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Kidney organoid derived from renal tissue stem cells is a useful tool
for histopathological assessment of nephrotoxicity in
a cisplatin-induced acute renal tubular injury model
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Abstract: Organoids derived from renal tissue stem cells (KS cells) isolated from the S3 segment of adult rat nephrons have previously
been developed and evaluated. However, data regarding the histopathological evaluation of these organoids are limited. Therefore, in
this study, we performed histopathological examinations of the properties of these organoids and evaluated the nephrotoxicity changes
induced by cisplatin treatment. We observe that the tubular structure of the organoids was generally lined by a single layer of cells,
in concordance with previous findings. Microvilli were exclusively observed under electron microscopy on the luminal side of this
tubular structure. Moreover, the luminal side of the tubular structure was positive for aquaporin-1 (Aqpl), a marker of the proximal
renal tubule. Cisplatin treatment induced cell death and degeneration, including cytoplasmic vacuolation, in cells within the tubular
structure of the organoids. Cisplatin toxicity is associated with the induction of y-H2AX (a marker of DNA damage) and the drop of
phospho-histone H3 (a marker of cell division) levels. During the nephrotoxicity assessment, the kidney organoids displayed various
features similar to those of the natural kidney, suggesting that it is possible to use these organoids in predicting nephrotoxicity. The
histological evaluation of the organoids in this study provides insights into the mechanisms underlying nephrotoxicity. (DOI: 10.1293/

t0x.2022-0006; J Toxicol Pathol 2022; 35: 333-343)
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Introduction

In vitro assay systems capable of evaluating organ-
specific toxicity are warranted. Although previous in vitro
studies have made use of conventional culture methods such
as monolayers on plates or suspensions in different media,
the 3D-structure culture called organoids, which consist of

Received: 14 January 2022, Accepted: 23 June 2022

Published online in J-STAGE: 18 July 2022

*Corresponding author: S Ueno

(e-mail: sueno@mail.kikkoman.co.jp)

fPresent address: Research and Development Division, Kikkoman
Corporation, 338 Noda, Noda, Chiba 278-0037, Japan

©2022 The Japanese Society of Toxicologic Pathology

This is an open-access article distributed under the terms of the
Creative Commons Attribution Non-Commercial No Derivatives

@@@@ (by-nc-nd) License. (CC-BY-NC-ND 4.0: https:/
TAITETE creativecommons.org/licenses/by-nc-nd/4.0/).

multiple types of cells—including stem cells—capable of
imitating organ-specific tissues, have recently been devel-
oped!-4. Compared with conventional culture methods, the
characteristics of 3D organoids resemble those of the tissue
in the living body more closely. Therefore, 3D organoids can
be used more accurately to perform toxicity testss: 6.
Though several studies have reported the development
of organoids mimicking various tissues!-8, kidney organoids
derived from cell lines (KS cells) isolated from the S3 seg-
ment of adult rat renal proximal tubules, by Kitamura ef al.,
are quite unique as they have the nephron-like-structure®: 10,
This organoid is characterized by an outward extension of
the tubular structure into the extracellular matrix gel, Matri-
gel. Various analyses of these organoids have been conduct-
ed, including fluorescent immunohistochemistry of renal
markers in isolated tubular structures, polymerase chain
reaction (PCR) analysis of gene expression, and electron
microscopy?. In addition, the induction of cell death follow-
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ing exposure to cisplatin was confirmed by Kuromi ef al.
using uptake tests of propidium iodide (PI) (manuscript in
preparation). However, to further elucidate the properties of
these organoids, additional detailed analyses including mor-
phological evaluations are warranted.

As reported by Fujii ef al., recently, many scientists
are beginning to use histopathological methods to analyse
organoids4. Detailed morphological observations of cells
derived from organoids will provide insights into the mo-
lecular mechanisms underlying toxicity, thereby allowing
for more accurate prediction of drug toxicity. Therefore, this
study aimed at investigating the histopathological charac-
teristics and mRNA expression patterns of this newly de-
veloped kidney organoid and analysing the toxic effect of
cisplatin-induced renal tubular injury.

Materials and Methods

Cell culture and differentiation

The cell line and culture methods used in this study
have been previously described by Kitamura et al®. In a
brief note, KS cells which were transferred from Kitamura
et al. were cultured on a type IV collagen plate (Corning
Life Sciences, Kennebunk, ME, USA) and maintained in a
1:1 mixture with a conditioned culture supernatant (DMEM
[Thermo Fisher Scientific, Waltham, MA, USA] contain-
ing 10% fetal calf serum [Thermo Fisher Scientific]) from
mouse mesenchymal cells and modified K1 medium at 37°C
with 5% CO,/ 100% humidity. The modified K1 medium
comprised of a 1:1 mixture of Dulbecco’s Modified Eagle’s
Medium (DMEM) and Ham’s F-12 medium (Thermo Fisher
Scientific), supplemented with 10% FCS, 5 pg/mL insulin,
2.75 pg/mL transferrin, 3.35 ng/mL sodium selenious acid
(Thermo Fisher Scientific), 50 nM hydrocortisone (Sigma,
St. Louis, MO, USA), 25 ng/mL hepatocyte growth factor
(Sigma), and 2.5 mM nicotinamide (Sigma).

KS cell sheets were incubated with trypsin (Thermo
Fisher Scientific) and harvested. Cell clusters were obtained
from the KS cells using the “hanging drop” method and
these were incubated at 37°C and 5% CO,/ 100% humid-
ity for approximately 6 h. Each cluster contained approxi-
mately 1.0 x 105 KS cells. Cell clusters were then transferred
into a “half Matrigel” solution situated on the filters of tran-
swell inserts in wells containing the differentiation medium.
The “half Matrigel” solution comprised a 1:1 mixture of
Matrigel (Corning Life Sciences) and differentiation me-
dium. The differentiation medium contained DMEM/ F-12
supplemented with 10% FCS, 250 ng/mL glial cell line-de-
rived neurotrophic factor (GDNF) (R&D Systems, Minne-
apolis, MN, USA), 250 ng/mL basic fibroblast growth factor
(bFGF) (R&D Systems), 250 ng/mL epidermal growth fac-
tor (EGF) (R&D Systems), 250 ng/mL bone morphogenetic
protein-7 (BMP-7) (R&D Systems), and 250 ng/mL hepato-
cyte growth factor (HGF) (Sigma). Cell clusters in the “half
Matrigel” solution were then cultured for up to 20 days to
yield organoids.

Toxicity analysis of cisplatin

Regarding the toxicity analyses, organoids cultured in
the “half Matrigel” solution for 14 days were placed in dif-
ferent differentiation media each supplemented with 0, 20,
or 30 uM cisplatin (FUJIFILM Wako Pure Chemical Cor-
poration, Osaka, Japan) for 24, 48, or 144 h and with 10 pM
cisplatin for 24 and 144 h. Exposure to cisplatin at 0, 10, and
20 uM for 144 h was performed several times (n=3 or 4).
Exposure to all the other conditions was performed once,
with n=2. To serve as controls, organoids cultured without
cisplatin for the same duration were prepared.

Histological analysis

After exposure to cisplatin, the organoids were fixed
in 4% paraformaldehyde (FUJIFILM Wako Pure Chemical
Corporation) at room temperature for 30 min, washed with
phosphate-buffered saline (PBS), and subsequently embed-
ded into a paraffin wax using routine procedures. Paraffin-
embedded samples were 4 pm thick and were stained with
haematoxylin and eosin (HE) for morphological examina-
tion. Also, immunohistochemical analysis and Terminal
deoxynucleotidyl transferase dUTP nick-end labeling (TU-
NEL) assays were conducted on the samples to further ex-
amine their characteristics. The severity of the cytotoxicity
was evaluated and scored for the different HE sections of the
organoids of each group with different cisplatin exposure
doses and durations. The scoring criteria were as follows:
— =no dead cells in the tubular structure; + = a few dead
cells in the tubular structure (less than 10% of all cells in the
tubule); ++ = many dead cells in the tubular structure (ap-
proximately 10 to 50% of all cells in the tubule). +++ = over
50% of all cells in the tubular structure were dead.

Immunohistochemical analysis

Immunohistochemical analyses were performed on
the sections to confirm the nature of the cells constituting
the organoids!!-14. Endogenous peroxidase was blocked by
treating the sample with 3% hydrogen peroxide in methanol
for 12 min. For antigens retrieval, sections were treated with
a citrate buffer (pH 6.0) (Agilent, Santa Clara, CA, USA) by
heating in a microwave (95°C) for 30 min. After incubation
with each primary antibody at 4°C overnight, immunola-
beled antigens were visualized using the Simple stain rat
Max-PO (Nichirei Bioscience, Tokyo, Japan) and Simple
Stain DAB solution (Nichirei Bioscience), and the sections
were subsequently counterstained with haematoxylin.

Several primary antibodies were used in this study. A
polyclonal rabbit anti-aquaporin-1 (Aqpl) antibody (#2219,
1:2,000, Millipore, Bedford, MA, USA) was used as a
marker for the renal proximal tubule. A polyclonal rabbit
anti-phospho-histone H2A.X (Ser139) antibody (y-H2AX,
#2577, 1:200, Cell Signaling Technology, Danvers, MA,
USA) was used for the detection of DNA damage (this an-
tibody was used in the analysis of organoids treated with
cisplatin at concentrations of 30 pM for 24 h and 10 uM for
144 h). A monoclonal rabbit anti-Ki-67 antibody (abl6667,
1:100, Abcam, Cambridge, UK) was used for the detection
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of cell proliferation; this antibody was used in the analy-
sis of organoids with cisplatin at concentration of 10 and 20
puM for 144 h. A polyclonal rabbit anti-phospho-histone H3
(Serl0) antibody (#9701, 1:200, Cell Signaling Technology)
was used for the detection of cell division; this antibody was
used in the analysis of organoids with cisplatin at a concen-
tration of 30 uM for 144 h. A polyclonal rabbit anti-cleaved
caspase 3 (Aspl75) antibody (#9661, 1:300, Cell Signaling
Technology) was used to detect apoptosis; this antibody was
used to analyse organoids treated with cisplatin at a con-
centration of 20 uM for 144 h. For phospho-Histone H3 and
Ki-67, the proportion of positive cells was counted using
sections of organoids subjected to 20 uM cisplatin for 144
h (n=4 for both). Three tissue sections of each organoid at
different levels were prepared, and five randomly selected
fields, including the tubular structure, were imaged using a
20 x objective lens for each section. All cells in the images,
including positive cells, were counted, and the proportion of
positive cells was determined.

Transferase dUTP nick end labeling (TUNEL) assay

Terminal deoxynucleotidyl TUNEL assay was per-
formed using a commercially available kit from Trevigen
(Gaithersburg, MD, USA) following the manufacturer’s
protocol. Briefly, deparaffinized and rehydrated tissue sec-
tions were washed with PBS, incubated with proteinase K
(15 min), washed, and quenched before labeling with bio-
tin-labelled dUTP. The labelling reaction was subsequently
stopped by adding a stop buffer, as provided. The tissue sec-
tions were then incubated with HRP-conjugated streptavi-
din for 10 min, washed, and immersed in 3,3’-Diaminoben-
zidine (DAB) solution for colour development. The sections
were counterstained with haematoxylin. The TUNEL assay
was performed for the analysis of organoids with cisplatin at
a concentration of 10 uM for 144 h.

Electron microscopy

For electron microscopic examinations, whole organ-
oids were immersed overnight in 0.1 M cacodylate buffer
containing 2.5% glutaraldehyde (pH 7.2) and 2% parafor-
maldehyde. They were then dehydrated using ascending
grades of ethanol, embedded in Epon, and finally cut into
cubes with 2 mm sides. Ultrathin sections were stained with
uranyl acetate and lead citrate and examined using a JEM-
1400 transmission electron microscope (Japan Electron Op-
tics Laboratory Co., LTD, Tokyo, Japan) at 80 kV.

RNA isolation and quantitative real-time PCR for the
evaluation of mRNA expression

Ten organoids cultured for 14 days were prepared and
mixed to form a single sample. Two-dimensional (2D) cul-
tured KS cells on a 10-cm plate dish at approximately 70%
confluency were also collected as controls. Total RNAs were
extracted from whole samples using an RNeasy mini prep
kit (Qiagen, Hilden, Germany) according to the manufac-
turer’s instructions. The total RNA concentration and qual-
ity were determined using a spectrophotometer (ND2000;

Thermo Fisher Scientific). Complementary DNA (cDNA)
was synthesized from the total RNA using a reverse tran-
scription polymerase chain reaction (RT-PCR) kit (TaKaRa,
Shiga, Japan), according to the manufacturer’s instructions.

Gene expression was analysed via quantitative poly-
merase chain reaction (QPCR) using primers specific for
Aqpl, Matel, megalin, OCT! (Slci2al), and OCT2 (SI-
cl2a2), which are representative proximal tubular markers
and transporters. Hprtl was selected as an internal control.
For Aqgpl, OCT]I, and Hprtl, we obtained previously vali-
dated primer sequences from earlier studies!>-17. For Matel,
megalin, and OCT2, primer sequences were designed using
the Basic Local Alignment Search Tool, National Center for
Biotechnology Information (BLAST, NCBI) to confirm the
specificity of each primer pair. qPCR was performed using
THUNDERBIRD® SYBR® qPCR Mix (TOYOBO, Osaka,
Japan), according to the manufacturer’s instructions. The
reactions were performed in triplicates for each sample us-
ing a StepOnePlus Real-Time PCR System (Thermo Fisher
Scientific). The cycling conditions were as follows: 95°C for
2 min; 41 cycles of 95 °C for 15 s, 60°C for 1 min, and 95°C
for 15 s. Since amplification efficiency was maintained for
each primer set, the expression level of each target gene was
assessed using the 2-ACt equation. The expression levels of
each target gene were calculated relative to the Hprtl levels.
Gene expression data were presented as fold-change values
in 3D cultures relative to those in 2D cultures.

The sequences of the primer sets used in this study
were as follows: Aqpl fwd-5ATT GCA GCG TCA TGT
CTG AG, rev-5GAA CTA GGG GCA TCC AAA C; Matel
Jwd-5TCG TGG GCT ACA TTT TCA CCA, rev-5CAC CAC
AGG TAC AGG CAA GA; Megalin fwd-5GTT CCA TTG
TGG TGC ATC CG, rev-5GGT GAG AAC CAT CGC TCC
AT; OCT1 fwd-5TGG CCG TAA GCT CTG TCT CT, rev-
5TCA AGG TAT AGC CGG ACA CC; OCT2 fwd-5TGT
GCT GTT GCT ACC TGA GA, rev-5CGG TCT GCT TGC
TTG ACT TG; Hprtl fwd-5GCG AAA GTG GAA AAG
CCA AGT, rev-5GCC ACA TCA ACA GGA CTCTTG TA.

Statistical analyses

Significant differences in gene expression, proportion
of phospho-histone H3-positive cells, and Ki-67-positive
cells were analysed using Student’s t-test. Statistical signifi-
cance was set at p<0.05.

Results

Histology of organoids derived from KS cells

KS cells were cultured in accordance with the proce-
dures established by Kitamura et al., and the organoids ob-
tained demonstrated a tubular structure radially extending
from the center of the cluster, as previously reportedd. After
20 days of 3D culture, single organoids approached the edge
of the 24-well Transwell inserts (Fig. 1A). Paraffin sections
were prepared from these organoids and HE-stained sec-
tions were subsequently examined (Fig. 1B). At the site of
the tubular structure in the organoids, there was approxi-
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Fig. 1. Histology of the organoids derived from the KS cells.

A: Stereomicroscopic image of organoids derived from KS cells on day 20 in the 24-well transwell insert. B1: Histology of organoids
from KS cells on day 20. The cells were mostly necrotic at the center of the culture (arrow). Haematoxylin and eosin (HE) stained;
bar=600 pm. B2, B3: Magnified images of Bl. The tubular structures of the organoids were generally lined with a single layer of cells.
The tip of the tubular structure was bulged, and small cell populations were often trapped within the tubular structure. HE stained sec-
tions; bar=150 um. C1: Electron microscopic image of organoids derived from KS cells on day 20; bar=5.0 pm. Magnified images of the
luminal side (C2) and outer side (C3) of the tubular structure; bar=1.25 pm.

mately one layer of aligned cells, with almost no gaps. The
tip of the tubular structure was bulged in comparison to the
tubular extension itself. Occasionally, small cell populations
were trapped within the tubular structures. At the center of
the culture, the cells were mostly necrotic, except for the
surface layer (Fig. 1BI, arrow).

In the images of the tubular structure obtained using
electron microscopy (Fig. 1C), short villi were observed on
the luminal side (Fig. 1C2, arrows). Contrarily, villi were not
observed on the outer side (Fig. 1C3). In general, intercel-
lular adhesion was loose and villi were observed in the gaps.

Renal proximal tubule-related markers expressed by
the organoids derived from the KS cells

Immunohistochemistry results showed that Aqpl (a
marker of the renal proximal tubule) was localized in the lu-
minal wall of the tubular structures (Fig. 2A). The observed
Aqpl localization was consistent with its expression in the
renal proximal tubule within the living body.

Meanwhile, qPCR gene expression analysis indicated
that Aqpl expression was significantly higher in the whole
organoids (3D culture) than in the 2D culture of parental KS
cells (Fig. 2B1). In addition, Matel (Slc47al) expression, a
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Fig. 2. Renal proximal tubule-related markers expressed by the organoids derived from KS cells.
A: Immunohistochemical staining of the proximal renal tubular marker Aqpl. The positive sites correspond to the lumen of the tubular
structure; bar=30 pm. B: Relative comparison of the gene expression levels of Aqpl(B1) and Matel(B2) in 2D and 3D cultures. In 2D cul-
ture, KS cells on a 10 cm plate dish at approximately 70% confluency were collected. In the 3D culture, 10 organoids cultured for 14 days
were mixed to form a single sample. The gene expression levels of Aqpl and Matel was higher in the 3D cultures than in the 2D cultures.

transporter involved in the extracellular excretion of cisplat-
in on the apical side, was significantly more expressed in the
3D organoids compared to the 2D culture (Fig. 2B2). How-
ever, OCTI (Slc22al) and OCT2 (Slc22a2), two transporters
involved in the intracellular uptake of cisplatin from the out-
er surface, and megalin, a proximal tubule marker, were not
expressed by either culture methods (data not shown). Thus,
from the viewpoint of morphology, immunohistochemistry,
and gene expression, organoids extending tubular structures
were similar to renal proximal tubules in the living body, al-
beit with some differences, such as the lack of OCT1, OCT2,
and megalin genes expression.

Histology of cisplatin exposed organoids derived from
KS cells

Typical images demonstrating the tubular structure of
the organoids exposed to cisplatin under various conditions
are shown in Fig. 3. Stereomicroscopic images of the or-
ganoids after 144 h of exposure to cisplatin at 10 uM are
shown in Fig. 3A, and HE-stained images of the organoids
are shown in Fig. 3B (Fig. 3B2 is the magnified image of
Fig. 3BI). After the exposure of the organoids to cisplatin,
the cells lining the tubular structure appeared partly vacuol-
ized (Fig. 3B2 arrowheads). In addition, the tubular struc-
ture appeared thickened, and remnants of dead cells were
clearly observed within the tubule (Fig. 3B2, arrows). These
findings were not observed in organoids that were not ex-
posed to cisplatin (Fig. 3C). Regarding the electron micros-

copy observations, low electron density vesicles containing
the remains of organelles were observed in the cytoplasm
of cells exposed to cisplatin (Fig. 3D1). These findings were
not often observed in organoids that were not exposed to cis-
platin (Fig. 3D2). While these organelles have not been ac-
curately identified, they resembled autophagosomes (based
on their characteristic morphological features—including
the presence of the remnants).

Histological comparisons were conducted between or-
ganoids exposed to different concentrations of cisplatin (0,
20, or 30 uM) and for different exposure periods (24, 48,
or 144 h). The results showed that the degree of cytotoxic-
ity increased as the exposure dose and/or exposure period
increased. (Fig. 3E, Fig. 3F).

Immunohistochemistry evaluation of the toxic effects
of cisplatin on organoids derived from KS cells
Immunohistochemical analyses using multiple mark-
ers were performed to investigate the response of these cells
to cisplatin treatment. Immunopositive cells were observed
in the groups exposed to cisplatin using antibodies against
v-H2AX, a marker of DNA damage (Fig. 4A). Some of the
immuno-positive staining observed were punctate (Fig. 4A3,
arrowheads), while others generally involved the staining of
the whole nuclei (Fig. 4A2, arrows). Immunohistochemical
analysis of phospho-histone H3, a cell division marker, re-
vealed fewer immunopositive cells in the organoids exposed
to cisplatin than in the control (Fig. 4B, Fig. 4C). Finally,
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Fig. 3. Histology of the cisplatin-exposed organoid derived from KS cells.

A: Stereomicroscopic image of cisplatin-exposed organoids derived from KS cells on day 20. The organoids were exposed to 10 uM
cisplatin for 144 h. Bl: Histology of the tubular structures of the organoids exposed to 10 uM cisplatin for 144 h. HE stained sections;
bar=150 pm. B2: Magnified image of B1. Cell death was significant inside the tubular structure (arrows). Cytoplasmic vacuolization was
often observed in cells constituting the tubular structure (arrowheads); bar=50 pm. C: Histology of organoids not exposed to cisplatin on
day 20. HE-stained; bar=50 pm. D1: Electron microscopy image of organoids derived from KS cells exposed to 10 uM cisplatin for 144 h.
Vesicles of low density containing the remains of organelles were often observed (arrows); Bar=5.0 pm. D2: Electron microscopic image
of organoids, not exposed to cisplatin at day 20; Bar=5.0 um. E: Histology of tubular structures of organoids exposed to cisplatin under
various conditions. HE-stained; bar=80 pum. Organoids not exposed to cisplatin on days 15 (E1), 16 (E2), and 20 (E3). The organoids
were exposed to 20 uM cisplatin for 24 h (E4; from days 14 to 15), 48 h (ES; from days 14 to 16), and 144 h (E6; from days 14 to 20). The
organoids were exposed to 30 pM cisplatin for 24 h (E7; from days 14 to 15), 48 h (E8; from days 14 to 16), and 144 h (E9; from days 14
to 20). F: Scoring the cytotoxicity of the organoids under various cisplatin exposure conditions using HE sections. — = No dead cells are
present in the tubular structure; + = less than 10% of all the cells in the tubules were dead; ++ = 10 to 50% of all the cells in the tubular
structure were dead. +++ =>50% of all the cells in the tubular structure were dead.

immunohistochemistry using antibodies against Ki-67, a  positive cell proportions in cisplatin-exposed organoids (20
marker of cell proliferation, detected Ki-67-positive atypi-  uM, 144 h) and controls showed no significant difference,
cal cells with distorted and fairly large nuclei in organoids  although there was a decreasing trend in positive cell pro-
exposed to cisplatin for 144 h; such cells were not found in ~ portions in the cisplatin-exposed organoids (Fig. 4E).

the control organoids (Fig. 4D). Comparison between Ki-67
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Cisplatin-induced apoptotic findings in organoids
derived from KS cells

To investigate apoptosis in the organoids, immu-
nohistochemistry of cleaved caspase 3 and a TUNEL as-
say were performed in organoids exposed to cisplatin
(Fig. 5A, Fig. 5B). After performing immunohistochemistry
analysis using antibodies against cleaved caspase 3, immu-
nopositive cells were observed in cell populations trapped
inside the tubular structure and, to a lesser extent, in cells
lining the tubular structure (Fig. 5A2). In the TUNEL assay,
cell residues inside the tubular structure were partially posi-
tive in the cisplatin-exposed cells (Fig. 5B2).

Discussion

In this study, we characterized kidney organoids de-
rived from a cell line isolated from the S3 segment of rat
renal proximal tubules using histopathological observations
and qPCR analysis of renal tubular markers. Our results
showed histopathological changes when cisplatin, a typical
drug that injures the proximal tubules, was added to the or-
ganoids.

As previously reported by Kitamura ef al9, these or-
ganoids contained tubular structures, and one layer of cells
was consistently observed to line the tubules. Aqpl expres-
sion was confirmed on the inner surface of the tubular struc-
tures. Moreover, the gene expression levels of renal tubular
markers (such as Aqpl and Matel) increased after switching
from the 2D to the 3D cultures. Expression of some genes
related to renal proximal tubules, such as OCT1 (Sic22al),
OCT2 (Slc22a2), and megalin, was not detected in the or-
ganoids. Megalin is known to be expressed at low levels in
immature proximal tubules!s. In the organoids used in this
study, immunostaining for Ki-67 (a marker of cell prolif-
eration) and phospho-histone H3 (a marker of cell division)
indicated that the cells had some proliferative capacity, sug-
gesting that these cells were probably not fully matured;
thus, some of the renal proximal tubular markers were un-
detected. The polarity of the microvilli in the cells was also
displayed using electron microscopy. Although the organ-
oids differed from the proximal tubules in living organisms
in some aspects, they had undergone cell differentiation and
were useful for toxicity assessment not mediated by OCT
or megalin.

To the best of our knowledge, there have been no pre-
vious histopathological evaluations of cisplatin toxicity us-
ing renal organoids derived from rats. Toxicity studies of
cisplatin using human renal organoids have been reported
by Takasato et al. and Morizane et al.!% 20 who exposed the
organoids to cisplatin for 24 h; however, the present study
involved long-term exposures for up to 144 h to doses of
cisplatin similar to doses used in their studies. Takasato
used cleaved-caspase 3 and Morizane used y-H2AX and
Kim-1 (kidney injury molecule 1: a marker of kidney injury)
as indices to detect the toxicity of cisplatin. In the present
study, we first compared the morphology of the cells using
HE staining and electron microscopy, and then performed

immunostaining using not only cleaved caspase-3 and
v-H2AX, but also phospho-histone H3 and Ki-67 (as mark-
ers), and the TUNEL method to detect toxicity. This study
provides a comprehensive collection of histopathological
evidence of cisplatin-induced cytotoxicity.

The toxic effects of cisplatin on organoids were both
dose- and time-dependent, as confirmed by the scores of the
degree of cell injury. As OCT expression was not detected,
cisplatin might have permeated the cells by passive diffu-
sion, resulting in cellular injury?!. DNA damage, cell prolif-
eration with distorted nuclei, and apoptosis were observed
under immunohistochemistry. Immunopositive staining for
the DNA damage marker y-H2AX was observed consis-
tently following cisplatin treatment. Some of the immuno-
positive stainings of y-H2AX were punctate, but the other
stainings were often widely distributed throughout the nu-
cleus (were not punctate). Various distribution patterns of
v-H2AX have been reported by Bonner et al?2. The typical
distribution of y-H2AX in DNA damage is punctate. How-
ever, pan-nuclear positivity for y-H2AX was often observed
in the apoptotic cells. These findings suggest that y-H2AX
positivity in cisplatin-exposed organoids may be the result
of both DNA damage and apoptosis. Atypical cells with
significantly distorted nuclei positive for Ki-67 (a marker
of cell proliferation) and phospho-histone H3 (a marker of
cell division) were observed in the cisplatin-exposed organ-
oids. Bunel ef al. reported that G2/M phase arrest occurred
as a result of DNA damage caused by cisplatin, while the
proportion of G2/M phase cells increased?3. This finding
suggests that exposure to cisplatin causes G2/M phase ar-
rest in these organoids, and cells with atypical nuclei can
be recognized prominently. In the semi-quantitative evalu-
ation of phospho-histone H3, the number of immunoposi-
tive cells for phospho-histone H3 was lower in the cisplat-
in-exposed organoids, suggesting that cisplatin suppressed
cell division. However, semi-quantitative analysis of the Ki-
67-positive cells showed no significant difference between
organoids treated with cisplatin and controls, although there
was a decreasing trend of the rate of positive cells in the cis-
platin-treated organoids. Since these two markers are found
in proliferating cells, the evidence is not strong enough to
conclude that cisplatin reduces the rate of cell proliferation.
TUNEL test and immunohistochemical analysis of cleaved
caspase 3 (markers of apoptosis) revealed that immunoposi-
tive sites were mainly located at the interior of the tubular
structure of cisplatin-exposed organoids. This positive im-
munostaining was extensively associated with the remnants
of dead cells trapped inside the tubule, suggesting that these
cells underwent apoptosis. According to Anada ef al., cell
death at the center of organoids occurs due to an insufficient
oxygen supply?4. In concordance with this finding, signifi-
cant cell death was observed in the central segment of the
organoids in the absence of cisplatin (Fig. 1B, arrow). It is
possible that oxygen and nutrients may not be sufficiently
accessible to the inside of the single-cell lining. Similarly,
oxygen and medium ingredients may be lacking in the cells
inside the tubular structure, compromising the viability of
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Immunohistochemistry studies of the toxic effects of cisplatin on the organoids derived from KS cells.
A: Immunohistochemistry of the DNA damage marker y-H2AX. Distribution of the sites positive for y-H2AX under each condition:
bar=40 pm. Al: The nuclei of the tubular structures of the organoids not exposed to cisplatin were negative to y-H2AX. A2: Tubular
structure of organoids exposed to 30 pM cisplatin for 24 h. Positive sites for y-H2AX often had a pan-nuclear distribution (arrows).
A3: Tubular structure of organoids exposed to 10 pM cisplatin for 144 h. The positive sites for y-H2AX had a punctate distribution in
the nucleus (arrowheads). B: Immunohistochemistry of the cell division marker, phospho-histone H3. Comparison of the proportions
of positive cells for each condition: bar=100 um. B1: Tubular structures of the organoids not exposed to cisplatin. A few positive cells
(dividing cells) (arrows) were observed. B2: Tubular structures of organoids exposed to 30 pM cisplatin for 144 h. No positive cells were
observed. C: The proportion of phospho-histone H3-positive cells in organoids exposed or not exposed to 20 uM cisplatin for 144 h. (n=4
for both). Three tissue sections of each organoid at different levels were prepared and five randomly selected fields including the tubular
structure were taken in each section. D: Immunohistochemistry of cell proliferation marker Ki-67. Comparison of morphology of posi-
tive cell nuclei under each condition. D1: Tubular structures of the organoid not exposed to cisplatin; Bar=200 pm. D2: Magnified image
of D1; Bar=40 pm. D3: Tubular structures of the organoid exposed to 10 uM cisplatin for 144 h; Bar=200 pm. D4: Magnified image of
D3; Bar= 40 um. Morphologically abnormal nuclear division was observed in the organoids exposed to cisplatin. E: The proportion of
Ki-67-positive cells in organoids exposed, or not exposed, to 20 uM cisplatin for 144 h (n=4 in both groups). Three tissue sections of each
organoid at different levels were prepared and five randomly selected fields, including the tubular structure, were taken from each section.

Fig. 5.

Cisplatin-induced apoptosis in organoids derived from KS cells.

A: Immunohistochemistry of cleaved caspase 3 (apoptosis marker); bar=100 pum. Al: Tubular structures of organoids not exposed to
cisplatin. A2: Tubular structures of organoids exposed to 20 uM cisplatin for 144 h. Positive sites were often observed inside the tubular
structure. B: TUNEL assay of organoids derived from KS cells (bar=100 um). B1: Tubular structures of organoids not exposed to cispla-
tin. B2: Tubular structures of the organoids exposed to 10 uM cisplatin for 144 h. Positive sites were observed mainly inside the tubular
structures.

these cells. Consequently, the susceptibility of cells inside
the tubule to cisplatin may be higher than that of the healthy
surface cells.

In this study, we detected the toxicity effects (such as
abnormal cell morphology, DNA damage, apoptosis, and
proliferative cell abnormalities) of cisplatin at the cellular
level by using conventional histopathology. These toxico-
logical findings suggest that this culture system could serve
as a model to evaluate the toxicity of cisplatin on the renal

proximal tubules of rats. However, many challenges remain,
ranging from the quantitative evaluation of the toxicity to the
extrapolation of the results to living organs. Thus, the utility
of these organoids as toxicity prediction models warrants
further investigation. Toxic substances other than cisplatin
should be evaluated using this system. Worth noting, this
kidney organoid does not fully mimic the proximal tubule,
as indicated by the lack of expression of some renal markers.
Therefore, we must first confirm whether the test substance
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passes through the transporters or is expressed in the organ-
oids. Nonetheless, important toxicological findings can be
obtained by using this in vitro system. Our results show that
this kidney organoid is a useful system for the assessment
of nephrotoxicity, and its histological evaluation will help to
fully elucidate the mechanisms underlying nephrotoxicity.
This in vitro system can also be incorporated as a screening
tool during drug development. This study contributes to the
development of alternative methods to animal experimenta-
tions.
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