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Abstract. The selection of effective therapeutic agents is 
critical for improving the survival of patients with renal cell 
carcinoma (RCC). The aim of the present study was to develop 
an ex vivo drug testing assay using patient‑derived tumor 
organoid  (TO) cultures. For this purpose, surgical tumor 
specimens were obtained from 20 patients with RCC. TOs 
were developed ex vivo from freshly resected RCC tumors, 
and their histopathological and molecular characteristics 
were evaluated using histological staining and whole‑exome 
sequencing (WES). Using a cell viability assay, the therapeutic 
efficacy of standard of care tyrosine kinase inhibitors in 
RCC TOs was determined. It was found that TOs recapitu‑
lated the histological features of primary RCC tumors. Using 
WES, a strong concordance was identified at the genetic 
level between the primary tumors and their corresponding 
TOs. Using patient‑derived TO models, a prototype of an 
ex vivo drug testing assay was developed, and it was found 
that RCC TOs exhibited differential responses to sunitinib, 
pazopanib, cabozantinib, axitinib and sorafenib treatment. On 
the whole, although the predictive value of the current assay 
has to be tested and validated in future clinical studies, the 
findings of the present study demonstrate a novel approach for 
ex vivo drug testing in patient‑derived TO models, which may 
have potential for use in the personalized treatment of cancer 
patients.

Introduction

Renal cell carcinoma  (RCC) accounts for ~3‑5%  of all 
carcinomas. According to the World Health Organization, 
>140,000  individuals succumb to the disease annually (1). 
Systemic treatment is required for 25% of patients with RCC 
with metastases detected at the time of initial diagnosis and for 
>10% of patients with RCC experiencing recurrence following 
the surgical resection of the tumor (2). The personalized selec‑
tion of the most effective drugs is essential to improve the 
survival of patients with advanced RCC. In recent years, the 
selection of treatment strategies for metastatic RCC has become 
increasingly complex with the advent of targeted therapeutics 
and immune checkpoint inhibitors  (ICIs). Currently, only 
10% of all cancer patients have actionable targets (detected by 
next‑generation sequencing, immunohistochemical staining 
and other bioanalytical methods) that can be used to select 
targeted therapeutics (3). Owing to tumor heterogeneity and 
the complexity of cancer signaling networks, the personalized 
functional assessment of each tumor may be more valuable 
than the analysis of tumor molecular profiles. Recent advances 
in the development of patient‑derived tumor organoids (TOs) 
have provided new opportunities for the growth and analysis 
of patient tumors ex vivo. TOs are three‑dimensional (3D) 
tissue‑like cancer cell clusters derived from tumor tissue that 
mimic the in vivo characteristics and cellular heterogeneity 
of the original tumor  (4‑6). Two‑dimensional (2D) cancer 
cell lines have been used in cancer research for decades. 
However, the generation of 2D cell lines from human tumors 
is highly inefficient, as it requires the lengthy selection of 
cancer cells for 2D culture conditions and numerous passages 
of rare clones in 2D cultures, with potential genetic changes 
leading to the establishment of genetically monoclonal cell 
lines that do not represent the genetic heterogeneity of the 
original tumor (7). On the other hand, the 3D growth of TOs 
resembles clinical tumors; moreover, TOs preserve the hetero‑
geneity of the parental tumors. Thus, TOs have emerged as a 
potential ex vivo tumor model for the development of person‑
alized therapy (8,9). Clinical tumors and patient‑derived TO 
cultures share a number of features, including morphology, 
cell‑cell interaction, signal transduction, gene and protein 
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expression (10,11). Recent studies have demonstrated that the 
therapeutic response of patient‑derived TOs to antitumor drugs 
ex vivo may be promising for the development of personalized 
treatment (10‑12).

The present study reports the development of a novel 
method for the efficient establishment of patient‑derived TO 
cultures from RCC tumor samples. It is demonstrated that 
RCC TOs recapitulate the histological features of the clinical 
tumor ex vivo and maintain the genomic features of their origi‑
nating tumors during long‑term culturing. Using a panel of 
RCC standard of care (SOC) tyrosine kinase inhibitors (TKIs) 
and patient‑derived RCC TOs, an ex vivo testing method was 
developed for potential use in customizing and tailoring RCC 
treatment for individual patients.

Materials and methods

Development of patient‑derived TOs. The present study 
was approved by the Institutional Review Board of Niigata 
University (approval  no.  2018‑0254). Written informed 
consent was obtained from all patients. Tumor samples were 
collected from RCC  tissues obtained via radical nephrec‑
tomy or nephron‑sparing surgery from 20 patients at Niigata 
University Hospital between 2018 and  2020. The patient 
characteristics are presented in Table I.

The TO culture conditions were based on those previ‑
ously reported in the study by Lee  et  al  (13) in prostate 
and bladder cancer models, including Matrigel (#354230, 
Corning, Inc.) to support 3D TO culture, hepatocyte medium 
and Rho‑associated protein kinase (ROCK) inhibitors. The 
step‑by‑step procedure of tissue processing and development 
of TO culture is illustrated in Fig. 1. The tumor samples were 
1x1 cm tissue blocks obtained from the portion of the kidney 
tumor removed in the operating room, which were promptly 
cooled and transported to the laboratory for processing. A 
portion of the sample was preserved as a frozen specimen and 
used for DNA collection. For tissue dissociation, RCC tissues 
were placed in cold phosphate‑buffered saline  (PBS) and 
minced using scalpels. The tumor tissue was incubated in 2 ml 
of collagenase solution (#07912, STEMCELL Technologies) 
at 37˚C for 30 min. The dissociated tissue was spun down 
(200 x g at room temperature for 5 min), resuspended in 
PBS, and passed through a 100‑µm cell strainer (#435010003, 
Funakoshi Co., Ltd.). The cells were then spun down (200 x g 
at room temperature for 5 min), gently mixed with Matrigel on 
ice, and placed in a 24‑well plate. Following a 20‑min at 37˚C 
incubation to solidify the Matrigel, the TO culture medium 
was added and the cells were incubated at 37˚C.

Histological analysis and immunohistochemical  (IHC) 
staining. The TOs were fixed in 10% formalin and embedded 
in paraffin. The paraffin‑embedded sections (4‑µm‑thick) 
were prepared and stained with hematoxylin and eosin using 
standard protocols. IHC staining was performed as previously 
described (14). 1/100 dilution anti‑B‑cell lymphoma 2 (Bcl‑2) 
mouse monoclonal antibody (#MAB11332, Abnova) was 
used for IHC staining (60 min at room temperature). After 
washing with PBS, the slides were incubated with horseradish 
peroxidase (HRP)‑labeled secondary antibody for 30 min 
at room temperature (Histofine simple stain MAX‑PO, 

#424152, Nichirei). The staining reaction was developed using 
3,3'‑diaminobenzidine (DAB), and nuclear counterstaining was 
performed with hematoxylin (Mayer's Hematoxylin Solution, 
#131‑09665, FUJIFILM Wako Pure Chemical Corporation) 
for 5 min at room temperature. The sections were analyzed 
under an Olympus DP72 microscope (Olympus Corporation).

Whole‑exome sequencing (WES). To identify somatic muta‑
tions in patient‑derived TOs and parental tumor tissues, WES 
was performed. Genomic DNA from each sample was used to 
construct a paired‑end sequencing library. The DNA quality 
was evaluated using 1% agarose gel electrophoresis and a 
NanoDrop spectrophotometer (Thermo Fisher Scientific, Inc.). 
The samples were prepared using the SureSelect Human All 
Exon 50Mb kit (Agilent Technologies, Inc.). WES analysis 
was performed using an Illumina HiSeq2500 instrument 
(Illumina). The informatics analysis, mainly including quality 
control, read mapping, variant calling, filtering and annota‑
tion, was conducted using BWA software (http://bio‑bwa.
sourceforge.net/bwa.shtml), GATK (https://www.broadinsti‑
tute.org/gatk/) and the SnpEff tool (http://snpeff.sourceforge.
net/SnpEff.html), respectively.

Cell viability assay and TKIs. The TOs were grown in 
flat‑bottom 96‑well  plates (Corning, Inc.) at  37˚C in a 
5% CO2 atmosphere and treated with various concentrations 
(0.1, 0.5, 1, 5, 10, 50, 100 and 500 µM) sunitinib (#PZ0012, 
Sigma‑Aldrich; Merck KGaA), pazopanib (#12097, Cayman 
Chemical Company), cabozantinib (#C8999, LC Laboratories), 
axitinib (#PZ0193, Sigma‑Aldrich; Merck  KGaA) and 
sorafenib (#CS0164, Chemscene) for 72 h. TO proliferation 
was measured using a CellTiter 96® AQueous One Solution 
Cell Proliferation assay (#93582, Promega Corporation). The 
experiments were repeated three times, and the results were 
read using an iMark™ 96‑well microplate reader (Bio‑Rad 
Laboratories, Inc.). The absorbance was measured at 490 nm. 
The drug concentration that inhibited the growth of cancer 
cells by 50%  (GI50) for each drug was calculated using 
GraphPad Prism software (version 8.0; GraphPad Software, 
Inc.).

Results

Histopathological features of RCC tumors and tumor‑derived 
TOs. The present study developed TO organoid cultures 
from freshly resected human tumors in 15 of 20 RCC cases 
(Table I). The histopathological diagnosis was clear cell carci‑
noma in all tumors, apart from one case of chromophobe RCC. 
Approximately half of the RCC cases (9/20) had a Fuhrman 
grade ≥3. The established RCC TOs were propagated for three 
or more passages and cryopreserved. Although TO culture 
was established in the majority of cases, a cessation of TO 
growth was observed after several passages in 5 of the 20 
RCC cases (Table I). The established TOs were cultured for 
up to 15 passages over a 12‑month period. No apparent loss 
of growth capacity was observed following multiple passages, 
and all 15 established TO cultures were successfully restarted 
following cryopreservation. The cultured TOs were passaged 
every 3‑4 weeks. The TOs grew in dense clusters of cells, 
forming aggregates. A high degree of association between 
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the morphological structure of RCC tumors and their corre‑
sponding TOs was observed (Fig. 2). The present study not only 
confirmed the histology of clear cells, a common histological 
feature of RCC in TOs, but also the features of chromophobe 
RCC and renal carcinoma with sarcomatoid variants. Using 
IHC staining, it was found that Bcl‑2 was highly expressed 
in cancer cells from both RCC tissues and the corresponding 
TOs (Fig. 3).

WES of renal tumors and tumor‑derived TOs. To investigate 
whether the TOs preserved the genetic characteristics of 
their corresponding RCC tumors, WES of the TOs and their 
corresponding primary tumor tissues was performed using a 
NovaSeq 6000 system. The allele frequencies of the variant 
genes represented the multiclonal capacity of a TO culture 

compared to parental cancer tissue. Although 6‑39% of the allele 
settings differed between the tumor tissues and TOs, the anal‑
ysis of the WES data revealed concordance in numerous gene 
mutations in the parental RCC tissue and corresponding TOs. 
Common RCC genetic alterations, such as von Hippel‑Lindau 
(VHL) and polybromo 1 (PBRM1) mutations, were detected in 
the RCC tumors and corresponding TOs (Fig. 4). The results 
suggested that patient‑derived TOs resembled clinical tumors 
and that TOs could serve as a potential ex vivo model of RCC.

Patient‑derived TOs respond differently to treatment with 
TKIs. To explore the utility of the TO cultures as potential tumor 
models for the evaluation of drug efficacy, the RCC SOC TKIs, 
sunitinib, axitinib, pazopanib, sorafenib and cabozantinib, were 
examined in four patient‑derived RCC TO cultures (Fig. 5). To 

Table I. Analysis of RCC clinicopathological parameters of RCC cases and corresponding tumor organoids.

	 Age, 			   ISUP	 Fuhrman		  TO		
Case	 years	 Sex	 Pathology	 grade	 grade	 T stage	 Growth	 Pre Tx	 Post Tx

OR007	 65	 M	 Clear cell	 G2	 G2	 pT1a	 +/+	 ‑	 ‑
OR008	 46	 M	 Clear cell + 	 G4	 G4	 pT1b	 +/+	 ‑	 Ipi + 
			   spindle cell						      Nivo
			   component						    
OR009	 29	 M	 Chromophobe + 	 G4	 G4	 pT3a	 +/+	 Ipi + 	 ‑
			   sarcomatoid diff					     Nivo	
OR010	 77	 M	 Clear cell + 	 G2	 G2	 pT1a	 +/+	 ‑	 ‑
			   sarcomatoid						    
OR011	 68	 F	 Clear cell + 	 G4	 G4	 pT3a	 +/+	 Axi	 Axi
			   sarcomatoid + 						    
			   rhabdoid diff						    
OR012	 73	 M	 Clear cell	 G2	 G2	 pT1b	 +/+	 ‑	 ‑
OR013	 72	 M	 Clear cell	 G2	 G2	 pT1b	 +/+	 ‑	 ‑
OR014	 53	 M	 Clear cell	 G2	 G2	 pT1b	 ‑/‑	 ‑	 ‑
OR015	 71	 M	 Clear cell	 G4	 G4	 pT1a	 +/‑	 ‑	 ‑
OR016	 81	 M	 Cear cell + 	 G4	 G4	 pT3a	 +/‑	 ‑	 ‑
			   sarcomatoid + 						    
			   rhabdoid diff						    
OR017	 50	 F	 Clear cell	 G2	 G2	 pT1a	 ‑/‑	 ‑	 ‑
OR018	 52	 M	 Clear cell + 	 G4	 G4	 pT4	 +/+	 Pem + 	 Paz →
			   sarcomatoid + 					     Axi	 Nivo
			   rhabdoid diff						    
OR019	 48	 F	 Clear cell	 G2	 G2	 pT1a	 +/+	 ‑	 ‑
OR020	 78	 M	 Clear cell	 G2	 G2	 pT2b	 +/+	 ‑	 ‑
OR021	 39	 M	 Clear cell	 G2	 G2	 pT1a	 +/+	 ‑	 ‑
OR022	 69	 M	 Clear cell + 	 G4	 G4	 pT3	 +/+	 ‑	 ‑
			   rhabdoid diff						    
OR023	 76	 M	 Clear cell	 G4	 G4	 pT4	 +/+	 ‑	 ‑
OR024	 76	 M	 Clear cell	 G2	 G2	 pT1b	 +/+	 ‑	 ‑
OR025	 77	 F	 Clear cell + 	 G3>G4	 G3>G4	 pT1b	 +/‑	 ‑	 ‑
			   sarcomatoid						    
OR026	 72	 M	 Clear cell	 G1	 G2	 pT3a	 +/+	 ‑	 ‑

TO, tumor organoids; ISUP, International Society of Urological Pathology; Tx, treatment; diff, differentiation; Ipi, ipilimumab; Nivo, nivolumab; 
Pem, pembrolizumab; Axi, axitinib; Paz, pazopanib; +/+, growth and propagation; +/‑, only growth, no propagation; ‑/‑, no growth.
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avoid the divergence of the parent tumor and TO lines due to 
potential clonal selection at late TO passages, each TO line was 
examined at an early passage. It was found that the GI50 values 

for the TKIs ranged from 2 to 50 µM (Fig. 5). The TOs were 
defined as TKI‑resistant when the GI50 of the drug was higher 
than the clinically relevant concentration (CRDC) of the same 

Figure 1. Method for the development of patient‑derived tumor organoids. Step 1, tumor samples were collected from RCC tissue removed during radical 
nephrectomy or nephron‑sparing surgery. Step 2, freshly resected tumor samples were placed in cold PBS and minced with scalpels. Step 3, the tumor tissue 
was incubated in collagenase solution at 37˚C for 30 min. Step 4, the dissociated tumor was passed through a 100‑µm cell strainer. Step 5, tumor cells were 
gently mixed with Matrigel. Step 6, the suspension of tumor cells in 20 µl Matrigel was added to each well of a 24‑well plate and solidified at 37˚C for 30 min. 
Steps 7 and 8, TO culture medium was added and tumor organoids were cultured at 37˚C. RCC, renal cell carcinoma; PBS, phosphate‑buffered saline; 
TO, tumor organoid.

Figure 2. Representative images of RCC TOs. Bright‑field images of patient‑derived TOs in the early, middle, and late stages of TO culture with corresponding 
H&E images of parental tumors and patient‑derived TOs. RCC, renal cell carcinoma; TO, tumor organoid; H&E, hematoxylin and eosin; P, passage number.
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Figure 3. Representative images of Bcl‑2 expression in primary tumor tissue and patient‑derived TOs (magnification, x400; scale bar, 50 µm). Bcl‑2 expression 
was detected by IHC staining. Bcl‑2, B‑cell lymphoma 2; IHC, immunohistochemistry; TOs, tumor organoids.

Figure 4. Summary of the genetic alterations identified in parental RCC and corresponding tumor organoids by whole‑exome sequencing (cases OR009, 
OR011, OR024 and OR026). Representative genes known to be mutated in kidney cancer are shown in bold font. RCC, renal cell carcinoma; m, multi‑hit; 
in, frame del; sp, splice site; f, frameshift; n, nonsense; miss, missence; up, upstream; down, downstream; st, structural interaction. RCC, renal cell carcinoma.
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drug. The CRDC is defined as the peak plasma concentration of 
a drug. Although all four TO cultures were resistant to sunitinib 
(CRDC, 200 nM), axitinib (CRDC, 160 nM) and cabozantinib 
(CRDC, 4 µM), it was found that three of the four TO cultures 
were sensitive to pazopanib (CRDC, 130 µM) and all TOs 
were sensitive to sorafenib (CRDC, 20 µM) (Fig. 5B) (15). 
The pazopanib GI50 was 8‑10‑fold lower than its CRDC in the 
OR009, OR011 and OR013 cases, whereas the sorafenib GI50 
was 2‑5‑fold lower than its CRDC in the same cases (Fig. 5B). 
These findings support the selection of pazopanib as the most 
effective drug for the OR009, OR011 and OR013 RCC cases, 
and sorafenib for case OR024.

Discussion

Oncologists aim to ensure that cancer patients are offered 
the optimal treatment options from the start in order to avoid 
delayed treatment, potential side‑effects of ineffective treat‑
ments, and unnecessary expenses of therapies that do not 
benefit them.

The main objective of the present study was to develop 
and test patient‑derived 3D  TOs as a new personalized 
ex vivo tumor model to determine the most effective treat‑
ment for individual patients with RCC. The development of 
this approach includes the generation of TO culture from a 
patient's tumor biopsy specimen, development and execution 
of a functional personalized test of chemotherapeutic and 
targeted therapeutics in the laboratory, followed by the confir‑
mation of the effectiveness of the predicted drug therapy in 
the clinic.

Usually, treatment with SOC drugs is initiated 30‑90 days 
following the surgical resection of the tumor and the 

successful post‑operative recovery of the patient. It provides a 
treatment‑free period (30‑90 days) to establish TOs, test SOC 
drugs in TOs, and identify the most effective therapeutic agent 
to begin the treatment of the patient. In metastatic cases, tumor 
core biopsy may be another source of tumor material to estab‑
lish TOs. Tumor core biopsy can be performed at any time point 
during the patient's treatment, and it does not affect previous 
or current therapies administered to the patient. The method 
presented herein may prove to be useful for the selection of an 
effective therapy for patients who develop recurrence following 
radical nephrectomy, and for deciding on the second‑line treat‑
ment for patients with RCC with disease progression during 
primary systemic therapy. This novel approach facilitates the 
efficient and rapid development of tumor‑derived TOs with 
subsequent testing and identification of the optimal personal‑
ized treatment options for cancer patients.

Tumor‑derived organoids have been developed in various 
cancer types, including lung  (16), gastrointestinal  (17), 
colon (18), prostate (8) and bladder (12) cancers. An initial 
report on the development of TOs from clear cell RCC (four 
cases) was published in 2019 (19). The present study selected 
the development of 3D  TO models as the generation of 
2D cell lines from primary tumors is inefficient, as it involves 
extensive adaptation and clonal selection for in  vitro 2D 
culture conditions. As only rare clones are able to expand 
and can be maintained over several passages in 2D culture, 
the derived 2D cell lines may have undergone substantial 
genetic alterations and may no longer recapitulate the genetic 
heterogeneity of the original tumors. In the present study, a 
novel method for the efficient development of 3D TO cultures 
from freshly resected RCC tumor samples was developed. 
Importantly, this method allows the growth of RCC TOs 

Figure 5. Analysis of the antitumor effects of TKIs in RCC tumor organoids. (A) Analysis of cancer cell viability using colorimetric CellTiter assay in OR009, 
OR011, OR013 and OR024 tumor organoids treated with the TKIs, sunitinib, axitinib, pazopanib, sorafenib and cabozantinib, for 72 h. (B) GI50 for each TKI in 
RCC TO models using GraphPrism 8.0. TKI, tyrosine kinase inhibitor; RCC, renal cell carcinoma; TO, tumor organoid; GI50, drug concentration that inhibited 
the growth of cancer cells by 50%.
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using a simple culture medium without costly supplements 
(e.g., Noggin, gastrin, R‑spondin, or Wnt3A)  (4,11,20,21). 
While previous TO studies have used Dulbecco's modified 
Eagle medium/nutrient mixture F‑12 (DMEM/F12) medium 
with multiple supplements, the present study established TO 
cultures in 15 (75%) of 20 RCC cases using hepatocyte culture 
medium. The quality of the tumor specimen is critical for TO 
development; however, further investigations are required 
in order to understand other factors affecting the successful 
establishment of TO culture.

Clinical tumors and patient‑derived TO cultures share 
a number of features, including morphology, cell‑cell 
interaction, signal transduction, gene and protein expres‑
sion, hypoxia, differential zones of proliferation, pH, drug 
response and resistance (10,22). Consistent with previously 
published studies on other types of cancer (8,12,15‑17), the 
present study found that patient‑derived RCC TO cultures 
possessed in vivo features of RCC clinical tumors, such as 
morphology, genetic alterations and the expression of the 
Bcl‑2 anti‑apoptotic protein, suggesting the potential use of 
the patient‑derived RCC TO culture as a model for personal‑
ized medicine.

The evaluation of the therapeutic response of patient‑derived 
TOs to antitumor drugs may be a potential approach for 
the development of personalized treatment. To the best of 
our knowledge, the present study is first to demonstrate the 
development of a method for selecting the optimal treatment 
options for patients with RCC by testing the SOC TKIs in 
patient‑derived TO models. Although ICIs are becoming the 
mainstay of first‑line treatment for metastatic RCC (23‑25), 
the development of a TO assay for the testing of ICIs remains 
challenging due to the indirect effect of immunotherapeutic 
agents on cancer cells mediated by host immunity, which is 
difficult to recapitulate ex vivo. The development of TO‑based 
assays for the testing of immuno‑oncology therapeutics is a 
subject of future research studies. TKIs remain key targeted 
therapeutics in second‑line RCC therapy (26). The selection 
of patients with RCC who are most likely to respond to TKI 
therapy is crucial for improving patient survival. The findings 
of the present study demonstrated a difference in response to 
TKI treatment in different ex vivo TO cultures established from 
RCC tumors. The present findings are consistent with those of 
previous studies that observed variations in drug sensitivity in 
different TO cultures (27‑30). Herein, the ex vivo therapeutic 
response was defined as that with a GI50 lower than the CRDC 
(peak plasma concentration). This approach can be applied to 
evaluate the therapeutic response of targeted or chemothera‑
peutic drugs in various TO models. The ex vivo testing method 
used herein for the selection of the most effective TKI in 
patient‑derived RCC TO models requires validation in clinical 
settings.

In conclusion, the present study demonstrated the develop‑
ment of a patient‑derived TO culture and presented a novel 
approach for the ex vivo evaluation of the therapeutic response 
as a potential testing model for the selection of personalized 
therapy for patients with RCC.
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