instances, we included pediatric Wilms tumor tissue for our study for which
informed consent was obtained by the treating physician. Selection of these patients was random, to prevent bias.
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