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Abstract 
Renal Cell Carcinoma (RCC) is the most common type of urogenital cancer and is currently ranked as the sixth most 

common cancer among men and tenth among women. RCC is most often detected incidentally in individuals 

between the ages of 60 and 70 and possesses a high degree of heterogeneity with an extremely high risk of 

metastasis. Recently, the disease has become known to encompass differing histological subtypes and unique 

genetic and molecular modifications, even further complicating treatment options. The progression of the disease 

can affect the digestive, skeletal, circulatory, immune, nervous, and reproductive systems causing a wide range of 

symptoms including cough, chest and bone pain, nausea, shortness of breath, fever, seizures, and more. Due to the 

prevalence of unsuccessful treatments using customary methods, researchers have been eagerly searching to find 

innovative procedures to help patients suffering from RCC. With such a severe degree of heterogeneity, modern-

day researchers have turned to stem cell-derived organoids as the potential hero in RCC cases. Pluripotent stem 

cells and, more recently, adult stem cells that differentiate into tumor organoids have provided promising platforms 

for organ/disease modelling, drug-induced nephrotoxicity studies, and personalized treatment plans for RCC 

patients. This review outlines the current research, progress, and limitations that stem cell-derived organoids 
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List of Abbreviations 

CDC: Center for Disease Control and Prevention 

RCC: Renal Cell Carcinoma 

ccRCC: clear cell Renal Cell Carcinoma 

pRCC: papillary Renal Cell Carcinoma 

chRCC: chromophobe Renal Cell Carcinoma 

LRN: Laparoscopic radial nephrectomy 

ASC: adult stem cells 

PSC: pluripotent stem cell 

ESC: embryonic stem cell 

iPSC: induced pluripotent stem cell 

PDTO: patient-derived tumor organoid  

TO: tumor organoid 

hPSC: human pluripotent stem cell 

TKI: tyrosine kinase inhibitors  

PFS: progression free survival 

FDA: food and drug administration  

DNA: deoxyribonucleic acid 

 

Introduction 

What is Cancer? 

Cancer is the leading cause of death worldwide. In 2020, the WHO reported about ten million deaths due 

to cancer across the world [1]. In 2022, roughly 1.9 million people were expected to be diagnosed with an 

estimated 609,360 to die in the United States alone [2]. The disease can develop in individuals of every 

age group but occurs most commonly in those middle-aged and older with a median age at diagnosis of 

66 [3]. A 2019 screening from the CDC reported the following percentages of new cancers by age at 

diagnosis as follows [4] (Figure 1). 

 

have made in producing a curative treatment for RCC.  
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Figure 1: Rate of New Cancers by Age Group (Years), All Races and Ethnicities, Both Sexes [4]. 

There are over 100 types of cancer, of which each are usually named after the organs or tissues from 

which the cancers originated. The type may also be described based on the tissues that formed them. 

However, quite often, cancer cells break away from their origin and form new tumors in other parts of 

the body – a process called metastasis [5]. Cancer arises as a genetic disease resulting from changes in the 

genes that control the growth and division of cells. Despite the human body’s innate ability to eliminate 

cells with damaged DNA, this ability declines with age explaining the increased risk in later years of life 

[5]. Additionally, cancer often arises from the transformation of normal cells into tumor cells subsequently 

due to a combination of interactions between the person’s genome coupled with carcinogens such as 

physical, chemical, and biological carcinogens. Tobacco use, alcohol consumption, unhealthy diet, physical 

inactivity, and air pollution often play a major role as carcinogens in these interactions. Some cancers may 

even be caused by environmental factors such as UV radiation exposure in sunlight or viral/bacterial 

infections [1,7]. Genetic changes that induce cancer tend to affect two main classes of genes – oncogenes 

and tumor suppressor genes. Oncogenes function to transmit growth signals from the cell periphery to 

the nucleus. Altered growth signals effectively disturb these signaling function and cause the cells to 

become cancerous. Tumor suppressor genes act to have a reducing effect on cell growth but may be lost 

due to inactivating mutations or deletion of the gene. Ultimately, most cancers occur from a combination 

of multiple genetic changes in both oncogenes and tumor suppressor genes [8].  

Renal Cell Carcinoma 
In [9] concluded a worldwide estimate of about 400,000 new cases and 175,000 deaths due to RCC, placing 

it as the seventh most common cancer in men [9]. In 2022, Kallam and Padala [10] found that RCC is the 

most common type of urogenital cancer placing it as the sixth most common cancer in men and tenth in 

women with an extremely high mortality rate for urogenital cancers of 30-40%. Additionally, sixty percent 

of cases were found to be detected incidentally [10,11]. These studies suggest an increased incidence of 
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RCC in the last four years, which may be due to improved diagnostic procedures such as cross-abdominal 

screening and increased public awareness on regular screening importance. Concerning age, RCC is most 

detected in individuals between the ages of 60 and 70 with a declining trend past 70 [11]. Additionally, 

RCC incidence varies in geographical locations with developed countries such as North America and 

European regions appearing more often compared to the incidence underdeveloped countries such as 

South/Central America, Asia, and Africa [12] (Figure 2).  

 

Figure 2: Incidence of renal cell carcinoma in different geographical regions. Adapted with permission 

from Cancer Research UK [12]. 

Historically, RCC has proven quite difficult to understand as it was originally considered a single, uniform 

entity. However, knowledge has evolved tremendously in recent years as RCC has recently become known 

to encompass a spectrum of various diseases with differing histological subtypes, distinctive genetic and 

molecular alterations, and consequently various forms of treatment and responses to therapies [9]. RCC 

is a heterogeneous disease that arises from epithelial cells of the renal cortex or renal tubule. It 

incorporates clear cell RCC (ccRCC), papillary RCC (pRCC), and chromophobe RCC (chRCC) which account 

for about 85% of all primary renal cancers with the remaining 15% being transitional cell carcinoma, Wilms 

tumor, tumors of the collecting ducts, and renal sarcomas. Each of these diseases differs in biology, 

genetics, and behaviors which explains its historically difficult nature for successful treatment [9,10]. 

ccRCC’s individual cells tend to appear tremendously pale or clear and is a widely recognized type of RCC, 

representing about 80% of individuals with kidney malignancy [13]. pRCC cancer cells make finger-like 

projections called papillae and is the second most basic type of RCC with around 10% of individuals 

observed to have this shape [13]. chRCC cells are like ccRCC cells with a pale coloring, however, are 

significantly bigger and stand as the third generally normal type of RCC representing about 5% of cases 

[14].  

Current Treatment Options: Radiotherapy, Chemotherapy, Adjuvant Therapy, 

and Surgery/Transplantation 
Currently, radiotherapy is one of the most accepted modern forms of cancer treatment. There are 

multiple modes of radiation delivery to the cancer location - external beam radiation and brachytherapy. 

External beam radiation is delivered from outside the body aiming directly toward the tumor location. 

Brachytherapy, or internal radiation, is carried out internally by radioactive sources and sealed by 

catheters or seeds directly into the tumor site. This method is primarily used in treatment of gynecological 
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and prostate malignancies or situations of retreatment [15]. Radiotherapy functions to deprive cancer 

cells of their multiplication potential. The radiation itself serves as ionizing radiation that forms ions which 

deposit energy in the targeted tissue and kill cancer cells or cause genetic changes culminating in cancer 

cell death. However, this specific form of treatment remains difficult to fully understand as tumors differ 

in their sensitivity to radiation treatment. It can be given with the intent to cure but also function to relieve 

symptoms and/or combine with other treatment forms [15]. However, in focusing specifically on 

treatment of RCC, renal cell carcinoma is considered a radioresistant tumor despite radiotherapies ability 

to decrease the risk of local recurrence after surgery [16,17]. Complications with radiotherapy commonly 

occur in tissues with slow turnover such as the brain, kidney, liver, wall of intestine, subcutaneous tissue, 

fatty tissue, and muscle. Consequences in such tissues include fibrosis, atrophy, necrosis, and vascular 

damage [18]. Radiation therapy in kidneys, specifically, is limited by vascular, glomerular, and 

tubulointerstitial damage. Ionizing radiation causes double-stranded break in the DNA, followed by 

apoptosis and necrosis of renal endothelial, tubular, and glomerular cells [19]. Therefore, due to the 

kidney’s radio-resistant nature, struggles to utilize radiotherapy in RCC treatment remain prevalent in the 

medical field today.  

Another common modern form of cancer treatment is chemotherapy. Chemotherapy utilizes drugs to 

inhibit cell proliferation and tumor multiplication ideally to prevent invasion and metastasis. Traditional 

practice of this treatment either affects the appropriate functioning of the preformed molecule or 

interferes with DNA, RNA, or protein synthesis to influence macromolecular synthesis and function of 

neoplastic cells. Sufficient interfering of macromolecular synthesis triggers apoptosis, or cell death. 

However, the process often results in toxic effects because of its effect on normal cells as well [20]. 

Cytotoxic chemotherapy has been extensively studied in metastatic RCC itself. Most responses are 

modest, and the mechanisms or resistance remain poorly understood. Targeted therapies have shown 

some improved outcomes, but most patients relapse and die of their disease [21]. Kidney cancer cells 

usually do not respond well to chemotherapy drugs except for a few including 5-fluoracil (5-FU), 

gemcitabine, and vinblastine, which have resulted in beneficial outcomes [22-25]. Overall, though, this 

treatment form remains not a standard treatment option due to unsatisfactory clinical outcomes. 

Additionally, there remains a common issue of distinguishing patients who warrant chemotherapy from 

those who benefit from it [26].  

While radiotherapy and chemotherapy individually play a major role in modern cancer treatment, they 

are often coupled together or with other treatment methods to ensure the most promising outcome. 

When thinking about the treatment process of cancer and RCC specifically as a whole, adjuvant therapy 

is often utilized. Adjuvant therapy involves additional cancer treatments, often consisting of 

chemotherapy, radiotherapy, hormone therapy, targeted therapy, or biological therapy, given after the 

primary treatment to lower the risk of the disease recurring [27]. When analyzing effective treatment 

methods of RCC itself, surgical processes such as radical nephrectomy, laparoscopic radical nephrectomy, 

and nephron-sparing surgery, are currently the standard of care [15]. In localized carcinomas radical 

nephrectomy remains the standard treatment and provides on average 5-year survival rates up to 98 

percent [28]. Radical nephrectomy is the surgical removal of the whole kidney, fatty tissues surrounding 

the kidney, and ureter, or the portion of the tub connecting the kidney to the bladder [29]. Laparoscopic 
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radical nephrectomy (LRN) is the gold-standard for treatment of clinically localized RCC due to the ability 

to constitute minimal invasiveness, low death rates, minimal intraoperative blood loss, and fast 

rehabilitation [30,31]. Nephron-sparing surgery is associated with a higher rate of operative complications 

- up to 40% - and higher risk of local recurrence [28]. Antonelli et al. performed a study comparing the 

oncological outcomes of nephron-sparing surgery versus radical nephrectomy in intracapsular RCC’s up 

to 7cm. They concluded the following results: worse progression and disease-free survival rates for 

tumor’s equal to 4cm but no significant impact from the type of surgery – whether nephron-sparing or 

radical[32].Unfortunately, about 1 in 3 people with kidney cancer will have metastasized to the other body 

parts upon the time of diagnosis. The lungs, lymph nodes, bones, and liver are the most common sites of 

spread. Surgical removal of metastasis may relieve pain and other symptoms but often does not help 

people live longer. However, in rare cases, surgery may lead to long-term survival where there is a single 

metastasis or a few that can be easily removed [33]. 

When looking at kidney cancer, it is imperative to discuss transplantation. Kidney injuries, such as cancer, 

provoke a high request of organ transplants making it the most demanding system in the field of 

regenerative medicine [34].  

Organoids 
A promising alternative to the conventional cancer models discussed above is based on the discovery of 

adult stem cells (ASC’s) that proliferate and spontaneously self-organize into three-dimensional 

organotypic cellular structures, termed organoids, in culture [35]. Organoids were named ‘Method of the 

Year 2017’ by Nature Methods, which shows promise of this rapidly expanding field that holds high 

expectation for future therapeutic applications and advances in the medical field [36]. An organoid, by 

definition, is an in vitro 3D multicellular structure derived exclusively from primary tissue, ESCs or iPSCs, 

capable of self-renewal and self-organization, and exhibiting similar organ functionality as the tissue of 

origin [37,38]. Organoids can be established for an increasing variety of organs, including but not limited 

to gut, stomach, kidney, liver, pancreas, and mammary glands either from tissue-resident adult stem cells 

(ASCs), direct biopsy samples, pluripotent stem cells (PSCs) such as embryonic stem cells (ESCs), or 

induced PSCs (iPSCs), obtained from reprogramming differentiated cell types [39]. In standard ASC derived 

organoid cultures, single stem cells are seeded into a matrix that mimics essential aspects of the niche in 

which the cell normally reside [38,39]. If proper signaling conditions that target key regulatory pathways 

are present, the cells undergo proliferation, differentiation, migration, and selection. Despite the absence 

of spatially organized cues, they form structures that possess the ability to undergo symmetry breaking 

and acquire an exceptional degree of architectural complexity, even to the extent of mirroring the 

organization and cell type diversity of their in vivo organ counterpart [39]. PSC-derived organoids are 

promising platforms for organ modelling and modelling developmental processes of organogenesis of 

those organs from which tissue samples cannot be easily obtained such as the brain. PSC development 

depends on the stochastic nature of the differentiation process, which, ultimately leads to high 

heterogeneity among organoids and proves extremely important in cancer research due to the 

heterogeneous nature of cancer, specifically RCC [39]. Isolation of human PSCs had expanded the 

potential to study human biology as never before because of their ability to be derived from the inner cell 

mass of a human blastocyst or reprogrammed from human somatic cells using a combination of 
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transcription factors. These are referred to as human ESCs and iPSC respectively. PSC scan then be coaxed 

down into a pathway of differentiation utilizing endogenous developmental cues, in either adherent or 

aggregate cultures, to study cell types of a particular lineage [40] (Figure 3). 

 

Figure 3: Pluripotent stem-cell derived organoids [36]. 

Patient-derived tumor organoids have become a favorable model for cancer treatment because, in 

comparison to traditional 2D culture systems, 3D organoids better resemble the native organ in terms of 

gene and protein expression, metabolic function, and microscale tissue architecture [38,39] (Figure 4). 

PDTOs possess self-organizing capabilities and can be cultivated from ESCs or iPSC to mimic embryonic 

developmental processes, or from ASCs to model tissue homeostasis or disease progression. 
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Figure 4: Method for Development of Patient-derived Tumor Organoids [41]. 

Advantages of PDTOs include their ability to expand with high efficiency, cultured for long terms, and 

eventually cryopreserved. Cryopreservation is a process that preserved organelles, cells, tissues, or any 

other biological constructs by cooling the samples to very low temperatures [38]. These features improve 

capabilities of generating biobanks and providing a platform for high-throughput drug screens at lower 

costs than animal models with fewer ethical concerns [42]. Drug screening on specific patient’s tumors 

permits personalized therapy predictions as PDTOs can be generated and expanded in vitro in a timeline 

compatible with therapeutic decision-making [38]. Additionally, the establishment of organoids from 

healthy tissue of the same patient gives the opportunity to develop less toxic frugs by screening for 

compounds that selectively kill tumor cells while leaving healthy cells unharmed. Finally, the self-renewing 

hepatocyte organoid cultures may be used to test for hepatotoxicity – one of the main causes of drug 

failure in many clinical trials – of a new drug [43] (Figure 5).  

 

Figure 5: Applications of organoid technology for studying development, homeostasis, and disease [37]. 

Disease Modeling and Drug Therapy Testing 
Advances in PDOs during the last two decades has shed light on the precision medicine of RCC as PDOs 

can serve as a model preserving the majority of the patients’ tumors’ characteristics to predict the drug 

response of specific individuals [44] (Figure 6). Fatehullah et al. [37] achieved a breakthrough in the field 
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of regenerative medicine with the successful production of mesoderm-derived organoids. Specifically, 

researchers were able to generate renal organoids by manipulating the GSK3Beta and FGF signaling 

pathways in human induced pluripotent stem cells (iPSCs) to drive them towards an intermediate 

mesodermal state. These organoids accurately replicated the segmentation and morphology of fetal 

human nephrons, including ducts, tubules, and glomeruli. These human renal organoids provide a three-

dimensional model to study the development and pathogenesis of renal diseases under controlled 

conditions, thereby overcoming various limitations of previous models such as two-dimensional 

monolayers, short-term three-dimensional aggregates, and co-cultures with mouse fibroblasts [37]. 

(Figure  6).  

 

Figure 6: Graphical Abstract of Patient-derived RCC Organoids for Personalized Cancer Therapy [26]. 

[45] published a study regarding TKIs role in remaining key targeted therapeutics for first and second line 

RCC therapy. The experiment consisted of two trials – one for Sunitinib and the other for Pazopanib. The 

Sunitinib trial consisted of random enrollment of 750 patients with metastatic ccRCC who underwent first 

line treatment with sunitinib versus interferon-a (IFN-a). The results displayed a PFS (progression free 

survival) of 11 months for sunitinib compared to 5 months for the IFN-a with an objective response rate 

of 31% and 6%, respectively. Adverse effects of fatigue, hypertension, diarrhea, and hand-foot syndrome 

reaction were also reported for both treatments. Historically, sunitinib has been approved by the FDS 

since 2006 as a front-line monotherapy in patients with advanced RCC. As for the other trial, Pazopanib is 

another oral multitargeted TKI that gained FA approval in 2009 as a first-line treatment for mRCC. This 

trial consisted of random enrollment of 435 patients with mRCC of intermediate risk. A PFS increase at 9.2 

months but no significant improvement in overall median survival was noted. However, the experiment 

suggested the lack of significant improvement could be attributed to extensive crossover and use of other 

treatments upon progression to the Paxopanib arms. Unfortunately, TKI agents do not currently hold the 

most promising future as most agents gained FDA approval solely by showing improvement in PFS. 

Additionally, only a few allow for head-to-head comparison which often proves difficult for clinicians to 

choose the optimal treatment for their patients. Therefore, further investigation is needed to determine 
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the optimal sequence and timing of treatments to be set [45].  

[34] conducted a study utilizing normal and tumor RCC organoids that were previously maintained in 

heterogenous multi-clone stem-like enriched mediums. Researchers began with normal adult kidney 

specimens from which they were able to isolate and propagate organoids 3D structures composed of both 

differentiated and undifferentiated cells while retaining nephron specific markers. Previously, normal 

kidney organoids had only been obtained from PSCs. However, this experiment proved capabilities in the 

establishment and characterization of normal kidney and ccRCC organoid cultures derived from freshly 

explanted and frozen patients’ tissues (Figure 7). Normal kidney organoid cultures hold an exceptional 

potential of applicability in disease modeling, organ replacement therapies, nephrotoxicity tests and 

developmental studies in addition to providing a normal control for oncological studies. This experiment 

optimized a new organoid model using ASC-derived organoids that provide a promising option for drug 

screenings and nephrotoxicity studies as well as reproducing drug responses and metabolism or toxic 

effects reflective of the patient. Additionally, they found that adjusting the composition of growth factors 

in the medium may allow for direction of stem cell differentiation towards a specific fate, which, in turn, 

would permit re-growth of specific segments of nephrons or other selective pieces of the renal organ. 

Aside from establishing normal kidney organoid cultures, Grassi et al. was able to cultivate organoids 

derived from cancer tissues although with an inferior success rate to that of their normal counterpart. 

Their data suggests an innovate approach of a long-term establishment of normal and cancer-derived 

renal organoids obtained from freshly dissociated adult tissues. The study paves the way to organ 

replacement pioneering strategies in addition to new models for studying drug-induced nephrotoxicity 

and renal diseases. Furthermore, they have also opened opportunities for generation of preclinical models 

aimed at improving therapeutic treatments [34].  

 

Figure 7: Establishment of normal kidney organoid cultures – Section B: top panel [34]. 

More recently, [41] developed an ex vivo drug testing assay using PDTO cultures. Surgical tumor 

specimens from 20 patients with RCC were freshly resected and developed ex vivo with the intent to 
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evaluate their histopathological and molecular characteristics using histological staining and whole-

exome sequencing (WES). Then, researchers utilized cell viability assay to determine the efficacy of 

standard TKIs in RCC TOs. Using WES, a strong correspondence was identified at the genetic level between 

primary tumors and their corresponding TO counterparts. Using PDTOs, a prototype of an ex vivo drug 

testing assay was successfully developed, and researchers corroborated that RCC TOs exhibited 

differential responses to TKIs such as sunitinib, pazopanib, cabozantinib, and axitinib treatment which 

proves consistent with previous studies [45]. PDTOs of RCC cultures possessed similar features of RCC 

clinical tumors including morphology, genetic alterations, and the expression of the Bcl-2 anti-apoptotic 

protein. This implies potential use for PDTOs as a model for personalized treatment of RCC patients. 

Overall, the predictive value of the current assay must be tested and validated in future clinical studies, 

but the findings demonstrate a novel approach for ex vivo drug testing in PDTO models [41]. 

Limitation of Organoids 
Regarding organoid studies on kidneys, the functional capabilities of the hPSC cultures are often no match 

to their natural counterparts [36]. Limitations of organoids can be characterized by off-target cells, 

vascularization, and reproducibility. Kidney organoids derived from established protocols may contain up 

to 20% of the normal cell population. These off-target cells increase in prevalence as the organoid gets 

larger and eventually disrupts its integrity. Vascularization also provides a difficult obstacle to overcome 

as, to date, there is no kidney organoid that shows patent vasculature. Organoids lack sufficient 

endothelial cells and the proper guiding cues from the vasculature. As organoids grow larger, cell death 

in the center mass becomes inevitable due to the absence of vascular nutrients and waste exchange. 

Therefore, the lack of blood vessels and immune cells are an intrinsic limitation of organoid technology 

[46]. Lastly, current kidney organoids are roughly 1/10,000 of a single human kidney by nephron counts 

making reproducibility an extremely prevalent limitation in organoid research.  

Conclusion 
Current treatment options for RCC including radiotherapy, chemotherapy, and surgery have provided few 

beneficial outcomes for patients because of the kidneys’ high degree of heterogeneity and risk of 

metastasis. Radiotherapy has often proven successful in depriving cancer cells of their multiplication 

potential in addition to reducing symptoms and the risk of local recurrence after surgery. However, 

kidneys are considered a radioresistant tumor and therefore causing complications in most radiotherapy 

treatments for RCC. As for chemotherapy, few trials have proved successful, and most patients relapse 

and die of their disease. Surgical treatment is the most common treatment method but has not been 

deemed overly successful due to the high metastatic risk of RCC. Researchers have found that stem cell 

and patient-derived tumor organoids, such as PSCs and ASCs, provide a substantially similar, patient-

specific, organ model that mirrors its in vivo organ counterpart paving the way for personalized treatment 

and notable drug-induced nephrotoxicity studies. While the end goal is to cure the disease, the research 

outlined in this comprehensive study serves as hopeful first steps towards such improvements. 

Moving forward, it is imperative to continue research regarding organoids and their benefits in relation 

to RCC. However, as researchers hopefully come closer and closer to a cure, the availability of obtaining a 

said successful treatment must be considered. The United States and surrounding world are made up of 
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an astronomically broad degree of socioeconomic statuses. Will this curative treatment have a beneficial 

or limiting cost and would that cost allow for the treatment to be provided to most people or just the top 

5% in gross income. These are questions that are often overlooked but play a major part in the overall 

efficacy of a curative treatment.  
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