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In clinical practice, a large proportion of cancer patients receive chemotherapy,

yet tumors persist or acquire resistance; removing this obstacle could help to

lower the number of cancer-related fatalities. All areas of cancer research are

increasingly using organoid technology, a culture technique that simulates the

in vivo environment in vitro, especially in the quickly developing fields of

anticancer drug resistance, drug-tolerant persisters, and drug screening. This

review provides an overview of organoid technology, the use of organoids in the

field of anticancer drug resistance research, their relevance to clinical

information and clinical trials, and approaches to automation and high

throughput.
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1 Introduction

In 2020, 10 million individuals died from cancer according to CA 2021 (Sung et al.,

2021), indicating the necessity of additional research into remedies. Chemotherapy is

currently administered either alone or in conjunction with radiation or surgical resection.

Even though some patients respond well to chemotherapy, tumors frequently become

resistant to it during treatment. For this reason, studies on anticancer drug resistance have

been stepped up regardless of the type of cancer (Mikubo et al., 2021; Lohan-Codeço et al.,

2022; Otaegi-Ugartemendia et al., 2022). Furthermore, it is now well known that tumors

are highly heterogeneous and complex, prompting investigations toward personalized

medicine aimed at resolving these issues so that optimal chemotherapy can be selected for

each patient (Van den Bossche et al., 2022). Studies on the development of novel

pharmaceuticals, such as small-molecule chemicals and nucleic acid medicines for the

creation of novel therapies, are also gaining momentum (Castro et al., 2021; Mahajan

et al., 2021). The number of published references for the terms (“tumor” or “cancer”) and

(“resistance” or “drug screening” or “precision medicine”) is rising each year, reaching

24,531 in 2021, according to a PubMed search for those terms (Figure 1A).

In this area of research, although it is essential to look toward quick clinical

applications in personalized medicine and/or new drug development, it is also

necessary to conduct fundamental research on the mechanisms of anticancer drug
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resistance and/or the mechanism of action of new drugs,

requiring a technology that possesses both characteristics. Cell

culture is typically one of the most essential non-clinical models

for fundamental studies in cancer research and therapeutic

development. Two-dimensional cell line culture has long been

a central part of in vitro assay (Breslin and O’Driscoll, 2013).

Although two-dimensional culture may be handled easily and is

inexpensive, it has the disadvantage of being unable to capture

the complexity and three-dimensional (3D) structures seen in the

human body (Costa et al., 2016). In addition, it was recently

discovered that there are significant differences between the gene

expression patterns of cell lines and those of in vivo models,

making the use of cell lines as a research tool a major obstacle to

studies aiming for clinical application (Ravi et al., 2015).

Moreover, although many candidate molecules for novel

anticancer drugs that passed Phase I studies to determine

their safety for clinical use move on to Phase II/III studies to

examine pharmacological responses, the success rate is low at

13.4%, and numerous attempts to develop novel drugs have failed

(DiMasi et al., 2013). The necessity for new preclinical models is

suggested to address the high failure rate in clinical trials. Despite

being an efficient method, in vivo mouse studies are not

appropriate for mass screening or the creation of tailored

therapy due to high experimental expenses. We should use

non-animal preclinical models as well from the standpoint of

animal welfare. Various 3D culture techniques have been created

as ways of bridging the gap between cell lines and in vivomodels

to address this problem.

While 2D culture is a single layer of cells, 3D culture

technology can harbor cells in multiple layers, creating an

environment, that is, more similar to that of in vivo

conditions. The two main categories of 3D culturing methods

are scaffold-free and scaffold-based. Figure 2 summarizes these

representative culture methods. Scaffold-free technology

includes the use of hanging drop microplates, magnetic

levitation, and spheroid culture using ultra-low-adhesion

coating plates (Kelm et al., 2003; Souza et al., 2010; Vinci

et al., 2012). Hanging drop microplates enable the culture of

cells in a single drop of liquid medium (Kelm et al., 2003).

Magnetic levitation is a technology that uses magnetic

nanoparticles injected into the cells and an external magnet to

levitate the cell mass in the liquid (Souza et al., 2010). Scaffold-

based technologies include natural or engineered polymers and

hydrogels (Langhans, 2018), 3D printed scaffolds created by

electrospinning (Park et al., 2008), and organoid, a tissue

culture technology that uses Matrigel and a niche factor to

FIGURE 1
Trends in publications on organoids obtained from a PubMed search. (A) Number of publications in specific areas [resistance (blue), drug
screening (orange), precision medicine (grey), or all (yellow)] in cancer-related articles. (B) Proportion of organoid-related publications in cancer
research (green) and in anticancer drug-related areas (yellow). (C) Detailed data of (B).
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mimic a microenvironment, leading to self-assembly and self-

renewal of cells (Sato et al., 2009). While most of the 3D culture

technologies utilize cells derived only from conventional cell

lines, the organoid method enables the establishment and

maintenance of culture from stem cells derived from primary

specimens. The organoids referred to in this review are mainly

those derived from primary tumors, not from cell lines. Each of

these methods has benefits and drawbacks, and they should be

chosen based on the goal of the experiment. Organoids have been

widely used in 3D culture techniques in the specific disciplines of

anticancer drug resistance, personalized medicine, and novel

drug development, which are the subjects of this review. The

difference between the percentage of organoid-related literature

in these specific areas and that of overall cancer research has

diverged significantly (Figure 1B). Furthermore, 206 of the

647 organoid-based cancer articles published in 2021 belonged

to these fields, accounting for 31.8% of the total (Figure 1C). One

reason for the popularity of organoids is the remarkable rate of

establishment derived from primary cancer. This technology

enables the detailed characterization of cancer cells for

individual patients. Also, organoids can be cultured in a state

with a high stem cell content due to their physiological

properties, making them useful for studying cancer stem cells

(CSCs). Organoids are still at the development stage, but they are

being used as a more vivo-like culture method that can replace

cell lines as an outstanding technology in this field.

In this review, we first summarize the history of the

application of organoids to cancer research, established culture

methods, and their similarity to tumor tissues. We then

categorize organoids-based anticancer drug-related research

into three groups: a study on resistance mechanisms,

personalized medicine, and automated high-throughput drug

screening methodology.

2 Organoids as a pre-clinical model

2.1 Organoid history and application

The first investigation into organoids was conducted in

1975 by James G. Rheinwald and Howard Green. They

showed that co-culturing primary human keratinocytes and

3T3 fibroblasts produced squamous epithelial colonies that

resembled the human epidermis, with cell proliferation in the

basal layer and keratinization in the upper layer (Rheinwald and

Green, 1975). Subsequently, the understanding of extracellular

matrix was improved, and mammary gland-derived cells were

actually cultured in a laminin-rich 3D matrix, giving rise to the

prototypical model of the current organoids (Barcellos-Hoff

et al., 1989; Petersen et al., 1992). For a very long time after

that, organoid technology remained in the dark, until in 2009,

Sato and others (2009) succeeded in producing mouse intestine

organoids. They discovered elements such wingless-related

integration site (Wnt), epidermal growth factor (EGF),

Noggin, and R-spondin1 (Rspo), which may be crucial in

stem cell maintenance, based on past studies on the growth

requirements of their maintenance. After adding a combination

of these factors to the culture medium, they established long-

term culture conditions lasting 8 months for crypt-villus

organoids generated from Lgr5-positive stem cells.

Two years later, in 2011, human tissue-derived colon cancer

organoids were established by optimizing the culture conditions

FIGURE 2
Summary of 3D culture methods. 3D culture methods bridging the gap between 2D culture and in vivomodels. Each illustration is a scheme of
representative 3D culture methods, categorized as scaffold-free or scaffold-based.
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of mouse intestinal organoids (Sato et al., 2011). In the process of

establishing these organoids, they screened various hormones,

vitamins, growth factors, and small molecule inhibitors,

identifying gastrin, nicotinamide, TGF-beta/Smad inhibitor

(A83-01), and p38 MAPK inhibitor (SB202190) as elements

that contribute to organoid growth. This led to a rapid

acceleration of its application to multiple organs that included

prostate cancer (Gao et al., 2014), stomach cancer (Bartfeld et al.,

2015), pancreatic cancer (Boj et al., 2015), liver cancer (Broutier

et al., 2017), bladder cancer (Pauli et al., 2017), breast cancer

(Sachs et al., 2018), ovarian cancer (Kopper et al., 2019), and

renal cancer (Schutgens et al., 2019). The combination of the

niche factors and their concentrations are highly dependent on

the microenvironment of each organ of origin, leading to

continued research on their application to other organs.

Organoids are now widely used in cancer research, and many

researchers have established their own cultures. However, it is

being noticed that different compositions of medium are used

even for a particular cancer type. For example, a comparison of

several papers based on gastric cancer organoids shows that

although many additives are common, fibroblast growth factor

10 and gastrin are found in different concentrations, and

N2 supplement, A83-01, SB202190, nicotinamide, and fetal

bovine serum are either included or absent (Bartfeld et al.,

2015; Yan et al., 2018; Steele et al., 2019; Lo et al., 2021;

Togasaki et al., 2021) (Figure 3, Supplementary Table S1).

Similar variation in niche factors tends to be observed for

colorectal cancer (Figure 3, Supplementary Table S1). In

addition, it has been reported that small changes in the

composition of the culture medium can significantly alter the

properties and growth efficiency of the organoids. For example,

by removing Wnt and Rspo from the gastric cancer medium,

organoids exhibiting the morphology of signet-ring cell

carcinoma were reported to become culturable (Togasaki

et al., 2021). The use of IGF and FGF2 instead of

SB202190 has been reported to improve survival and

proliferation rates when performing genome editing of

intestinal organoids (Fujii et al., 2018). Considering the above,

culture conditions and protocols should be carefully determined

taking into account the objectives and methods of the study

before starting the experiment.

2.2 Biological characteristics of organoids

Although organoids are generally described as a good

reproduction of in vivo structure, how well organoids

recapitulate in vivo tissues has always been a subject of

discussion. Here, we evaluate the details separately in terms of

morphology, genomics, and gene expression.

2.2.1 Histological features
The obvious characteristic of organoids is that their

morphological features are similar to those of patient-derived

tissues. In the colorectal cancer organoid biobank report by van

de Wetering et al. (2015), hematoxylin and eosin (H&E) staining

of organoid and patient tissues was compared, which generally

showed that cystic or solid features were preserved. Gao et al.

(2014) compared tissue, organoids, and xenografts from prostate

cancer patients with H&E staining and immunohistochemical

stains such as PanCK, and showed that organoids were similar to

the in vivo samples in most histologic types. Gastric cancer

organoids evaluated using H&E staining and

immunohistochemical staining for p53 and ERBB2 showed a

high degree of tissue and organoid similarity (Bartfeld et al., 2015;

Yan et al., 2018). H&E-stained images of pancreatic cancer

organoids revealed the formation of organoids similar to the

structure of the tissue, consisting of various degrees of dysplastic

tall columnar cells resembling low-grade PanINs (Boj et al.,

2015). In this study, the immunohistochemical staining

images of CAM5.2, p53, and SMAD4 were also shown to be

consistent in patient tissues and organoids (Boj et al., 2015). The

typical structures of hepatocellular carcinoma, such as the solid

structures and pseudoglandular rosettes, were also observed in its

organoids. Cholangiocarcinoma organoids also have extensive

glandular ductal domains, where cancer cells invade the lumen

and grow in a sieve-like structure, as seen in patient tissue

(Broutier et al., 2017). Organoids from uterine

FIGURE 3
Heatmap of media ingredients. Recipes from representative
research papers on gastric cancer and colorectal cancer (CRC) are
included in the figure. Color intensity correlates with
concentrations of each ingredient. Indescribable
concentrations such as conditioned medium were normalized
within the ingredients. All the ingredients and concentration details
are listed in Supplementary Table S1.
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carcinosarcoma, urothelial carcinoma, and renal cell carcinoma

have also shown H&E staining images matching those in patient

tissue, organoids, and patient-derived xenografts (PDXs) (Pauli

et al., 2017). In a study of breast cancer organoids,

immunohistochemical staining for estrogen receptor,

progesterone receptor, and HER2 was performed, in addition

to H&E staining. It showed that histological subtypes are

conserved in the organoids, indicating that the expression

pattern of organoids matches that of the patient tissue;

however, this expression pattern was not consistent between

patient tissues and organoids in all cases, ranging from 70% to

90% concordance in positivity for these target genes (Sachs et al.,

2018). H&E staining of ovarian cancer organoids was generally

consistent with that of the patient’s tissue, and the expression

patterns of paired box gene 8 (PAX8) and p53 were also shown to

be consistent (Kopper et al., 2019). A clear comparison of H&E

staining of primary tumor and organoids can be found in the

main (Gao et al., 2014; Bartfeld et al., 2015; Boj et al., 2015; van de

Wetering et al., 2015; Broutier et al., 2017; Pauli et al., 2017; Sachs

et al., 2018; Yan et al., 2018) and supplementary figures (Boj et al.,

2015; van de Wetering et al., 2015; Broutier et al., 2017) in these

references, as well as our previous paper on gastric cancer

organoids (Ukai et al., 2020). In summary, the conservation of

morphological features has been reported in organoids derived

from various organs.

2.2.2 Genomic characteristics
Genomic profiling of organoids from various cancer types

has also been shown to be consistent with matched patient-

derived tissues. Analysis of 22 colorectal cancer organoid

libraries, which included whole exome sequencing, revealed

that somatic mutations shared between organoids and biopsy

material were on average 88% matched (van de Wetering et al.,

2015). Parallel exome sequencing analysis of gastric cancer

organoids and frozen tumor tissue from 44 cases confirmed

the common presence of most of the major drivers, including

TP53, CDH1, and RHOA (Yan et al., 2018). A study of whole

exome sequencing of neuroendocrine tumor, pancreatic

adenocarcinoma, renal cancer, serous carcinoma of the ovary,

urothelial carcinoma, endometrial adenocarcinoma, and

leiomyosarcoma showed only minor differences in allele-

specific copy numbers and single nucleotide variants between

patient tissue and organoids. These minor differences are

assumed because organoids do not harbor all subclones and

because of the growth progression of organoids (Pauli et al.,

2017). Results from whole genome sequencing of breast cancer

organoids indicated that copy number alternations in organoids

often showed a much cleaner and clearer signal than that in the

original patient tissue, which was largely retained even after long-

term passaging. For mutations, the majority of cases showed

75%–100% concordance, except in a few cases in which the

patient tissue-organoid match was very low (Sachs et al., 2018).

The reason for the lack of matching in some cases may be due to

intratumoral heterogeneity (Gerlinger et al., 2012). In the

analysis of ovarian cancer organoids, the genomic landscape

of the organoids, including chromosome and copy number

aberrations, was found to closely reflect that of the original

tumor. Somatic mutations and amplifications/deletions were

also found to be mostly consistent between tumors and

organoids (Kopper et al., 2019).

2.2.3 Gene expression at bulk level
Differences in gene expression profiles between the original

patient tissues and organoids have been analyzed by microarray,

RNA-seq, and related methods. Transcriptome analysis of gastric

cancer organoids and corresponding cancer tissues showed a

high correlation of expression profiles by histological subtype.

However, also found were many organoid-specific down-

regulated genes, which were enriched in immune processes,

biological adhesion, and extracellular matrix pathways. These

findings do not contradict the results that reflect a state of being

separated from interactions with the microenvironment in vivo

(Yan et al., 2018). Similarities were also observed in the RNA-seq

results for liver cancer organoids in terms of the correlation of

expression patterns between each case and organoid pair and for

each subtype (Broutier et al., 2017). Moreover, in a combined

study of the results of the expression analysis of organoids in

breast cancer and The Cancer Genome Atlas (TCGA) data, they

concluded that there was no culture bias from the organoid

establishment as the expression patterns of the classification

clusters and subtypes observed in TCGA were similar for

organoids (Sachs et al., 2018). In glioblastoma organoids, as a

comparison of the entire transcriptomes of organoids and

corresponding tumor tissues, they indicated that high

similarity is maintained over time. However, Jacob et al.

(2020) characterized the differentially expressed genes as

decreased expression of blood- and immune-related genes yet

reported that no organoid-specific genes were up-regulated. The

findings for non-small cell lung cancer organoids also suggest

that organoid tumor cells can retain most of the key molecular

characteristics of their tissue of origin (Shi et al., 2020). RNA-seq

of patient-derived colorectal cancer organoids showed that 84%

of gene expression matched between tumors and organoids,

indicating that colorectal cancer-specific signatures are

enriched in organoids (Della Chiara et al., 2021). Organoids

from a rare disease, neuroendocrine prostate cancer, have also

been shown to have transcriptomes and epigenomes consistent

with clinical samples (Puca et al., 2018). Bruun et al. (2020)

showed through principal component analysis of gene expression

patterns that the correlation coefficient between matched liver

metastatic colorectal cancer organoids and tumors was

significantly higher than the average between unmatched

patient-derived organoids and tumors. In contrast, they also

reported that principal component 2 of the tumor samples

correlated with an enrichment score calculated based on liver-

specific genes, which may reflect the influence of non-malignant
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cell infiltration in the tumor microenvironment. This could

explain the divergence in expression patterns between some

tumors and their corresponding organoids (Bruun et al.,

2020). Recently, Raghavan et al. (2021) compared RNA-seq

and organoid signature analysis of pancreatic cancer tissues

that revealed a bias toward established organoids. Pancreatic

cancer is classified into classical and basal types, but they found

that pancreatic cancer organoids established successfully in long-

term culture were biased to the classical type. Overall, the gene

expression patterns of organoids are largely consistent with those

of the original clinical samples, but the possibility of altered

expression patterns depending on culture conditions and their

selection pressure, or contamination of non-tumor cells, must be

considered.

2.2.4 Gene expression at single-cell level
Recently, transcriptome analysis at the single-cell level has

become popular, and now single-cell RNA-seq (scRNA-seq) is

also being performed in the field of cancer organoids. Results of

scRNA-seq of organoids established from glioblastoma and its

tissues further support that organoids recapitulate the

heterogeneity and molecular properties found in the

corresponding parent tumors (Jacob et al., 2020). Wang et al.

(2022) performed paired scRNA-seq of tissue and colorectal

cancer organoids established using conditioned or chemical-

defined media. They reported that organoids maintained the

characteristics of biological tissues, and the conditioned medium

was superior for long-term culture in terms of genomic,

epigenomic, and transcriptomic features. Meanwhile, scRNA-

seq analysis of pancreatic cancer organoids and their biopsy

material showed that the expression signatures are highly

distinct, and the emergence of expression patterns present

only in organoids has also been described (Raghavan et al.,

2021). The number of scRNA-seq studies comparing in vivo

tissue and organoids is currently insufficient, and as shown in the

two reports presented here, the conclusions are still controversial,

and further investigation is required.

3 Anti-cancer drug resistance
mechanism

Tumor recurrence after chemotherapy remains an issue not

fully resolved; hence, the use of organoids to overcome this

problem is being actively investigated. One reason for the

wide use of cancer tissue-derived organoids in this field is that

cancer organoids can be cultured in a state rich in CSCs, which

are thought to play an important role in the acquisition of

chemotherapy resistance (Fujii and Sato, 2017). In addition to

CSCs, several studies have recently proposed the importance of

“drug-tolerant persister cells” or “dormant cells”, which are

slightly different from CSCs and have recently been

recognized to be crucial in the development of resistance to

chemotherapy. However, the definitions and usage of these terms

are currently unclear, and it is inconclusive whether these new

cell populations are different cellular fractions from CSCs. In this

section, we first compare in detail the papers in this field, which

include not only organoids but also cell lines and PDX-based

studies, and then organize the organoid-related papers according

to the classification of cells along a timeline that we have

conceived as a result of this comparison.

3.1 Cancer stem, slow-cycling, drug-
tolerant persister, resistant or what?

Emerging evidence indicates that CSCs are a major cause of

treatment resistance (Li et al., 2021). CSCs are a subset of tumor

cells with self-renewal and differentiation potential that acquire

resistance to anticancer drug therapy through phenotypic

changes (Clevers and Nusse, 2012; Zhang et al., 2017). There

are several clones of CSCs, which are thought to readily adapt in

response to changes in the tumor microenvironment, radiation,

and chemotherapy (Steinbichler et al., 2018). In contrast, a

growing number of publications have recently described cell

populations other than CSCs, highlighting the existence of

cells specialized for drug resistance, called drug-tolerant

persisters (DTPs), and very slow-growing cell populations,

called dormant or slow-cycling cells. The identification of

resistance-associated cells and their mechanisms has long been

a subject of discussion (Borst, 2012; Mikubo et al., 2021) and is an

inevitable topic when discussing anticancer drug resistance-

related research using organoids.

Regarding DTPs and slow-cycling cells, in 2010, Sharma et al.

(2010) showed by using cell lines that cancer recurrence may be

caused by quiescent persister cells resulting from transient

reversible resistance, besides the presence of rare cancer clones

with drug resistance. Furthermore, it is suggested in cell line and

PDX-based studies that these persister cells acquire hereditary

drug resistance after a long latency period (Ramirez et al., 2016;

Russo et al., 2019). Together, these findings raise the possibility

that the persistence of so-called DTPs during the early stages of

chemotherapy may be the initial step in the acquisition of

resistance and relapse. The relation between these DTPs and

stemness has also been investigated, and DTPs in glioblastoma

have been reported to exhibit stem cell-like properties and slow

cycling (Liau et al., 2017).

There is also much discussion about whether these cell

populations are present before chemotherapy. Barcode

sequencing analysis using non-small cell lung cancer cell lines

has shown that particular subsets of cells present before

treatment are more likely to acquire erlotinib resistance

(Bhang et al., 2015). In addition, single-cell transcriptomes of

aromatase inhibitor-resistant cell lines have shown that

particular plastic cells in tumor tissue are more likely to attain

resistance (Hong et al., 2019). Single-cell analysis of PDXs and

Frontiers in Molecular Biosciences frontiersin.org06

Harada and Sakamoto 10.3389/fmolb.2022.1067207

https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1067207


cell lines has shown that the phenotype of cells can predict drug

efficacy to some extent and can also predict the development of

resistance (Georgopoulou et al., 2021). Furthermore, single-cell

analysis of samples derived from patients receiving neoadjuvant

chemotherapy (NAC) has shown that resistant cells exist before

treatment and are adaptively selected by the NAC,

reprogramming their transcriptional profiles in response to

the NAC (Kim et al., 2018). Ohta et al. (2022) have shown

that Lgr5+p27 + cells among Lgr5+ CSCs are a dormant subclone

involved in tumor repopulation after chemotherapy using

organoids and their xenografts in vivo imaging. As described

above, the presence of DTPs or their progenitor cells before

treatment has been reported in many cases, which could be a

result of DTPs and CSCs having some commonality.

In contrast, Rehman et al. (2021) performed DNA barcode

sequencing analysis using colorectal cancer-derived PDXs and

showed not only that chemotherapy does not enrich certain

cancer clones but also that all cancer cells have an equal potential

to become DTPs. DNA barcode sequencing studies using

organoids also suggested that there is no presumptive pre-

existing cell population or rare clone with drug-resistant

features before treatment (Dhimolea et al., 2021). However,

the identification of a persister population distinct from CSCs

has been reported (Echeverria et al., 2019), as has the loss of the

LGR5+ CSC population in the persister state (Solé et al., 2022).

Considering these conflicting results, it is difficult to conclude at

this point whether CSCs and DTPs share a commonality or

whether clonal selection/expansion occurs when chemotherapy

is administered.

Further, the existence of “cycling persister cells” has been

reported as a new subpopulation identified in recent years (Oren

et al., 2021). Although most cells that survive after chemotherapy

are slow-cycling, a very small population of persister cells with

rapid proliferative potential has been identified. This

subpopulation has also been shown to be present before

treatment. This report raises the possibility that the cells

involved in the progression of disease during chemotherapy

may be completely different from those involved in recurrence

after a certain period. If confirmed, this could bring a new

dimension to current anticancer therapies. Therefore, there is

still much to discuss regarding the cell populations that

contribute to anticancer drug resistance and recurrence, and

further detailed studies are still urgently needed.

Considering the recent findings, distinct biological

characteristics are likely to be present among treatment-

surviving cells: the cells that survive the initial phase of

chemotherapy, the cells that show proliferative potential under

exposure to anticancer agents, and the cells with treatment

resistance that arise after chemotherapy. It is also unclear

whether they were triggered by chemotherapy. These issues

may be closely related to the time course of chemotherapy,

suggesting the need for an organizing approach that reflects

the treatment time course. In reviewing the articles presented so

far from this perspective, they all commonly use terms such as

CSCs, DTPs, and slow cycling, but the position of the cell

populations to which each of these terms refers in the

treatment time course is highly disparate. Furthermore, clear

definitions of these terms have not been established, which is part

of the barrier to better understanding in this field. We have

summarized the cell populations analyzed in the previous

publications related to anticancer drug resistance by

categorizing them according to their treatment time course

(Figure 4; Table 1).

As shown in the table, although there was a slight variation in

the combination of keywords and timeline cell types that

appeared in the papers, surviving cells in the early stages of

treatment were generally mentioned as having slow proliferation

(Table 1). Note, that only Oren et al. (2021) reported cycling

persister cells showing proliferation in the early stage of

treatment. Other studies focused on cells during a complex

treatment time course, such as relapse when treatment is

interrupted, resistance to re-treatment, and resistance that

occurs during long-term treatment. By focusing on the time

axis, it becomes clear that the analysis targets may be completely

different even if the articles seemingly use the same keywords

(Figure 4; Table 1). If we can clarify the functional and molecular

biological differences among these cells, this may be a new

approach to overcoming the problem of anticancer drug

resistance we are currently facing.

We next present four major categories of research papers in

the field of anticancer drug resistance using organoids,

considering the experimental methods and the time points of

the chemotherapy to be analyzed.

3.2 Research on mechanisms of
anticancer drug resistance using
organoids

3.2.1 Direct comparison of pre- and post-
chemotherapy specimens and organoids

By comparing surgical specimens collected before and after

chemotherapy and organoids established from these tissues, we

can capture the actual chemotherapy-induced changes that

occurred in vivo. The L1 cell adhesion molecule (L1CAM),

which is significantly upregulated in tissues after NAC, has

been shown to increase irinotecan sensitivity in organoid-

based knockdown assays (Ganesh et al., 2020). Laoukili et al.

(2022) compared susceptibility testing of organoids established

from peritoneal metastasis of colorectal cancer with organoids

derived from primary colorectal tumors and showed that the

former were more resistant to oxaliplatin, and identified

glutamate-cysteine ligase as a contributing factor. Although

these methods have the advantage of directly assessing cells

that have remained and expanded during actual

chemotherapy, it is difficult to focus on the detailed treatment
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time course and to capture the changes and plasticity that may

have occurred in the cells as a result of the treatment.

3.2.2 Studies in which cells survived after
treatment of organoids with anticancer drugs

Cells that remain just after treatment are often referred to as

DTPs and are likely to be involved in the development of

treatment resistance and recurrence. Understanding the

characteristics of these cells is a prerequisite to understanding

the early stages of treatment failure. Engel et al. (2020) reported

that clusterin, a marker of the revival stem cell population, is

significantly enriched in organoids after 5-fluorouracil (5-FU)

treatment, and its expression correlates with the resistance level

to 5-FU. Dhimolea et al. (2021) exposed organoids to anticancer

drugs over a short to medium time course and identified residual

cells as treatment-persistent organoids. Furthermore, they

showed that transcriptome changes in these persistent cells

are consistent with those observed in samples obtained before

and after NAC. In addition, inhibition of Myc or Brd4, a

transcriptional co-activator of Myc, in cancer cells attenuates

the cytotoxicity of anticancer drugs through an adaptation to

dormant diapause-like conditions. Ohta et al. (2022) showed by

in vivo imaging of subcutaneously implanted organoids in mice

that Lgr5 + p27 + cells remain after chemotherapy, further

indicating that they are also involved in tumor regrowth via

the COL17A1 and FAK-YAP pathways. Solé et al. (2022) treated

organoids with IC20 and IC30 concentrations of 5-FU + Iri and

performed RNA-seq, which showed that resistance is associated

with WTp53, and coincidentally found loss of the LGR5+ CSC

population in the persister state. Further investigations are

needed to delve deeper into the relation between DTP cells

and CSCs and how their populations change before and after

chemotherapy.

3.2.3 Analyzing repopulated cells after
anticancer drug therapy in organoids

In the field of drug resistance research, a method of

establishing resistant cell lines has generally been used in

which cell lines are exposed to anticancer drugs for months to

years. This method targets cells at the next stage of DTPs or the

final stage of resistance acquisition. 5-FU resistance in gastric

cancer organoids has been successfully established, with

comprehensive genetic analysis identifying KH RNA Binding

Domain Containing, Signal Transduction Associated 3

(KHDRBS3) as a novel gene responsible for 5-FU-resistance

(Ukai et al., 2020). The establishment of oxaliplatin-resistant

FIGURE 4
Classification of treatment-survived cells by proliferation rate and chemotherapy time course. Each color corresponds to the cell classifications
shown in the included table. We divided the cell populations into four main categories: parental, drug-tolerant persisters (DTPs), recurrence, and
resistant. In DTPs, we showed slow-cycling and cycling subcategories, pre-exist and arise populations in detail. Recurrence populations include
slow-cycling and cycling populations, which could arise due to cell plasticity and/or genomic alternations. The resistant population was
categorized according to the timeline of treatment: multiple or long-term chemotherapies.
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organoids has also been studied, and an association between the

regulation of Schlafen11 (SLFN11) and myoferlin (MYOF)

expression with drug sensitivity has been reported (Harada

et al., 2021; Takashima et al., 2021). What these studies reveal

is a feature associated with complete acquired resistance, which is

the ability to proliferate even under exposure to anticancer drugs,

and this should be considered separately from the DTPs.

3.2.4 Studies using organoids targeting
resistance caused by the association with tumor
microenvironment, cancer-associated
fibroblasts (CAFs), and immune cells

One of the characteristics of organoid cultures is that they can be

easily co-cultured with CAFs and immune cells. Moreover, the

organoid culture medium can be easily modified to reproduce

TABLE 1 Classification of analysis targets in publications on treatment-survived or regrown cells.

Author Year Model Drug mainly used Analysis
target

Key words

Sharma 2010 Cell line, Mouse model EGFRi, RAFi B1 drug-tolerant persister, quiescent

Bhang 2015 Cell line EGFRi, ALK inhibitor, ABL1i D2 resistant clone

Ramirez 2016 Cell line EGFRi D2 drug-tolerant persisters, persister-derived drug-
resistant

Liau 2017 Cell line BCR-ABL TKI A, B, C drug-tolerant persisters, slow cycling, quiescent,
resistance

Kim 2018 Patient tissue Anthracycline, Taxane, VEGFi A, B, D2 therapy resistance, persistence

Echeverria 2019 PDX Anthracycline, Alkylating agent A, B, C drug-tolerant, chemoresistance

Hong 2019 Cell line, Patient tissue Aromatase inhibitor A, D2 resistance, pre-adapted cells

Russo 2019 Cell line, PDX anti-EGFR antibody, BRAFi A, B1, D2 drug-tolerant (persister), drug-resistant, permanently
resistant

Engel 2020 PDO 5-FU B drug-resistance

Ganesh 2020 PDO, PDX, Patient tissue CPT-11 A, B, D2 chemoresistance, quiescence

Ukai 2020 PDO, PDX 5-FU A, D2 drug-resistance

Zhang 2020 Cell line, PDO, PDX Antiandrogen A, B, D2 resistance

Dhimolea 2021 Cell line-derived Organoid,
PDO, PDX

Anthracycline, Taxane B1, C drug persistance, embryonic diapause, diapause-like,
proliferative quiescence

Georgopoulou 2021 Cell line, PDX high-throughput drug-response
experiments

A resistance

Harada 2021 PDO L-OHP A, D2 drug-resistance

Oren 2021 Cell line, PDX EGFR inhibitor B1, B2 cycling cancer persister

Raghavan 2021 PDO, Patient tissue Gemcitabine, Taxane, CPT-
11(SN-38)

A, B drug response

Rehman 2021 PDX CPT-11, FOLFIRI B1, B, C, D2 drug-tolerant persisters, slow cycling, diapause-like,
irreversibly resistant

Takashima 2021 PDO L-OHP A, D2 drug-resistance

Álvarez-
Varela

2022 PDO, Mouse model 5-FU, L-OHP, CPT-11(SN-38) A, B1a, B, C drug-tolerant persister, slow proliferative,
chemoresistant, revival/fetal-like

Laoukili 2022 PDO L-OHP A drug-resistance

Nicolas 2022 PDO, Mouse model 5-FU, irradiation A, B, C resistance

Ohta 2022 PDO, PDX CPT-11, 5-FU, L-OHP B1a, C2, C dormant, persistent, slow-cycling, quiescent,
reversible drug-tolerant state

Solé 2022 PDO 5-FU, CPT-11 B1, C fetal signature, non-senescent, persistent quiescent-
like

Analysis target refers to Figure 4. PDO, patient-derived organoid; PDX, patient-derived xenograft.
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alternations and diversity in the tumor microenvironment by

adding or deleting niche factors. Zhang et al. (2020) used

organoids to show that neuregulin 1 (NRG1) secreted from

CAFs is associated with anti-androgen resistance in prostate

cancer. Inflammatory CAFs have also been shown to be involved

in radiotherapy resistance in rectal cancer using organoids and

orthotopic transplantation models in mice (Nicolas et al., 2022).

Besides, the detailed analysis by Raghavan and others (2021) of the

association between cell state and microenvironment in pancreatic

cancer using bulk RNA-seq and scRNA-seq of organoids indicates

that differences in the microenvironment-driven cell state can

significantly alter anticancer drug sensitivity. Álvarez-Varela et al.

(2022) identified Mex3a, a potential DTP colorectal cancer cell state

marker due to the failure of LGR5+ stem-like cells to adapt to the

niche, by culturing organoids with additional TGF-β or without

EGF. Furthermore, they showed that after chemotherapy, Mex3a +

cells clone and regenerate lesions. Thus, by using organoids, it is

possible to examine not only the characteristics of cancer cells but

also the interactions of cancer cells and their surrounding

environment, enabling the capture of disease closer to that in the

in vivo state. The functions and roles of non-cancer cells are

expected to attract more attention in the near future as one

possible solution needed to break through the limitations of

current precision medical treatment. Furthermore, demonstrating

this in combination with the treatment time course will lead to a

more accurate understanding of the disease.

4 Association of organoid drug
sensitivity with clinical outcomes for
precision medicine

Unresectable or relapsed patients are often treated with

chemotherapy, but as no chemotherapy is equally effective for

all patients, selection of the optimal treatment for individual

patients is required. Although the advance of personalized

medicine has been achieved to some extent with the advent of

molecular targeted therapies, the efficacy of such therapies often

varies even within the specific patient group for which they are

indicated. Predicting efficacy before chemotherapy is still

challenging, and the development of such methods will be

crucial for the advancement of personalized medicine. In this

context, cancer organoids are superior in the following points: a

high success rate of establishment, ability to reproduce not only

pathological features but also intra-tumor heterogeneity, and easy

in vitro investigation of drug response of cancer cells. In this

section, we focus on studies examining the correlation between

actual clinical outcomes and experiments using organoids.

Yan et al. (2018) showed that the results of a drug sensitivity assay

using gastric cancer organoids correlated with the actual therapeutic

efficacy of cisplatin- and 5-FU-based chemotherapy. In a report on

bladder cancer, the results of a drug screening using organoids were

validated in amouse xenograft model showing consistent results (Lee

et al., 2018). Sachs et al. (2018) generated human-derived breast

cancer organoids and showed that the results of their in vitro drug

sensitivity examinations were in line with those of in vivo

experiments using xenografts and the clinical outcome. Organoids

established from olaparib-resistant ovarian tumors were also highly

resistant to olaparib during in vitro drug susceptibility assays. It was

also noted that the clinical outcome was largely consistent with the

results of susceptibility testing to other anticancer drugs (Hill et al.,

2018). In the esophageal cancer organoids established by Li et al.

(2018), the results of in vitro drug sensitivity assays also reflected the

results of NAC and the effectiveness of adjuvant treatment. Cisplatin

resistance was also shown to be reproduced by in vitro assays in

organoids established from cisplatin-resistant mesothelioma

(Mazzocchi et al., 2018). Investigations using metastatic

gastrointestinal cancer-derived organoids have shown that drug

sensitivity tests for organoids recapitulate the therapeutic effects

observed in clinical practice with very high accuracy. Generation

of xenografts from organoids has enabled testing of the antitumor

effects of regorafenib, an anti-angiogenic drug, and the prognosis of

treated mice has been reported to correlate with clinical outcomes

(Vlachogiannis et al., 2018). Treatment-naive rectal cancer organoid

biobank studies have illustrated that the results of organoid-based

chemoradiotherapy trials are consistent with actual clinical outcomes

(Yao et al., 2020). Ovarian cancer organoids established by de Witte

et al. (2020) recapitulated the patient response to carboplatin and

paclitaxel treatment. Jiang et al., 2020) reviewed computed

tomography of colon, rectal, and liver tumors in three patients to

confirm the results of screening for organoids and found computed

tomography and screening results to be consistent in cases of both

successful and unsuccessful treatment. Grossman et al. (2021)

examined the association of clinical outcomes with screening

results of 12 pancreatic cancer organoids and seven anticancer

agents. Although multiple anticancer agents were used in clinical

practice, they reported that treatment responded when at least one

organoid-sensitive agent was included in the regimen. Chen et al.

(2021) examined the association between drug sensitivity testing and

treatment regimens for breast cancer organoids. They reported that

71% of patients who received one ormore drugs classified as sensitive

achieved stable disease or partial response, whereas 93% of patients

who received only the non-sensitive drugs experienced progressive

disease. They also documented preclinical results with these

organoids with an area under the curve of 80.1%. Based on these

reports, it is widely considered that, in general, the results of drug

efficacy studies with organoids are consistent with clinical outcomes,

with one partial exception.

4.1 Indication of the need to optimize
experimental conditions, including
microenvironment

Drug sensitivity of organoids is shown to be consistent with

clinical outcomes in most settings. However, studies of multiple
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metastatic colorectal cancers show discrepancies in their results.

Pasch et al. (2019) established metastatic colorectal cancer

organoids to examine the correlation between drug sensitivity

test results and clinical outcomes. Results confirmed that the

efficacy of the 5-FU and oxaliplatin combination seen in

organoids is consistent with actual clinical reductions in

tumor size and tumor markers. Meanwhile, Ooft et al. (2019)

studied clinical outcomes and results from drug sensitivity assays

using metastatic colorectal cancer organoids, but they reported

that the responses to irinotecan alone and 5-FU + irinotecan were

consistent for both agents but not for the combination of 5-FU

and oxaliplatin. Interestingly, the two studies draw different

conclusions concerning whether organoids can predict the

outcome of combination therapy with 5-FU and oxaliplatin.

There are many differences in the experimental methods used

in the two papers, which may be the reason for the different

conclusions; Ooft et al. (2019) used Geltrex but Pasch et al. (2019)

used Matrigel, and the medium components were also largely

different, with the Pasch et al. medium not containing B27,

N-acetylcysteine, gastrin, or N2 supplement. However, it is

difficult at this stage to evaluate and optimize the properties

of the culture medium, and it is problematic that the current

organoid technology cannot fully reproduce the varied

microenvironment for each patient within the organoid

culture because the stroma and immune system are not

present in the culture.

Zitvogel et al. (2008) pointed out that such differences in the

tumor microenvironment may influence therapeutic response in

various ways. For example, Lin et al. (2019) reported that the

EGF/ATXN2L axis promotes oxaliplatin resistance, from which

we can predict that the amount of EGF added to the organoid

medium may alter oxaliplatin sensitivity. This may explain why

in vitro and clinical treatment results do not always match.

Laoukili et al. (2022) also reported that N-acetylcysteine, a

substance frequently added to organoid media, affects

oxaliplatin sensitivity of colorectal peritoneal metastases-

derived organoids. Therefore, a possible solution is to improve

the medium composition, but considering the heterogeneity of

CAFs, which mainly comprise the microenvironment (Ishii et al.,

2016), they should be considered when determining the optimal

medium composition for individual organs and patients. One

possible example is to apply the functional classification of CAFs

based on secreted factors such as HGF and FGF7, as shown byHu

et al. (2021). The addition of these factors to the organoid

medium could optimize the medium composition. However,

given the limited data available to date, further studies on the

relation between organoid culture bias, medium composition,

microenvironment, and sensitivity to anticancer drugs are

needed in the future. Nevertheless, the number of cases

included in these two publications is limited, and it is not

possible to come to any conclusions based only on the results

of these studies. The results imply that further molecular

biological approaches are needed to evaluate the possibility of

interactions between tumor cells and stromal cells, and to

improve the reproducibility of the microenvironment

constructed by these cells.

As described above, although many papers have shown a

correlation between clinical information and the results of drug

susceptibility examinations using organoids, the number of cases

presented in each paper is still limited, and among these reports,

some come to different conclusions. Other approaches to this

challenge include examining associations with clinical outcomes

in larger cohorts, and clinical trials should also be conducted

extensively.

4.2 Organoids in clinical trials

Only a few clinical trials using organoids have been reported.

In addition to the aforementioned report by Ooft et al. (2019), a

prospective study in colorectal cancer patients with peritoneal

metastasis reported that the treatment of two patients was

modified based on the results of an organoid drug sensitivity

assay, of which one patient had a successful response

(Narasimhan et al., 2020). Wang et al. (2021) conducted a

blinded study using stage 4 colorectal cancer-derived

organoids, and the observed accuracy was 79.69%. A

prospective clinical trial using metastatic colorectal cancer

organoids was also conducted as an open-label, single-center,

prospective, feasibility study (Ooft et al., 2021). Thirty-one

organoids were successfully established from 54 of 61 patients,

and 25 cultures were screened for agents, with 19 organoids

reported to be sensitive to one or more agents. Among them,

3 were treated with vistusertib and 3 with capivasertib. However,

despite the predicted response from the organoid studies, the

patients did not show successful clinical responses to the

recommended therapy. Possible solutions, they report, include

optimization of the culture medium conditions and patient

stringency.

According to a ClinicalTrials.gov search for ongoing clinical

trials using organoid technology, there were 112 studies as of

June 2022 with hits for the keyword “Organoid Cancer”. There

were 25 lower gastrointestinal cancers, 19 breast cancers,

16 pancreatic cancers, 13 lung cancers, 9 upper

gastrointestinal cancers, 7 ovarian cancers, as well as bile duct,

liver, neuroendocrine tumor, head and neck cancer, renal cancer,

and bladder cancer organoid-related trials also being registered.

The conditions under which the organoids should be used for

personalized medicine should be considered on the basis of these

results. However, the need for optimization of culture media

conditions is an important concern, as discussed in this review,

and it is considered essential to improve the reproducibility of the

tumor microenvironment, which differs from patient to patient.

Toward the achievement of enhanced personalized medicine,

detailed investigations based on molecular biological methods

will become even more important, although the results of
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practicality verification through expanded clinical trials will also

be important.

5 Drug screening (DS) methods and
automated high-throughput assay for
organoids

5.1 Variety in DS methods

Organoids can now be used to test various anticancer drugs

in their preclinical stages, and the protocols are widely recognized

(Driehuis et al., 2020). The platforms that appear in publications

are very diverse. In most cases, Matrigel is used as the

extracellular substrate, but other basement membrane extracts

such as Geltrex are used in some papers (van de Wetering et al.,

2015; Sachs et al., 2018; Ooft et al., 2019). When cells are plated,

gels are often used undiluted as in general passages, although

there are also reports of gel being diluted with a culture medium

before experimentation (Ooft et al., 2019; Narasimhan et al.,

2020; Wang et al., 2021). Other conditions include the type of cell

separation reagent; the well size of the plates used; the period

required for cell seeding, reagent addition, and measurement; the

type of measurement reagent; and many others. These conditions

affect the efficiency of organoid establishment and proliferation,

possibly resulting in different results from one laboratory to

another even in the same experiment. Standardized criteria are

needed for future clinical applications.

To date, most researchers have performed DS assay

manually, but in recent years, automated and high-throughput

DS methods using organoids have been well developed, and their

variations have been growing. The feasibility of applying

organoids to personalized medicine is expected to be

enhanced by the development of technologies as summarized

below (Figure 5).

5.2 Automation and high throughput of DS

To perform stable screening with a larger number of cases

and drugs, high-throughput and non-labor-intensive drug

susceptibility testing methods are essential. It should also be

noted that performing all organoid seeding manually when

conducting DS can lead to significant batch-to-batch and

well-to-well variances (Jiang et al., 2020). To reduce well-to-

well variation during drug addition, the Thermo Multidrop

Combi Reagent Dispenser or similar devices have been used

(Yan et al., 2018), but there remains a need for total

standardization. Automation and high-throughput drug

sensitivity assays using organoids can be broadly divided into

the cell plating, drug addition, and plate reading steps.

Brandenberg et al. (2020) developed a microengineered

hydrogel membrane at the base of a conventional multi-well

plate to simultaneously derive thousands of uniform organoids

at predefined positions on the same focal plane. Jiang et al. (2020)

have also successfully automated cell plating by mixing cell-

suspended Matrigel and volatile cell-compatible oil (HFE7000)

in microfluidics with a cooling system. A Matrigel droplet of equal

size is formed in the cooled oil, which is then passed through a

heated tube to gelatinize and form the complete droplet. The

FIGURE 5
Summary of automation and high-throughput methods. Each illustration is a scheme of representative automation or high throughput
methods.
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droplet is then placed in each well by a bioprinter and used for

subsequent assay. These authors have shown that each droplet

contains a constant number of cells, each of which retains the

heterogeneity of the tumor. Matrigel is often formed in a dome

shape, but the use of a “ring format” in which Matrigel is plated

along the wall of each well has also been shown to be useful.

Indeed, high-throughput drug sensitivity testing using this method

has been shown to predict a carboplatin non-responder (Phan

et al., 2019). For drug addition and plate reading, Schuster et al.

(2020) developed a system that enables combinatorial and

dynamic drug administration to hundreds of samples, resulting

in a platform that analyzes organoid survival in real time. The

platform consists of a 3D culture chamber, multiplexer fluid

control system, customizable software, and a live cell time-lapse

fluorescence microscope that can measure gene expression

changes and survival rates over time for up to 20 samples.

Alternatively, there are several studies aiming at total

automation of high-throughput DS by combining currently

effective systems. Pauli et al. (2017) conducted conventional

DS methods using lab automation, which refers to hardware

and software, such as highly scalable plate handlers, that can

enable safer, faster, and more accurate experiments than those

performed manually. In addition, Brandenberg et al. (2020)

successfully automated most of the steps from organoid

culture to measurement by combining automated cell plating

technology with a robotic liquid handling system. Further, Choo

et al. (2021) combined a JanusG3 liquid handling robot,

LiCONiCs STX220 high-throughput incubator, Tecan D300e

drug printer, Sciclone ALH3000 robot, Cytation5 Cell Imaging

Multi-Mode Reader, and other devices to successfully automate

all steps of DS. In addition, a complex automated platform has

been created that combines not only a liquid handler and droplet

ejector but also a cell counter, robotic arm, incubator, cooling

centrifuge, and multimode plate reader. This platform can be

applied to culture systems, including organoids (Boussaad et al.,

2021).

The combination of each of the latest technologies described

so far will enable standardized DS to be performed in many

laboratories. Furthermore, recently developed technologies such

as organ-on-a-chip (Junaid and Hankemeier, 2021) could also be

used for drug susceptibility testing of organoids, providing

further potential for advancement.

6 Conclusion

The organoid model is one of the outstanding preclinical

models, and this review summarizes the latest findings under

the headings of morphological and molecular biological

characteristics of cancer organoids, resistance mechanisms

studied using organoids, the relation between organoid drug

sensitivity assays and clinical outcomes, and automation and

high throughput. In the process, critical issues related to

chemotherapy resistance emerged. These include the need for

clear definitions and characterization of which cells at which

stage during the treatment time course are to be analyzed,

optimization of media, and standardization of techniques.

Overcoming chemotherapy resistance has long been a goal, and

as a clear understanding of the mechanisms is the first step toward

a solution, further research will be required to achieve this goal.We

believe that the effective use of non-clinical models will directly

affect the lives and quality of life of many patients.

Author contributions

KH conceived the original conception and design of

manuscript. KH wrote the manuscript and generated the

figures with supervision from NS. Both authors reviewed and

approved the final manuscript.

Funding

This work was supported by JST SPRING, Grant Number

JPMJSP2132, and Japan Society for the Promotion of Science

KAKENHI, Grant Number 22K07013.

Acknowledgments

Figures 2–5 were created with BioRender.com.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fmolb.

2022.1067207/full#supplementary-material

Frontiers in Molecular Biosciences frontiersin.org13

Harada and Sakamoto 10.3389/fmolb.2022.1067207

https://biorender.com/
https://www.frontiersin.org/articles/10.3389/fmolb.2022.1067207/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmolb.2022.1067207/full#supplementary-material
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1067207


References

Álvarez-Varela, A., Novellasdemunt, L., Barriga, F. M., Hernando-Momblona, X.,
Cañellas-Socias, A., Cano-Crespo, S., et al. (2022). Mex3a marks drug-tolerant
persister colorectal cancer cells that mediate relapse after chemotherapy. Nat.
Cancer 3, 1052–1070. doi:10.1038/s43018-022-00402-0

Barcellos-Hoff, M. H., Aggeler, J., Ram, T. G., and Bissell, M. J. (1989). Functional
differentiation and alveolar morphogenesis of primary mammary cultures on
reconstituted basement membrane. Development 105, 223–235. doi:10.1242/dev.
105.2.223

Bartfeld, S., Bayram, T., van de Wetering, M., Huch, M., Begthel, H., Kujala, P.,
et al. (2015). In vitro expansion of human gastric epithelial stem cells and their
responses to bacterial infection. Gastroenterology 148, 126–136. e6. doi:10.1053/j.
gastro.2014.09.042

Bhang, H. C., Ruddy, D. A., Krishnamurthy Radhakrishna, V., Caushi, J. X., Zhao, R.,
Hims, M.M., et al. (2015). Studying clonal dynamics in response to cancer therapy using
high-complexity barcoding. Nat. Med. 21, 440–448. doi:10.1038/nm.3841

Boj, S. F., Hwang, C.-I., Baker, L. A., Chio, I. I., Engle, D. D., Corbo, V., et al.
(2015). Organoid models of human and mouse ductal pancreatic cancer. Cell 160,
324–338. doi:10.1016/j.cell.2014.12.021

Borst, P. (2012). Cancer drug pan-resistance: Pumps, cancer stem cells,
quiescence, epithelial to mesenchymal transition, blocked cell death pathways,
persisters or what? Open Biol. 2, 120066. doi:10.1098/rsob.120066

Boussaad, I., Cruciani, G., Bolognin, S., Antony, P., Dording, C. M., Kwon, Y.-J.,
et al. (2021). Integrated, automated maintenance, expansion and differentiation of
2D and 3D patient-derived cellular models for high throughput drug screening. Sci.
Rep. 11, 1439. doi:10.1038/s41598-021-81129-3

Brandenberg, N., Hoehnel, S., Kuttler, F., Homicsko, K., Ceroni, C., Ringel, T., et al.
(2020). High-throughput automated organoid culture via stem-cell aggregation in
microcavity arrays. Nat. Biomed. Eng. 4, 863–874. doi:10.1038/s41551-020-0565-2

Breslin, S., and O’Driscoll, L. (2013). Three-dimensional cell culture: The missing
link in drug discovery. Drug Discov. Today 18, 240–249. doi:10.1016/j.drudis.2012.
10.003

Broutier, L., Mastrogiovanni, G., Verstegen, M. M., Francies, H. E., Gavarró, L.
M., Bradshaw, C. R., et al. (2017). Human primary liver cancer–derived organoid
cultures for disease modeling and drug screening. Nat. Med. 23, 1424–1435. doi:10.
1038/nm.4438

Bruun, J., Kryeziu, K., Eide, P. W., Moosavi, S. H., Eilertsen, I. A., Langerud, J.,
et al. (2020). Patient-derived organoids from multiple colorectal cancer liver
metastases reveal moderate intra-patient pharmacotranscriptomic heterogeneity.
Clin. Cancer Res. 26, 4107–4119. doi:10.1158/1078-0432.CCR-19-3637

Castro, F., Leite Pereira, C., Helena Macedo, M., Almeida, A., José Silveira, M.,
Dias, S., et al. (2021). Advances on colorectal cancer 3D models: The needed
translational technology for nanomedicine screening. Adv. Drug Deliv. Rev. 175,
113824. doi:10.1016/j.addr.2021.06.001

Chen, P., Zhang, X., Ding, R., Yang, L., Lyu, X., Zeng, J., et al. (2021). Patient-
derived organoids can guide personalized-therapies for patients with advanced
breast cancer. Adv. Sci. 8, 2101176. doi:10.1002/advs.202101176

Choo, N., Ramm, S., Luu, J., Winter, J. M., Selth, L. A., Dwyer, A. R., et al. (2021).
High-throughput imaging assay for drug screening of 3D prostate cancer organoids.
SLAS Discov. 26, 1107–1124. doi:10.1177/24725552211020668

Clevers, H., and Nusse, R. (2012). Wnt/β-catenin signaling and disease. Cell 149,
1192–1205. doi:10.1016/j.cell.2012.05.012

Costa, E. C., Moreira, A. F., de Melo-Diogo, D., Gaspar, V. M., Carvalho, M. P.,
and Correia, I. J. (2016). 3D tumor spheroids: An overview on the tools and
techniques used for their analysis. Biotechnol. Adv. 34, 1427–1441. doi:10.1016/j.
biotechadv.2016.11.002

de Witte, C. J., Espejo Valle-Inclan, J., Hami, N., Lõhmussaar, K., Kopper, O.,
Vreuls, C. P. H., et al. (2020). Patient-derived ovarian cancer organoids mimic
clinical response and exhibit heterogeneous inter- and intrapatient drug responses.
Cell Rep. 31, 107762. doi:10.1016/j.celrep.2020.107762

Della Chiara, G., Gervasoni, F., Fakiola, M., Godano, C., D’Oria, C., Azzolin, L.,
et al. (2021). Epigenomic landscape of human colorectal cancer unveils an aberrant
core of pan-cancer enhancers orchestrated by YAP/TAZ. Nat. Commun. 12, 2340.
doi:10.1038/s41467-021-22544-y

Dhimolea, E., de Matos Simoes, R., Kansara, D., Al’Khafaji, A., Bouyssou, J.,
Weng, X., et al. (2021). An embryonic diapause-like adaptation with suppressed
Myc activity enables tumor treatment persistence. Cancer Cell 39, 240–256.e11.
doi:10.1016/j.ccell.2020.12.002

DiMasi, J. A., Reichert, J. M., Feldman, L., and Malins, A. (2013). Clinical
approval success rates for investigational cancer drugs. Clin. Pharmacol. Ther.
94, 329–335. doi:10.1038/clpt.2013.117

Driehuis, E., Kretzschmar, K., and Clevers, H. (2020). Establishment of patient-
derived cancer organoids for drug-screening applications. Nat. Protoc. 15,
3380–3409. doi:10.1038/s41596-020-0379-4

Echeverria, G. V., Ge, Z., Seth, S., Zhang, X., Jeter-Jones, S., Zhou, X., et al. (2019).
Resistance to neoadjuvant chemotherapy in triple-negative breast cancer mediated
by a reversible drug-tolerant state. Sci. Transl. Med. 11, eaav0936. doi:10.1126/
scitranslmed.aav0936

Engel, R. M., Chan, W. H., Nickless, D., Hlavca, S., Richards, E., Kerr, G., et al.
(2020). Patient-derived colorectal cancer organoids upregulate revival stem cell
marker genes following chemotherapeutic treatment. J. Clin. Med. 9, 128. doi:10.
3390/jcm9010128

Fujii, M., Matano, M., Toshimitsu, K., Takano, A., Mikami, Y., Nishikori, S., et al.
(2018). Human intestinal organoids maintain self-renewal capacity and cellular
diversity in niche-inspired culture condition. Cell Stem Cell 23, 787–793. e6. doi:10.
1016/j.stem.2018.11.016

Fujii, M., and Sato, T. (2017). Defining the role of Lgr5+ stem cells in colorectal
cancer: From basic research to clinical applications. Genome Med. 9, 66. doi:10.
1186/s13073-017-0460-y

Ganesh, K., Basnet, H., Kaygusuz, Y., Laughney, A. M., He, L., Sharma, R., et al.
(2020). L1CAM defines the regenerative origin of metastasis-initiating cells in
colorectal cancer. Nat. Cancer 1, 28–45. doi:10.1038/s43018-019-0006-x

Gao, D., Vela, I., Sboner, A., Iaquinta, P. J., Karthaus, W. R., Gopalan, A., et al.
(2014). Organoid cultures derived from patients with advanced prostate cancer. Cell
159, 176–187. doi:10.1016/j.cell.2014.08.016

Georgopoulou, D., Callari, M., Rueda, O.M., Shea, A., Martin, A., Giovannetti, A.,
et al. (2021). Landscapes of cellular phenotypic diversity in breast cancer xenografts
and their impact on drug response. Nat. Commun. 12, 1998. doi:10.1038/s41467-
021-22303-z

Gerlinger, M., Rowan, A. J., Horswell, S., Math, M., Larkin, J., Endesfelder, D.,
et al. (2012). Intratumor heterogeneity and branched evolution revealed by
multiregion sequencing. N. Engl. J. Med. 366, 883–892. doi:10.1056/
NEJMoa1113205

Grossman, J. E., Muthuswamy, L., Huang, L., Akshinthala, D., Perea, S., Gonzalez,
R. S., et al. (2021). Organoid sensitivity correlates with therapeutic response in
patients with pancreatic cancer. Clin. Cancer Res. 28, 708–718. doi:10.1158/1078-
0432.CCR-20-4116

Harada, K., Sakamoto, N., Ukai, S., Yamamoto, Y., Pham, Q. T., Taniyama, D.,
et al. (2021). Establishment of oxaliplatin-resistant gastric cancer organoids:
Importance of myoferlin in the acquisition of oxaliplatin resistance. Gastric
Cancer 24, 1264–1277. doi:10.1007/s10120-021-01206-4

Hill, S. J., Decker, B., Roberts, E. A., Horowitz, N. S., Muto, M. G., Worley, M. J.,
Jr, et al. (2018). Prediction of DNA Repair inhibitor response in short-term patient-
derived ovarian cancer organoids. Cancer Discov. 8, 1404–1421. doi:10.1158/2159-
8290.CD-18-0474

Hong, S. P., Chan, T. E., Lombardo, Y., Corleone, G., Rotmensz, N., Bravaccini, S.,
et al. (2019). Single-cell transcriptomics reveals multi-step adaptations to endocrine
therapy. Nat. Commun. 10, 3840. doi:10.1038/s41467-019-11721-9

Hu, H., Piotrowska, Z., Hare, P. J., Chen, H., Mulvey, H. E., Mayfield, A., et al.
(2021). Three subtypes of lung cancer fibroblasts define distinct therapeutic
paradigms. Cancer Cell 39, 1531–1547.e10. e10. doi:10.1016/j.ccell.2021.09.003

Ishii, G., Ochiai, A., and Neri, S. (2016). Phenotypic and functional heterogeneity
of cancer-associated fibroblast within the tumor microenvironment. Adv. Drug
Deliv. Rev. 99, 186–196. doi:10.1016/j.addr.2015.07.007

Jacob, F., Salinas, R. D., Zhang, D. Y., Nguyen, P. T. T., Schnoll, J. G., Wong, S. Z.
H., et al. (2020). A patient-derived glioblastoma organoid model and biobank
recapitulates inter- and intra-tumoral heterogeneity. Cell 180, 188–204. e22. doi:10.
1016/j.cell.2019.11.036

Jiang, S., Zhao, H., Zhang, W., Wang, J., Liu, Y., Cao, Y., et al. (2020). An
automated organoid platform with inter-organoid homogeneity and inter-
patient heterogeneity. Cell Rep. Med. 1, 100161. doi:10.1016/j.xcrm.2020.
100161

Junaid, A., and Hankemeier, T. (2021). OrganoPlate micro-fluidic microvessel
culture and analysis. Bio. Protoc. 11, e4070. doi:10.21769/BioProtoc.4070

Kelm, J. M., Timmins, N. E., Brown, C. J., Fussenegger, M., and Nielsen, L. K.
(2003). Method for generation of homogeneous multicellular tumor spheroids
applicable to a wide variety of cell types. Biotechnol. Bioeng. 83, 173–180. doi:10.
1002/bit.10655

Kim, C., Gao, R., Sei, E., Brandt, R., Hartman, J., Hatschek, T., et al. (2018).
Chemoresistance evolution in triple-negative breast cancer delineated by single-cell
sequencing. Cell 173, 879–893. e13. doi:10.1016/j.cell.2018.03.041

Frontiers in Molecular Biosciences frontiersin.org14

Harada and Sakamoto 10.3389/fmolb.2022.1067207

https://doi.org/10.1038/s43018-022-00402-0
https://doi.org/10.1242/dev.105.2.223
https://doi.org/10.1242/dev.105.2.223
https://doi.org/10.1053/j.gastro.2014.09.042
https://doi.org/10.1053/j.gastro.2014.09.042
https://doi.org/10.1038/nm.3841
https://doi.org/10.1016/j.cell.2014.12.021
https://doi.org/10.1098/rsob.120066
https://doi.org/10.1038/s41598-021-81129-3
https://doi.org/10.1038/s41551-020-0565-2
https://doi.org/10.1016/j.drudis.2012.10.003
https://doi.org/10.1016/j.drudis.2012.10.003
https://doi.org/10.1038/nm.4438
https://doi.org/10.1038/nm.4438
https://doi.org/10.1158/1078-0432.CCR-19-3637
https://doi.org/10.1016/j.addr.2021.06.001
https://doi.org/10.1002/advs.202101176
https://doi.org/10.1177/24725552211020668
https://doi.org/10.1016/j.cell.2012.05.012
https://doi.org/10.1016/j.biotechadv.2016.11.002
https://doi.org/10.1016/j.biotechadv.2016.11.002
https://doi.org/10.1016/j.celrep.2020.107762
https://doi.org/10.1038/s41467-021-22544-y
https://doi.org/10.1016/j.ccell.2020.12.002
https://doi.org/10.1038/clpt.2013.117
https://doi.org/10.1038/s41596-020-0379-4
https://doi.org/10.1126/scitranslmed.aav0936
https://doi.org/10.1126/scitranslmed.aav0936
https://doi.org/10.3390/jcm9010128
https://doi.org/10.3390/jcm9010128
https://doi.org/10.1016/j.stem.2018.11.016
https://doi.org/10.1016/j.stem.2018.11.016
https://doi.org/10.1186/s13073-017-0460-y
https://doi.org/10.1186/s13073-017-0460-y
https://doi.org/10.1038/s43018-019-0006-x
https://doi.org/10.1016/j.cell.2014.08.016
https://doi.org/10.1038/s41467-021-22303-z
https://doi.org/10.1038/s41467-021-22303-z
https://doi.org/10.1056/NEJMoa1113205
https://doi.org/10.1056/NEJMoa1113205
https://doi.org/10.1158/1078-0432.CCR-20-4116
https://doi.org/10.1158/1078-0432.CCR-20-4116
https://doi.org/10.1007/s10120-021-01206-4
https://doi.org/10.1158/2159-8290.CD-18-0474
https://doi.org/10.1158/2159-8290.CD-18-0474
https://doi.org/10.1038/s41467-019-11721-9
https://doi.org/10.1016/j.ccell.2021.09.003
https://doi.org/10.1016/j.addr.2015.07.007
https://doi.org/10.1016/j.cell.2019.11.036
https://doi.org/10.1016/j.cell.2019.11.036
https://doi.org/10.1016/j.xcrm.2020.100161
https://doi.org/10.1016/j.xcrm.2020.100161
https://doi.org/10.21769/BioProtoc.4070
https://doi.org/10.1002/bit.10655
https://doi.org/10.1002/bit.10655
https://doi.org/10.1016/j.cell.2018.03.041
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1067207


Kopper, O., de Witte, C. J., Lõhmussaar, K., Valle-Inclan, J. E., Hami, N., Kester,
L., et al. (2019). An organoid platform for ovarian cancer captures intra- and
interpatient heterogeneity. Nat. Med. 25, 838–849. doi:10.1038/s41591-019-0422-6

Langhans, S. A. (2018). Three-dimensional in vitro cell culture models in drug
discovery and drug repositioning. Front. Pharmacol. 9, 6. doi:10.3389/fphar.2018.
00006

Laoukili, J., Constantinides, A., Wassenaar, E. C. E., Elias, S. G., Raats, D. A. E.,
van Schelven, S. J., et al. (2022). Peritoneal metastases from colorectal cancer belong
to consensus molecular subtype 4 and are sensitised to oxaliplatin by inhibiting
reducing capacity. Br. J. Cancer 126, 1824–1833. doi:10.1038/s41416-022-01742-5

Lee, S. H., Hu, W., Matulay, J. T., Silva, M. V., Owczarek, T. B., Kim, K., et al.
(2018). Tumor evolution and drug response in patient-derived organoid models of
bladder cancer. Cell 173, 515–528. e17. doi:10.1016/j.cell.2018.03.017

Li, X., Francies, H. E., Secrier, M., Perner, J., Miremadi, A., Galeano-Dalmau, N.,
et al. (2018). Organoid cultures recapitulate esophageal adenocarcinoma
heterogeneity providing a model for clonality studies and precision therapeutics.
Nat. Commun. 9, 2983. doi:10.1038/s41467-018-05190-9

Li, Y., Wang, Z., Ajani, J. A., and Song, S. (2021). Drug resistance and cancer stem
cells. Cell Commun. Signal. 19, 19. doi:10.1186/s12964-020-00627-5

Liau, B. B., Sievers, C., Donohue, L. K., Gillespie, S.M., Flavahan,W. A., Miller, T. E.,
et al. (2017). Adaptive chromatin remodeling drives glioblastoma stem cell plasticity
and drug tolerance. Cell Stem Cell 20, 233–246. e7. doi:10.1016/j.stem.2016.11.003

Lin, L., Li, X., Pan, C., Lin, W., Shao, R., Liu, Y., et al. (2019). ATXN2L
upregulated by epidermal growth factor promotes gastric cancer cell
invasiveness and oxaliplatin resistance. Cell Death Dis. 10, 173. doi:10.1038/
s41419-019-1362-2

Lo, Y.-H., Kolahi, K. S., Du, Y., Chang, C.-Y., Krokhotin, A., Nair, A., et al. (2021).
A CRISPR/Cas9-engineered ARID1A-deficient human gastric cancer organoid
model reveals essential and nonessential modes of oncogenic transformation.
Cancer Discov. 11, 1562–1581. doi:10.1158/2159-8290.CD-20-1109

Lohan-Codeço, M., Barambo-Wagner, M. L., Nasciutti, L. E., Ribeiro Pinto, L. F.,
Meireles Da Costa, N., and Palumbo, A. (2022). Molecular mechanisms associated
with chemoresistance in esophageal cancer. Cell. Mol. Life Sci. 79, 116. doi:10.1007/
s00018-022-04131-6

Mahajan, U. M., Li, Q., Alnatsha, A., Maas, J., Orth, M., Maier, S. H., et al. (2021).
Tumor-specific delivery of 5-fluorouracil–incorporated epidermal growth factor
receptor–targeted aptamers as an efficient treatment in pancreatic ductal
adenocarcinoma models. Gastroenterology 161, 996–1010.e1. doi:10.1053/j.
gastro.2021.05.055

Mazzocchi, A. R., Rajan, S. A. P., Votanopoulos, K. I., Hall, A. R., and Skardal, A.
(2018). In vitro patient-derived 3D mesothelioma tumor organoids facilitate patient-
centric therapeutic screening. Sci. Rep. 8, 2886. doi:10.1038/s41598-018-21200-8

Mikubo, M., Inoue, Y., Liu, G., and Tsao, M.-S. (2021). Mechanism of drug
tolerant persister cancer cells: The landscape and clinical implication for therapy.
J. Thorac. Oncol. 16, 1798–1809. doi:10.1016/j.jtho.2021.07.017

Narasimhan, V., Wright, J. A., Churchill, M., Wang, T., Rosati, R., Lannagan, T. R.
M., et al. (2020). Medium-throughput drug screening of patient-derived organoids
from colorectal peritoneal metastases to direct personalized therapy. Clin. Cancer
Res. 26, 3662–3670. doi:10.1158/1078-0432.CCR-20-0073

Nicolas, A. M., Pesic, M., Engel, E., Ziegler, P. K., Diefenhardt, M., Kennel, K. B.,
et al. (2022). Inflammatory fibroblasts mediate resistance to neoadjuvant therapy in
rectal cancer. Cancer Cell 40, 168–184.e13. e13. doi:10.1016/j.ccell.2022.01.004

Ohta, Y., Fujii, M., Takahashi, S., Takano, A., Nanki, K., Matano, M., et al. (2022).
Cell-matrix interface regulates dormancy in human colon cancer stem cells. Nature
608, 784–794. doi:10.1038/s41586-022-05043-y

Ooft, S. N., Weeber, F., Dijkstra, K. K., McLean, C. M., Kaing, S., vanWerkhoven,
E., et al. (2019). Patient-derived organoids can predict response to chemotherapy in
metastatic colorectal cancer patients. Sci. Transl. Med. 11, eaay2574. doi:10.1126/
scitranslmed.aay2574

Ooft, S. N., Weeber, F., Schipper, L., Dijkstra, K. K., McLean, C. M., Kaing, S., et al.
(2021). Prospective experimental treatment of colorectal cancer patients based on
organoid drug responses. ESMO Open 6, 100103. doi:10.1016/j.esmoop.2021.100103

Oren, Y., Tsabar, M., Cuoco, M. S., Amir-Zilberstein, L., Cabanos, H. F., Hütter,
J.-C., et al. (2021). Cycling cancer persister cells arise from lineages with distinct
programs. Nature 596, 576–582. doi:10.1038/s41586-021-03796-6

Otaegi-Ugartemendia, M., Matheu, A., and Carrasco-Garcia, E. (2022). Impact of
cancer stem cells on therapy resistance in gastric cancer. Cancers (Basel) 14, 1457.
doi:10.3390/cancers14061457

Park, S. H., Kim, T. G., Kim, H. C., Yang, D.-Y., and Park, T. G. (2008).
Development of dual scale scaffolds via direct polymer melt deposition and
electrospinning for applications in tissue regeneration. Acta Biomater. 4,
1198–1207. doi:10.1016/j.actbio.2008.03.019

Pasch, C. A., Favreau, P. F., Yueh, A. E., Babiarz, C. P., Gillette, A. A., Sharick, J. T.,
et al. (2019). Patient-derived cancer organoid cultures to predict sensitivity to
chemotherapy and radiation. Clin. Cancer Res. 25, 5376–5387. doi:10.1158/1078-
0432.CCR-18-3590

Pauli, C., Hopkins, B. D., Prandi, D., Shaw, R., Fedrizzi, T., Sboner, A., et al.
(2017). Personalized in vitro and in vivo cancer models to guide precision medicine.
Cancer Discov. 7, 462–477. doi:10.1158/2159-8290.CD-16-1154

Petersen, O. W., Rønnov-Jessen, L., Howlett, A. R., and Bissell, M. J.
(1992). Interaction with basement membrane serves to rapidly distinguish
growth and differentiation pattern of normal and malignant human breast
epithelial cells. Proc. Natl. Acad. Sci. U. S. A. 89, 9064–9068. doi:10.1073/
pnas.89.19.9064

Phan, N., Hong, J. J., Tofig, B., Mapua, M., Elashoff, D., Moatamed, N. A., et al.
(2019). A simple high-throughput approach identifies actionable drug sensitivities
in patient-derived tumor organoids. Commun. Biol. 2, 78–11. doi:10.1038/s42003-
019-0305-x

Puca, L., Bareja, R., Prandi, D., Shaw, R., Benelli, M., Karthaus,W. R., et al. (2018).
Patient derived organoids to model rare prostate cancer phenotypes.Nat. Commun.
9, 2404. doi:10.1038/s41467-018-04495-z

Raghavan, S., Winter, P. S., Navia, A. W., Williams, H. L., DenAdel, A.,
Lowder, K. E., et al. (2021). Microenvironment drives cell state, plasticity, and
drug response in pancreatic cancer. Cell 184, 6119–6137.e26. e26. doi:10.1016/
j.cell.2021.11.017

Ramirez, M., Rajaram, S., Steininger, R. J., Osipchuk, D., Roth, M. A., Morinishi,
L. S., et al. (2016). Diverse drug-resistance mechanisms can emerge from drug-
tolerant cancer persister cells. Nat. Commun. 7, 10690. doi:10.1038/ncomms10690

Ravi, M., Paramesh, V., Kaviya, S. r., Anuradha, E., and Solomon, F. D. P. (2015).
3D cell culture systems: Advantages and applications. J. Cell. Physiol. 230, 16–26.
doi:10.1002/jcp.24683

Rehman, S. K., Haynes, J., Collignon, E., Brown, K. R., Wang, Y., Nixon, A. M. L.,
et al. (2021). Colorectal cancer cells enter a diapause-like DTP state to survive
chemotherapy. Cell 184, 226–242.e21. e21. doi:10.1016/j.cell.2020.11.018

Rheinwald, J. G., and Green, H. (1975). Serial cultivation of strains of human
epidermal keratinocytes: the formation of keratinizing colonies from single cells.
Cell 6, 331–343. doi:10.1016/S0092-8674(75)80001-8

Russo, M., Crisafulli, G., Sogari, A., Reilly, N. M., Arena, S., Lamba, S., et al.
(2019). Adaptive mutability of colorectal cancers in response to targeted therapies.
Science 366, 1473–1480. doi:10.1126/science.aav4474

Sachs, N., de Ligt, J., Kopper, O., Gogola, E., Bounova, G., Weeber, F., et al. (2018).
A living biobank of breast cancer organoids captures disease heterogeneity. Cell 172,
373–386. e10. doi:10.1016/j.cell.2017.11.010

Sato, T., Stange, D. E., Ferrante, M., Vries, R. G. J., van Es, J. H., van den Brink, S.,
et al. (2011). Long-term expansion of epithelial organoids from human colon,
adenoma, adenocarcinoma, and Barrett’s epithelium. Gastroenterology 141,
1762–1772. doi:10.1053/j.gastro.2011.07.050

Sato, T., Vries, R. G., Snippert, H. J., van de Wetering, M., Barker, N., Stange, D.
E., et al. (2009). Single Lgr5 stem cells build crypt-villus structures in vitro without a
mesenchymal niche. Nature 459, 262–265. doi:10.1038/nature07935

Schuster, B., Junkin, M., Kashaf, S. S., Romero-Calvo, I., Kirby, K., Matthews, J.,
et al. (2020). Automated microfluidic platform for dynamic and combinatorial drug
screening of tumor organoids. Nat. Commun. 11, 5271. doi:10.1038/s41467-020-
19058-4

Schutgens, F., Rookmaaker, M. B., Margaritis, T., Rios, A., Ammerlaan, C., Jansen,
J., et al. (2019). Tubuloids derived from human adult kidney and urine for
personalized disease modeling. Nat. Biotechnol. 37, 303–313. doi:10.1038/
s41587-019-0048-8

Sharma, S. V., Lee, D. Y., Li, B., Quinlan, M. P., Takahashi, F., Maheswaran, S.,
et al. (2010). A chromatin-mediated reversible drug-tolerant state in cancer cell
subpopulations. Cell 141, 69–80. doi:10.1016/j.cell.2010.02.027

Shi, R., Radulovich, N., Ng, C., Liu, N., Notsuda, H., Cabanero, M., et al. (2020).
Organoid cultures as preclinical models of non–small cell lung cancer. Clin. Cancer
Res. 26, 1162–1174. doi:10.1158/1078-0432.CCR-19-1376

Solé, L., Lobo-Jarne, T., Álvarez-Villanueva, D., Alonso-Marañón, J., Guillén, Y.,
Guix, M., et al. (2022). p53 wild-type colorectal cancer cells that express a fetal gene
signature are associated with metastasis and poor prognosis. Nat. Commun. 13,
2866. doi:10.1038/s41467-022-30382-9

Souza, G. R., Molina, J. R., Raphael, R. M., Ozawa, M. G., Stark, D. J., Levin, C. S.,
et al. (2010). Three-dimensional tissue culture based on magnetic cell levitation.
Nat. Nanotechnol. 5, 291–296. doi:10.1038/nnano.2010.23

Steele, N. G., Chakrabarti, J., Wang, J., Biesiada, J., Holokai, L., Chang, J., et al.
(2019). An organoid-based preclinical model of human gastric cancer. Cell. Mol.
Gastroenterol. Hepatol. 7, 161–184. doi:10.1016/j.jcmgh.2018.09.008

Frontiers in Molecular Biosciences frontiersin.org15

Harada and Sakamoto 10.3389/fmolb.2022.1067207

https://doi.org/10.1038/s41591-019-0422-6
https://doi.org/10.3389/fphar.2018.00006
https://doi.org/10.3389/fphar.2018.00006
https://doi.org/10.1038/s41416-022-01742-5
https://doi.org/10.1016/j.cell.2018.03.017
https://doi.org/10.1038/s41467-018-05190-9
https://doi.org/10.1186/s12964-020-00627-5
https://doi.org/10.1016/j.stem.2016.11.003
https://doi.org/10.1038/s41419-019-1362-2
https://doi.org/10.1038/s41419-019-1362-2
https://doi.org/10.1158/2159-8290.CD-20-1109
https://doi.org/10.1007/s00018-022-04131-6
https://doi.org/10.1007/s00018-022-04131-6
https://doi.org/10.1053/j.gastro.2021.05.055
https://doi.org/10.1053/j.gastro.2021.05.055
https://doi.org/10.1038/s41598-018-21200-8
https://doi.org/10.1016/j.jtho.2021.07.017
https://doi.org/10.1158/1078-0432.CCR-20-0073
https://doi.org/10.1016/j.ccell.2022.01.004
https://doi.org/10.1038/s41586-022-05043-y
https://doi.org/10.1126/scitranslmed.aay2574
https://doi.org/10.1126/scitranslmed.aay2574
https://doi.org/10.1016/j.esmoop.2021.100103
https://doi.org/10.1038/s41586-021-03796-6
https://doi.org/10.3390/cancers14061457
https://doi.org/10.1016/j.actbio.2008.03.019
https://doi.org/10.1158/1078-0432.CCR-18-3590
https://doi.org/10.1158/1078-0432.CCR-18-3590
https://doi.org/10.1158/2159-8290.CD-16-1154
https://doi.org/10.1073/pnas.89.19.9064
https://doi.org/10.1073/pnas.89.19.9064
https://doi.org/10.1038/s42003-019-0305-x
https://doi.org/10.1038/s42003-019-0305-x
https://doi.org/10.1038/s41467-018-04495-z
https://doi.org/10.1016/j.cell.2021.11.017
https://doi.org/10.1016/j.cell.2021.11.017
https://doi.org/10.1038/ncomms10690
https://doi.org/10.1002/jcp.24683
https://doi.org/10.1016/j.cell.2020.11.018
https://doi.org/10.1016/S0092-8674(75)80001-8
https://doi.org/10.1126/science.aav4474
https://doi.org/10.1016/j.cell.2017.11.010
https://doi.org/10.1053/j.gastro.2011.07.050
https://doi.org/10.1038/nature07935
https://doi.org/10.1038/s41467-020-19058-4
https://doi.org/10.1038/s41467-020-19058-4
https://doi.org/10.1038/s41587-019-0048-8
https://doi.org/10.1038/s41587-019-0048-8
https://doi.org/10.1016/j.cell.2010.02.027
https://doi.org/10.1158/1078-0432.CCR-19-1376
https://doi.org/10.1038/s41467-022-30382-9
https://doi.org/10.1038/nnano.2010.23
https://doi.org/10.1016/j.jcmgh.2018.09.008
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1067207


Steinbichler, T. B., Dudás, J., Skvortsov, S., Ganswindt, U., Riechelmann, H., and
Skvortsova, I.-I. (2018). Therapy resistance mediated by cancer stem cells. Semin.
Cancer Biol. 53, 156–167. doi:10.1016/j.semcancer.2018.11.006

Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., et al.
(2021). Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. Ca. Cancer J. Clin. 71, 209–249. doi:10.3322/
caac.21660

Takashima, T., Taniyama, D., Sakamoto, N., Yasumoto, M., Asai, R., Hattori, T.,
et al. (2021). Schlafen 11 predicts response to platinum-based chemotherapy in
gastric cancers. Br. J. Cancer 125, 65–77. doi:10.1038/s41416-021-01364-3

Togasaki, K., Sugimoto, S., Ohta, Y., Nanki, K., Matano, M., Takahashi, S., et al.
(2021). Wnt signaling shapes the histologic variation in diffuse gastric cancer.
Gastroenterology 160, 823–830. doi:10.1053/j.gastro.2020.10.047

Ukai, S., Honma, R., Sakamoto, N., Yamamoto, Y., Pham, Q. T., Harada, K., et al.
(2020). Molecular biological analysis of 5-FU-resistant gastric cancer organoids;
KHDRBS3 contributes to the attainment of features of cancer stem cell. Oncogene
39, 7265–7278. doi:10.1038/s41388-020-01492-9

van de Wetering, M., Francies, H. E., Francis, J. M., Bounova, G., Iorio, F., Pronk,
A., et al. (2015). Prospective derivation of a living organoid biobank of colorectal
cancer patients. Cell 161, 933–945. doi:10.1016/j.cell.2015.03.053

Van den Bossche, V., Zaryouh, H., Vara-Messler, M., Vignau, J., Machiels, J.-P.,
Wouters, A., et al. (2022). Microenvironment-driven intratumoral heterogeneity in
head and neck cancers: Clinical challenges and opportunities for precision
medicine. Drug resist. updat. 60, 100806. doi:10.1016/j.drup.2022.100806

Vinci, M., Gowan, S., Boxall, F., Patterson, L., Zimmermann, M., Court, W., et al.
(2012). Advances in establishment and analysis of three-dimensional tumor
spheroid-based functional assays for target validation and drug evaluation. BMC
Biol. 10, 29. doi:10.1186/1741-7007-10-29

Vlachogiannis, G., Hedayat, S., Vatsiou, A., Jamin, Y., Fernández-Mateos, J.,
Khan, K., et al. (2018). Patient-derived organoids model treatment response of
metastatic gastrointestinal cancers. Science 359, 920–926. doi:10.1126/science.
aao2774

Wang, R., Mao, Y., Wang, W., Zhou, X., Wang, W., Gao, S., et al. (2022).
Systematic evaluation of colorectal cancer organoid system by single-cell
RNA-Seq analysis. Genome Biol. 23, 106. doi:10.1186/s13059-022-02673-3

Wang, T., Pan,W., Zheng, H., Zheng, H., Wang, Z., Li, J. J., et al. (2021). Accuracy
of using a patient-derived tumor organoid culture model to predict the response to
chemotherapy regimens in stage IV colorectal cancer: A blinded study. Dis. Colon
Rectum 64, 833–850. doi:10.1097/DCR.0000000000001971

Yan, H. H. N., Siu, H. C., Law, S., Ho, S. L., Yue, S. S. K., Tsui, W. Y., et al. (2018).
A comprehensive human gastric cancer organoid biobank captures tumor subtype
heterogeneity and enables therapeutic screening. Cell Stem Cell 23, 882–897. e11.
doi:10.1016/j.stem.2018.09.016

Yao, Y., Xu, X., Yang, L., Zhu, J., Wan, J., Shen, L., et al. (2020). Patient-derived
organoids predict chemoradiation responses of locally advanced rectal cancer. Cell
Stem Cell 26, 17–26.e6. e6. doi:10.1016/j.stem.2019.10.010

Zhang, Y., Xu, W., Guo, H., Zhang, Y., He, Y., Lee, S. H., et al. (2017).
NOTCH1 Signaling regulates self-renewal and platinum chemoresistance of
cancer stem–like cells in human non–small cell lung cancer. Cancer Res. 77,
3082–3091. doi:10.1158/0008-5472.CAN-16-1633

Zhang, Z., Karthaus, W. R., Lee, Y. S., Gao, V. R., Wu, C., Russo, J. W., et al. (2020).
Tumor microenvironment-derived NRG1 promotes antiandrogen resistance in
prostate cancer. Cancer Cell 38, 279–296. e9. doi:10.1016/j.ccell.2020.06.005

Zitvogel, L., Apetoh, L., Ghiringhelli, F., and Kroemer, G. (2008).
Immunological aspects of cancer chemotherapy. Nat. Rev. Immunol. 8,
59–73. doi:10.1038/nri2216

Frontiers in Molecular Biosciences frontiersin.org16

Harada and Sakamoto 10.3389/fmolb.2022.1067207

https://doi.org/10.1016/j.semcancer.2018.11.006
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.1038/s41416-021-01364-3
https://doi.org/10.1053/j.gastro.2020.10.047
https://doi.org/10.1038/s41388-020-01492-9
https://doi.org/10.1016/j.cell.2015.03.053
https://doi.org/10.1016/j.drup.2022.100806
https://doi.org/10.1186/1741-7007-10-29
https://doi.org/10.1126/science.aao2774
https://doi.org/10.1126/science.aao2774
https://doi.org/10.1186/s13059-022-02673-3
https://doi.org/10.1097/DCR.0000000000001971
https://doi.org/10.1016/j.stem.2018.09.016
https://doi.org/10.1016/j.stem.2019.10.010
https://doi.org/10.1158/0008-5472.CAN-16-1633
https://doi.org/10.1016/j.ccell.2020.06.005
https://doi.org/10.1038/nri2216
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1067207

	Cancer organoid applications to investigate chemotherapy resistance
	1 Introduction
	2 Organoids as a pre-clinical model
	2.1 Organoid history and application
	2.2 Biological characteristics of organoids
	2.2.1 Histological features
	2.2.2 Genomic characteristics
	2.2.3 Gene expression at bulk level
	2.2.4 Gene expression at single-cell level


	3 Anti-cancer drug resistance mechanism
	3.1 Cancer stem, slow-cycling, drug-tolerant persister, resistant or what?
	3.2 Research on mechanisms of anticancer drug resistance using organoids
	3.2.1 Direct comparison of pre- and post-chemotherapy specimens and organoids
	3.2.2 Studies in which cells survived after treatment of organoids with anticancer drugs
	3.2.3 Analyzing repopulated cells after anticancer drug therapy in organoids
	3.2.4 Studies using organoids targeting resistance caused by the association with tumor microenvironment, cancer-associated ...


	4 Association of organoid drug sensitivity with clinical outcomes for precision medicine
	4.1 Indication of the need to optimize experimental conditions, including microenvironment
	4.2 Organoids in clinical trials

	5 Drug screening (DS) methods and automated high-throughput assay for organoids
	5.1 Variety in DS methods
	5.2 Automation and high throughput of DS

	6 Conclusion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


