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a b s t r a c t 

As organ-specific three-dimensional cell clusters derived from cancer tissue or cancer-specific stem cells, cancer- 

derived organoids are organized in the same manner of the cell sorting and spatial lineage restriction in vivo , 

making them ideal for simulating the characteristics of cancer and the heterogeneity of cancer cells in vivo . Besides 

the applications as a new in vitro model to study the physiological characteristics of normal tissues and organs, 

organoids are also used for in vivo cancer cell characterization, anti-cancer drug screening, and precision medicine. 

However, organoid cultures are not without limitations, i.e. , the lack of nerves, blood vessels, and immune cells. 

As a result, organoids could not fully replicate the characteristics of organs but partially simulate the disease 

process. This review attempts to provide insights into the organoid models for cancer precision medicine. 
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ackground 

Although a global health threat, research on the pathogenesis and

reatment of cancer is still ongoing, in which two-dimensional (2D) cell

ulture and xenotransplantation of cancer cells provide the materials

or experiments [1–3] . However, due to the limitations of the existing

echnologies, the requirements of more in-depth experimental research

re still not met [4] . A high-quality and high-efficiency culture scheme

s urgently needed to provide more representative experimental materi-

ls for research. Establishing predictive pre-clinical models would allow

or more accurate and practical therapeutic drug development. Phar-

acological development and advancing personalized medicine using

atient-derived xenografts (PDXs) relies on producing mouse models,

hich are extensively used as in vivo system for biomedical research.

owever, due to the significant differences between rodents and hu-

an, it is impossible to translate most of the findings from mouse mod-

ls to human. The patient cancer-derived organoids (PCDOs) could be a
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ossible answer to that need [5] . Organoids are expected to play an im-

ortant role in cancer precision medicine, new drug development, and

he study of cancer pathogenesis due to their high flux, low cost, and

enetic stability [6–9] ( Fig. 1 ). 

PCDOs are small in vitro tissue or organ analogs derived from pa-

ient cancer tissue or cancer-specific stem cells cultured using the self-

enewal and differentiation ability of stem cells [10] . To date, a vari-

ty of PCDOs have been successfully cultivated under three-dimensional

3D) culture conditions, including colon cancer organoids [11] , prostate

ancer organoids [12] , gastric cancer (GC) organoids [13] , breast can-

er organoids [14] , pancreatic cancer organoids [15] , ovarian can-

er organoids [16] , kidney cancer organoids [17] , and bladder cancer

rganoids [18] . PCDOs have simple culturing procedures, high tumori-

enesis rate, and suitability for high-throughput drug screening and

enetic operation [19] . PCDOs maintain the original cancer structure

nd heterogeneity and have been widely used in cancer research [20] .

CDOs provide a unique opportunity to incorporate moderate system

omplexity while still affording the many tools for probing the struc-

ure and function [21] . Compared to tissue explants, organoids mimic
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Fig. 1. Characteristics and multi-dimensional comparison of the commonly used models in cancer research. Characteristics and multi-dimensional comparison of 

patient-derived cancer cell lines, multicellular cancer spheroids, patient-derived xenografts, and cancer patient-derived organoids models. Although these models 

have their advantages and disadvantages, they are all of great significance to cancer research. 
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he cell-cell and cell-matrix interactions while maintaining the capacity

or long-term cultures thanks to the maintained signaling cues for sur-

ival [22] . With the application of PCDOs in drug screening, precision

edicine has become a reality ( Fig. 2 ). However, organoid cultures are

ot without limitations, such as the lack of nerves, blood vessels, and

mmune cells in the model. As a result, the characteristics of organs are

ot fully depicted, and the disease processes are only partially simu-

ated. This review aims to provide insights into the organoid models for

ancer precision medicine. 

evelopment of organoid technology 

In 1907, Wilson demonstrated for the first time that mechanically

solated sponge cells could regroup and self-organize to form a complete

rganism [23] . The advent of organoids was marked by the transforma-

ion from 2D medium to 3D medium, making the complex 3D organ

tructure possible [24] . In studies conducted in the early 1960s, dis-

ociated cells from the developing chick kidney were utilized to form

eaggregates that recapitulate the virtually complete renal development

 25 , 26 ]. Since 1987, researchers have used different stem cells to pro-

uce a large number of cells similar to normal tissues and organs in

he body [27] . In 2009, Clevers et al. demonstrated that a single Lgr5

tem cell could be used to construct a crypt-villus structure in vitro with-

ut a mesenchymal niche [28] . In 2010, Unbekandt and Davies pro-

uced kidney-like organs using mouse embryonic stem cells [29] . In

013, Madeline Lancaster of the Austrian Academy of Sciences demon-
2 
trated that brain tissue organoids could be produced by culturing the

uman pluripotent stem cells in Matrigel [30] . In 2014, Shkumatov et al.

howed that physiological stiffness promotes the 3D formation of em-

ryonic stem cells and cardiomyocyte differentiation [31] . Takebe et al.

ound a general method for the formation of organ buds from differ-

nt tissues by combining tissue-specific progenitor cells or endothelial

ell-related tissue samples and mesenchymal stem cells derived from

luripotent stem cells [32] . They believed that the immature tissues or

rgan buds produced by the self-organization condensation principle

ight be an effective method for the functional reconstruction of ma-

ure organs compared with the coagulants produced by cells at higher

tages. Although attempts have been made to describe the organogene-

is process through developmental biology experiments, it remained un-

lear until 2014 when Lancaster and Knoblich systematically proposed

he concept of organoids [33] ( Fig. 3 ). This concept has provided a re-

iable theoretical basis for the development of biomedicine and the un-

erstanding of diseases, especially cancer [ 34 , 35 ]. 

ulture and cell source of organoids 

The commonly used organoid culture system is matrix glue. The

asement membrane matrix is extracted from mouse sarcoma rich in ex-

racellular matrix protein [36] . The main components include laminin,

ype IV collagen, nestin, heparin sulfate glycoprotein, growth factor,

nd matrix metalloproteinase [37] . At room temperature, Matrigel poly-

erizes to form a 3D matrix with biological activity, which simulates
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Fig. 2. Model systems in life sciences. Organisms comprise a hierarchy of systems from the subcellular level to the whole body. Many models have been developed 

across this organismal hierarchy in life sciences to address specific questions across biology and medicine. Each model system possesses unique attributes. In general, 

with increasing scale comes the increasing system complexity and challenges in cell culture and the reduced availability of biochemical and quantitative tools. 
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he structure, composition, physical properties, and functions of the cell

asement membrane in vivo and is conducive to cell culture and differ-

ntiation in vitro [38] . Epidermal growth factor, basic fibroblast growth

actor, insulin and transferrin, and dexamethasone and Wnt activator

egulate the formation of organoids and cell differentiation [39] ( Fig. 4 ).

Organoids could derive from one or more stem cells, such as embry-

nic stem cells (ESCs), induced pluripotent stem cells (iPSCs), and adult

tem cells (ASCs) [40–42] . As the biological characteristics of different

tem cells are different, the application prospects of different organoids

re also different. A suitable 3D culture system could direct the differen-

iation of ESCs into embryoid bodies. Then relevant signal factors could

e added according to different organ development purposes to induce

ell self-organization and position rearrangement to develop organoid

odies [43] . Organoids could simulate organ development in vivo and

elp to study the morphological characteristics and organ transplanta-

ion [44] . 

iological characteristics of organoids 

In 2009, the first PCDOs model was established with small intestinal

rypt stem cells [28] . Subsequently, models of breast, prostate, liver,

idney, and lung cancers were established [45–49] . Organoids have the

ollowing biological characteristics. (1) Cell proliferation, differentia-

ion, and self-renewal: stem cells are the basis for establishing PCDOs,

hich proliferate and differentiate into multi-functional cells under spe-

ific organ development conditions to realize self-renewal within tissues

50] . (2) Cell self-assembly: after differentiation, stem cells migrate to

pecific locations and arrange in an orderly manner under the regula-

ion of signal factors to form tissues similar to organ structure [51] .

3) Physiological activity of organs: after organ structure formation, the

orresponding biological signals are established to reproduce multicel-

ular physiological activities and signal regulation in organs to a cer-

ain extent. Cancer organoids have been shown to retain the key ge-
3 
etic and phenotypic characteristics of the original tissue and the tu-

or subtype and maintain the intratumoral heterogeneity; therefore,

ancer organoids have the potential to be used as predictors for pre-

ision medicine response [52] . (4) Long-term culture and genetic sta-

ility: During long-term culture, the stem cells maintain cell renewal

nd genetic stability [53] . (5) Genetic heterogeneity: Tumor-derived

rganoids maintain the genetic heterogeneity of the primary tumor tis-

ue over time; thus, the predictive value of therapeutic testing for indi-

idual patients is auspicious. The first organoid bank for pediatric kid-

ey cancer contains the tumors and the corresponding organoid cultures

rom more than 50 children with Wilms and non-Wilms tumors. The ex-

ensive characterization of this biobank revealed that the organoids re-

apitulated patient copy number alterations and mutational signatures

nd that the patient-specific drug sensitivities were retained [54] . The

rganoids retained the genetic and phenotypic features of the original

umor and thus superior to the corresponding spheroid culture as only

he organoids grown in cell suspension embedded in Matrigel could re-

roduce the tumor morphology and architecture. Therefore, this new

echnology has simple operation and high throughput compared to tra-

itional 2D cell culture, making it a good representation of the parental

umors. 

stablishment of PCDOs 

PCDOs could retain the biological characteristics and heterogeneity

f cancer tissue and have a stable genome and short culture cycles after

ultiple passages, making it an ideal model for cancer research [55–58] .

t present, cancer cells are mainly used to cultivate PCDOs. In 2015, Boj

t al. established the pancreatic PCDOs [59] . After targeted sequencing

f more than 2000 cancer-related genes, it was found that PCDOs have

ancer-related gene mutations that could maintain the physiological and

tructural characteristics of cancers. In 2017, Broutier et al. [60] culti-

ated organoids with three different subtypes of primary liver cancer
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Fig. 3. History of organoid methodologies. The key events leading to the various organoid methodologies are listed. 
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ells and found that PCDOs retained the histological structure and ge-

omic composition of the original cancer cells and that the different

ancer tissues and subtypes were distinguishable even after long-term

ulture. After transplanting into mice, PCDOs retained the histological

tructure and expression profile of cancer and showed their potential to

etastasize in vivo . PCDOs could simulate the pathological character-

stics, development process, and biological signals of cancers [61–63] .

enetic engineering technology was used to study cancer organs and

efined the interaction among cancer cells, healthy cells, and matrix,

hich could benefit the development of precision medicine and anti-

ancer drug screening [64–66] . 

CDOs for simulating the tumor microenvironment 

The tumor microenvironment (TME) comprises cancer cells, stromal

ells, immune cells, and endothelial cells [67–69] . TME participates in

he whole process of cancer occurrence, development, and drug reac-

ion [70] . Although the difficulties above could be overcome with can-

er animal models, the relevant microenvironment factors are hard to

anipulate, and real-time dynamic high-resolution observation is hard

o achieve. In recent studies, researchers co-cultured PCDOs with other

ypes of cells in TME, such as fibroblasts and immune cells, to char-

cterize the TME in vitro [71–73] . The interaction between pathogen

learance-defective receptor-1 and programmed cell death protein 1 can

e studied by co-culturing the GC tissues and the innate immune cells

erived from the transgenic mice model and simulate the GC TME [74] .

hen et al. [75] cultured the stomach-like organs of p53-deficient mice

ontaining epithelial cells and the mesenchymal matrix to simulate the

ME and the signal transduction. The transcriptome of 4391 cells was

etermined using the single-cell RNA sequencing technology; the pres-

nce of epithelial cells, fibroblasts, and phagocytes were identified in

CDOs; the system was found suitable for studying the TME and the im-

une response of gastric tissue [76] . Esser et al. cultured the clear cell

enal cell carcinoma patient-derived organoids in an air-liquid interface

ystem to validate their close similarity to the corresponding tumor and
4 
ound that immune cells and stromal cells within the microenvironment

ould be identified [77] . 

CDOs for the study of tumorigenesis and clonal evolution 

Tumorigenesis is the result of gene mutation accumulation [ 78 , 79 ].

he PCDOs model could help understanding how mutations occur and

ccumulate in the process of cancer development. Organoids could be

ultivated from normal tissue and cancer tissue at the same time. The

ormer has relatively stable genetic information and could be a good

ontrol model for studying the origin of cancer mutation signal. 

Besides the application of examining normal development, organoids

ave also been used to study tumorigenesis. In most studies on cancer

hat adopt organoids, primary carcinoma samples have been generated

nder ASC-organoid conditions. However, CRISPR mutagenesis technol-

gy has been applied to PSC-based organoids to generate cancer-causing

utations, for example, to model human brain tumors. In addition, Fine

nd colleagues have explored PSC-derived mini-brains as an environ-

ent for growing patient-derived glioblastoma cells [80] . 

Jager et al. [81] used single stem cells to cultivate the corresponding

rgans and explore the gene mutations in the development of the small

ntestine, colorectal, and liver. Whole-genome sequencing analysis of

ifferent-aged organs revealed that the mutation rate of different stem

ells was the same; the mutation types of the small intestine and colorec-

al stem cells differed from those of the liver as the continuous renewal

f small intestine and colorectal stem cells leads to gene-specific deami-

ation mutation. This gene mutation is also one of the main reasons for

olorectal cancer [82] . Therefore, the application of PCDOs provides a

ovel basis for the clinical exploration of different mutation treatment

ethods [83–85] . 

CDOs for drug screening and development 

Cancer is a highly heterogeneous disease [86] . Therefore, the phys-

ological, pathological, and clinical drug response models of cancer pa-

ients must be established to evaluate the potential drug effects and the
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Fig. 4. The key growth factors for PCDOs establishment. PCDOs are established following the directed differentiation of cancer cells with stem cell characteristics, 

which requires germ-layer specification, induction, and maturation. Specific growth and signaling factors are adopted to obtain the specific cell types that form the 

desired organ. 
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ffectiveness of the treatment. As PCDOs retain the heterogeneity and

istological characteristics of the original cancers, it has become an ideal

odel for testing new anti-cancer drugs [87] . 

The cost of isolating and culturing the cancer patient organ samples

nd constructing the PCDO biological sample bank is relatively low; the

ime spent is short; thus, PCDOs are more suitable for gene operation

han the cancer xenotransplantation model [88] . PCDOs could be used

or large-scale high-throughput drug screening and development. With

lose morphological/genetic resemblance to the progenitor tissue and

he long-term stability in culture, PCDOs are increasingly employed as

he pre-clinical model for drug screening and radiosensitivity assays.

RK inhibitor, or HER inhibitor combined with a MEK inhibitor, was

sed respectively in colorectal cancer-derived organs with RAS muta-

ion [89] . The results showed that the three-drug regimens could effec-

ively inhibit cancer growth. However, studies have found that these

reatments only lead to cell cycle arrest rather than apoptosis of PCDO

ells. Therefore, when the drug is stopped, cancer cells proliferate. When

ombined with EGFR pathway inhibitors, RAS-mutated colorectal can-

er cells can be sensitized again, which provides a new choice for the

linical treatment of colorectal cancer patients. 
t  

5 
Organoids could derive from both cancer tissues and normal adult

issues [90] . Therefore, when applied to drug development, organoids

ay help to screen drugs specific to cancer cells without damaging

ormal cells. Drug-induced hepatotoxicity is generally mediated by cy-

ochrome P450 enzyme, and liver-derived organoids could express cy-

ochrome P450 enzyme close to the physiological level in the process

f induced differentiation [91] . Therefore, liver-derived organoids may

e adopted to test drug hepatotoxicity in pre-clinical trials. Similarly,

PSC-derived cardiac organoids could be used to test the cardiotoxic-

ty of drugs, and iPSC-derived kidney organoids could be used in renal

oxicology research. 

CDOs for cancer precision medicine 

Currently, therapeutic drugs for different stages of cancer are be-

ng developed rapidly. However, prescribed therapy is usually based on

he general success rate of the drug rather than the response of specific

atients to the drug. Moreover, drug testing with conventional mono-

ulture pre-clinical models is misleading and most likely responsible for

he high failure rate of phase 3 trials. It is, therefore, a clinical and re-
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Fig. 5. Applications of organoid culture. The organoid culture enables specific fundamental and clinical applications. The organoids derived from cancer tissue 

mimic the tissue organization and turnover in cancer and therefore enables the studies on tissue pathophysiology and functional assays. Also, organoids can be 

expanded and used to test drug efficacy and toxicity or personalized medicine. Expanded organoids from a single patient might also be used for bioengineering and 

cell therapy, possibly in combination with targeted gene repair. 
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earch priority to construct a reliable model that can predict patient re-

ponsiveness and enable patient-tailored treatment strategies. Although

he development of disease staging, pathological typing, gene sequenc-

ng, and molecular typing is helpful to guide the clinical treatment of

ancer patients, effective tools are still needed to support the predic-

ion of drug response of specific individuals [92] . Cultivating cancer

rganoids could help directly research the cancer samples from patients

ith good passage stability. Moreover, the organoids cultured from pa-

ient tissues could preserve the tissue structure, gene expression, and

enome panorama of the original cancers. Even in the same medium

onditions for long-term expansion, the organoids still retain the char-

cteristics of different cancer tissues and subtypes. 

Compared with traditional precision medicine, such as gene expres-

ion detection and drug sensitivity test, the application time of can-

er organoids is significantly shorter, facilitating the real-time evalu-

tion of the effect on each patient [93] . The relevant experimental data

ased on this model could be quickly transformed into the basis of clin-

cal decision-making, which not only provides evidence for the optimal

reatment combination but also reduces ineffective treatment ( Fig. 5 ). 

Seidlitz et al. [94] used a tamoxifen-induced CreERT2 system to

onstruct different subtypes of GC transgenic mice. Cultivation of

he organoids from different subtypes of GC mice revealed that the

rganoids derived from gastric cancer mice were resistant to docetaxel,

hereas those from chromosome unstable GC were more resistant to

rametinib. Steele et al. [95] established an organoid sample library

ased on the samples from seven patients with GC. RNA sequencing

howed that the transcriptome information of organ-like tissues from
 t  

6 
C patients was similar to that of the original cancer tissues of the

atients. The standard chemotherapeutic drugs (epirubicin, oxaliplatin,

nd 5-fluorouracil) were used to treat the constructed GC-like organs,

nd the sensitivity of the patients to the several chemotherapeutic drugs

as compared. The established GC-like organs were helpful to predict

atient sensitivity to chemotherapy drugs. Thus, PCDOs better recapitu-

ate native tumors and may be superior models to identify and test novel

nti-cancer drugs. The development of high-throughput drug screening

ethods in PCDOs is just beginning to be explored. 

utlook 

In cancer research, PCDOs could effectively simulate the dynamic

athological changes of cancer cells in vivo . The interaction between host

nd pathogen could be simulated by the microinjection of pathogenic

icroorganisms into the epithelial cavity of the organoids. Co-culture of

CDOs with host immune cells and other cells can provide convenient

onditions for revealing the role of the TME in tumorigenesis and devel-

pment. Compared with traditional cancer cell modeling methods, PC-

Os could maintain genomic stability and cancer heterogeneity, which

rovides a model closer to the characteristics of the original cancer tis-

ue. 

The emergence of patient-derived xenograft (PDX) models as a sur-

ogate, translational, and functional representation of the patient with

ancer has led to the advances in drug discovery and testing of novel

argeted approaches and combination therapies. However, current es-

ablished PDX models fail to represent the diverse patient population



Y.-S. Ma, X.-L. Yang, R. Xin et al. Translational Oncology 14 (2021) 101126 

a  

h  

x  

l  

p  

t  

c  

 

a  

q  

q  

c  

d  

c  

T  

n  

s  

p  

s  

t  

b  

c  

m

C

 

s  

c  

e  

b  

b  

t  

p  

a

D

A

A

 

Y  

L  

a

F

 

u  

a  

U  

(  

v  

C  

S  

t  

(

A

E

C

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

 

[  

[  

 

[  

 

 

[  

 

[  

[  

[  

 

[  
nd, most importantly, the specific ethnic patient populations that have

igher rates of incidence and mortality. When compared with the cancer

enotransplantation model, cancer organoids have a lower cost and are

ess time-consuming. In addition, establishing a PCDO biological sam-

le bank could provide an optimization model for clinical drug high-

hroughput screening and precision medicine and contribute to research

ooperation among different countries, research institutions, and teams.

Although PCDOs are unique and advantageous in vitro models, there

re still limitations and shortcomings. The establishment of PCDOs re-

uires a variety of technical and logistical support. The technical re-

uirements for establishing a PCDO sample library by separating the

ancer tissue of patients are high; obtaining enough cancer samples is

ifficult due to the limited number of patients and the fact that samples

annot be obtained by surgery from patients with advanced cancer. In

ME, there are cancer tissue and many supporting cells, stroma, and

eovascularization, which are involved in cancer growth and metasta-

is. PCDOs were cultivated in the best growth environment and growth-

romoting matrix and lack angiogenesis, so they can not completely

imulate the TME of cancer tissue in vivo . Further technical optimiza-

ion is needed based on PCDOs culture in future studies to provide the

est model for revealing the occurrence and development mechanism of

ancer, thereby leading to the development in cancer prevention, treat-

ent drugs, and precision medicine. 

onclusions 

PCDOs recapitulate the spatial arrangement of the original tissue and

imulate the characteristics of cancer and the heterogeneity of cancer

ells in vivo . Up to now, researchers have successfully produced a vari-

ty of PCDOs, including colon cancer, prostate cancer, gastric cancer,

reast cancer, pancreatic cancer, ovarian cancer, kidney cancer, and

ladder cancer. As a new type of in vitro model, organoids maintain

he characteristics of cancer cells in vivo and could be used to study the

hysiological characteristics of normal tissues and organs. PCDOs could

lso be used for anti-cancer drug screening and precision medicine. 
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