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Abstract: Drug screening—i.e., testing the effects of a number of drugs in multiple cell lines—is used
for drug discovery and development, and can also be performed to evaluate the heterogeneity of a
disease entity. Notably, intertumoral heterogeneity is a large hurdle to overcome for establishing
standard cancer treatment, necessitating disease models better than conventional established 2D
cell lines for screening novel treatment candidates. In the present review, we outline recent progress
regarding experimental cancer models having more physiological and clinical relevance for drug
screening, which are important for the successful evaluation of cellular response to drugs. The review
is particularly focused on drug screening using the cancer organoid model, which is emerging as a
better physiological disease model than conventional established 2D cell lines. We also review the
use of cancer organoids to examine intertumor and intratumor heterogeneity, and introduce the
perspective of the clinical use of cancer organoids to enable precision medicine.
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1. Introduction

Drug screening—using variable assays to test multiple candidate drugs or compound libraries—is
a method to obtain hit drugs that may potentially achieve the desired objectives. However, when
performing drug screening for drug discovery and development, enormous amounts of money and
time must be spent to obtain clinically approved drugs [1–6]. To obtain a single approved drug, tens of
thousands of compounds are generally put through several screening stages prior to clinical trials. Even
after the long and costly process to identify lead compounds (drug discovery) and generate optimized
derivatives (lead optimization), ~80% of drugs fail during clinical trials. Wong et al. analyzed 406,038
clinical trial data entries for over 21,143 compounds from January 1, 2000 to October 31, 2015 [7], and
found that the overall success rate of phase I–III clinical trials was 13.8%, with an extremely low success
rate for cancer treatment (3.4%) and a 20.9% success rate for all the other entries.

Why do so many clinical trials fail? A series of studies analyzed failures in phase II and phase
III clinical trials for the time periods of 2007–2010 [5] and 2013–2015 [6], and reported that the most
common reason for failure was lack of efficacy (56% and 52%, for each period respectively), followed
by safety issues (28% and 24%, respectively). In addition to biological reasons, studies also failed
due to inadequate study design, including the selection of the dose, efficacy markers, and schedule,
as well as data analysis problems. However, such causes were less common, with 7% (2007–2010)
and 15% (2013–2015) of failures related to strategic factors, and 5% (2007–2010) and 3% (2013–2015)
related to operational factors. These findings highlight the importance of developing robust systems to
predict actual clinical efficacy during the drug screening steps. In particular, since cancer is a highly
heterogeneous disease, accurate prediction of efficacy is critical to achieve novel approved treatments.
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In this review, we outline the recent progress in using experimental cancer models to screen
for drugs with greater physiological and clinical relevance. We particularly focus on details of the
cancer organoid model, which is emerging as a better physiological disease model than conventional
established 2D cell lines.

2. Screening System for Cancer Drug Discovery

A drug screening system comprises three main components: compounds or drugs to be screened,
the screening methods, and the materials to be screened. Different factors can be combined to develop an
appropriate screening system to best meet the aim of the screening project. Advances in each component
contribute to the overall improvement of screening systems. In recent years, drug repositioning—the
concept of re-developing previously approved or discontinued drugs for novel indications—has
attracted attention as a means of saving cost and time in new drug development [8–11]. Additionally,
there is growing interest in screening aimed at identifying combination therapy that may overcome
resistance to targeted therapies. Advances in high-throughput screening systems have allowed the
evaluation of tens or hundreds of thousands of compounds/drugs, and the narrowing down of
potential candidates, with the use of automated machines to dispense cells and drugs, and to execute
endpoint assays [12,13]. In silico methods have also become important in drug discovery and drug
repositioning [14,15].

In addition to advances in compounds/drugs and screening methods, cancer models as materials
to be screened have remarkably improved over the past decade (Table 1). Historically, the only
materials for cancer drug screening have been cultured established cancer cell lines in two-dimensional
(2D) culture. Such established cell lines are often readily obtainable from cell banks, such as the
American Type Culture Collection (ATCC), and can be maintained using standardized culture method.
In contrast, biomaterials are more difficult to obtain, and their handling is too complex to be suitable
for high-throughput screening.

The methods used for 2D culture of established cell lines enable their preparation in large
quantities at uniform quality, which is necessary for high-throughput drug screening. However, 2D
cultured cells exhibit a flattened morphology and altered signaling networks compared to cancer cells
in tumor tissue in vivo, which unwantedly affects their response to drugs [16]. Additionally, when
cells form 3D cell clusters or spheroids, they sometimes acquire resistance to anti-cancer drugs, known
as multi-cellular resistance [17]. Culture medium containing serum for conventional 2D culture of
cancer cells induces cell transformation and accelerates clonal selection, resulting in loss of the parental
tumor’s characteristics [18–20]. Thus, disease models or materials that better reflect the physiological
features of an actual patient’s cancer, have long been sought for cancer research. In the next section, we
review recent advances in cancer disease models.

3. Developments and Advances in Disease Models for Cancer Research and Drug Screening

To better recapitulate patients’ cancer, various disease models have been developed. We feature
three models in this chapter; 3D culture of established cell lines, animal models, and organoid models
to discuss the current arguments of 2D vs. 3D, in vivo vs. ex vivo, and established cell lines vs primary
or early passaged cells. Due to space limitations, we do not touch other models which might also have
preclinical potentials; conditionally reprogrammed cell lines [21,22], early passage PDX 2D cell lines [23],
co-culture with fibroblast [24] and immune cells [25], and explant/organotypic culture models [26,27].
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Table 1. Pros and cons of disease models.

Model Accessibility Feasibility Intertumor
Heterogeneity

Intratumor
Heterogeneity

Physiological
Characteristics

Applicability
to HTS

Cell lines
2D Good Good Allows comparison

between cell lines Poor Largely lost Good

3D Good
Complex in some

systems with
biomaterials

Allows comparison
between cell lines Poor Partially reestablished Difficult for

some cell lines

Animal
models

GEM Relatively good once
generated

Laborious for double
or triple GEMs

Partially allows
comparison Good

Good, including
microenvironment

and immune system

Not suitable
for HTS

PDX Requires access to
hospital or tissue network Good once established Allows comparison

between multiple cases Good Good, including
microenvironment

Not suitable
for HTS

Organoids
CSC-derived

organoids
Requires access to

hospital or tissue network

Requires skills, may
suffer from low
recovery rate

Allows comparison
between multiple cases

Good (may select
for cells resistant

to anoikis)
Good Possible

but costly

CTOS
organoids

Requires access to
hospital or tissue network Requires skills Allows comparison

between multiple cases Good Good Good as an
ex vivo setting

HTS, high-throughput screening; GEM, genetically modified models; PDX, patient-derived xenografts; CSC, cancer stem cell; CTOS, cancer tissue-originated spheroid.
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3.1. Three Dimentional (3D) Culture of Established Cell Lines

Cell characteristics are largely affected by the architecture of the cell population, e.g., cell–cell
contact, cell–matrix contact, and the polarity. Oxygen and nutrients are diffused along a concentration
gradient within the 3D architecture. Thus, it is becoming widely accepted that 3D cell cultures better
reflect the physiological features of the cells compared to 2D cultures (Table 1) [28–31]. The simplest
3D architecture is a spherical aggregate of cells, called a spheroid. Some conventional 2D cell lines
can be induced to form spheroids by simply seeding them in a low-attachment round-bottom plate.
However, since most 2D established cell lines are optimized for culture as adherent cells, they tend to
adhere to the bottom of an untreated plastic surface.

Newly developed devices and techniques can promote conventional cell lines to form spheroids
or other types of 3D architecture. Such techniques include relatively traditional methods, such as cell
culture in a spinner flask, rotation culture, and the hanging drop method [32,33]. Moreover, biological or
synthetic scaffolds that provide anchorage for the cells can be used for efficient 3D culture of established
cell lines [33]. Relatively easy systems for 3D cell culture involve collagen or laminin matrices [34].
Another more complex approach includes the re-establishment of microenvironments by providing
synthesized matrices together with co-cultured stromal and/or endothelial cells [32,33,35]. Despite wide
use of 3D cultured traditional cell lines, researchers must consider that the original tumor characteristics
lost in the established cell lines are not entirely recovered by the forced 3D architecture [30].

3.2. Animal Models

There are two main types of animal models: genetically modified models (GEM) and patient-derived
xenografts (PDX), in which a piece of a patient’s tumor is implanted in immune-deficient mice
(Table 1). Both models are used to study disease pathology and biology, as well as for pre-clinical
validation of candidate drug efficacy and safety [36–38]. Compared to others, animal models have the
robust advantage of enabling evaluation of the candidate drugs’ efficacy within a relatively physiological
environment comprising both the stroma and the host cells, including fibroblasts, endothelial cells, blood
cells, and immune cells. Such models enable the evaluation of pharmacodynamics and pharmacokinetics.

GEM provide a good platform for analyzing the molecular mechanisms of cancer, and obtaining
proof of concept for molecular targeting drugs. However, GEM is less useful for reconstituting and
evaluating the heterogeneity of actual patient populations. Compared to established 2D cell lines, the
cancer cells in PDX show greater preservation of the original tumor characteristics [38–42]. Moreover,
even after serial passages, PDX are thought to exhibit only minimal genetic drift from the original
tumor [39,43–46], although it has also been reported that genetic changes, such as copy number
alteration, can accumulate over multiple passages [47].

Recent success in immune checkpoint therapy—for example, using PD-1/PD-L1 and CTLA-4
inhibitors [48,49]—has increased the importance of using model systems to evaluate immune responses
in vivo. PDX are generated in immunodeficient mice, making immune response evaluation impossible.
GEM with murine immune systems also have limitations, as they do not accurately recapitulate the
human immune system. These issues have led to the development of humanized mice, generated
by transplanting human hematopoietic stem cells or immune cells into immunodeficient mice, to
reconstitute the human immunologic environment [50,51]. Several reports describe the usefulness
of PDX models in humanized mice for evaluating the efficacy of immunotherapy [52–54]. Although
animal models are more physiological than in vitro models, using animal models for high-throughput
drug screening is highly expensive and time-consuming. Some reports demonstrate the usefulness of
drug testing in either mid-size (~100 animals) [55] or large (~1,000 animals) [41] cohorts of PDX models,
at relatively low throughput (up to ~20 single or combined regimens) [41,55–57]. Such protocols might
be compatible with phase I–II trial studies. Overall, GEM and PDX are robust preclinical models with
physiological microenvironment, which can be hardly reproduced by ex vivo models. On the other
hand, the time and cost required make them difficult to apply in early stages of drug development,
which require the screening of large numbers of candidate drugs.
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3.3. Organoid Models

An organoid is defined as “a 3D structure developed or grown from stem cells and consisting
of organ-specific cell types that self-organizes through cell sorting and spatially restricted lineage
commitment in a manner similar to in vivo.” [58,59]. This definition has been derived from the fields
of developmental and stem-cell research [58–61], and is extended to cultured cancer cells using similar
methods (Table 2).

3.3.1. Cancer Stem-Like Cell Organoid

Current cancer organoid culture methods can be traced back to neurosphere cultures reported
in 1992 by Reynolds and Weiss, in which neural stem cells in serum-free defined medium were
able to proliferate as floating spheroids that retained the potential to develop into neurons and
astrocytes [62]. The medium used for neurosphere culture was DMEM/F12 supplemented with EGF,
insulin, transferrin, progesterone, putrescine, and selenium salt. Subsequently, this method was
applied to the culture of normal mammary gland and breast cancer cells as 3D mammospheres and
organoids, respectively, which better reflect the physiological characteristics of these cells in their
original environment compared to conventional 2D culture with serum [20,63,64].

In the field of cancer research, tumor spheroid culture was used in early reports of cancer stem-like
cells—a tumorigenic population of primary cancer cells that express distinct cancer-stem markers.
Cancer stem-like cells derived from patients’ tumors exhibited efficient spheroid formation and could
be maintained for a long time in serum-free stem cell medium (a slight modification of Reynolds’
neurosphere medium) [65–67]. Notably, when cultured in this serum-free stem cell medium, cancer
cells could be maintained without the restriction of Hayflick limit, which previously thought to limit
the long-term culture of primary cancer cells.

More recently, the 3D culture of primary cells was robustly advanced by the invention of a method
to culture normal epithelial stem cells as organoids. WNT pathway activation by R-spondin1, together
with the inhibition of BMP pathway (the activation of which induces stem cell differentiation), enabled
the cultivation of small intestinal stem cells as 3D organoids [68]. This technical breakthrough was
subsequently applied to the culture of stem cells from many other types of normal epithelial tissues,
including colon [69], liver [70,71], pancreas [72], prostate [73], uterus [74,75], and more [59], as well as
the cancer cells of these tissues [59].

Based on these advances in culture systems, the 3D culture of primary cancer cells as spheroids or
organoids is now a widely accepted practical disease model. Compared to 2D or 3D cultured cell lines,
primary cancer organoids have the advantage of retaining the characteristics of the cancer cells from the
original patients’ tissue, including their differentiated morphology and responses to drugs [18–20,59].
Moreover, primary cancer organoid cells accumulate much fewer genetic alterations over multiple
passages compared to cells in 2D culture with serum-containing medium. Organoid culture can also
be readily combined with biomaterials, and applied to an ex vivo platform for a PDX system.

The organoid model also currently has several drawbacks. Organoids are difficult to generate due
to multiple technical and logistical factors. Technically, their generation still requires craftmanship to
prepare primary cells from individual patients’ tissue. Logistically, research institutes without affiliated
hospitals will have poor access to the necessary materials. Although several biobank resources are
being established to distribute patient-derived cancer organoids [76–79], they are not yet as abundant
or easily accessible as 2D cell lines.

3.3.2. Cancer Tissue-Originated Spheroid (CTOS) Method

Briefly, cancer organoids are prepared by dissociating tumor tissue into single cells, collecting these
cancer cells, and letting them form spheroids either in suspension or in matrices (Figure 1). However,
unlike established cell lines, single cells prepared from primary tumor tissues are prone to undergoing
anoikis [30], which is a distinct form of apoptosis triggered by the loss of anchorage [80]. Anoikis rapidly
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begins upon dissociation of tissue or cell clusters, thus the dispersed cells must immediately adhere to
the plastic surface of the culture dish or become embedded in matrices. Rho-ROCK inhibitor suppresses
anoikis [81,82], and improves the efficiency of primary organoid and spheroid preparation [83–85].Cells 2019, 8, x  4 of 17 
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cell-cell contact is retained during the preparation process, CTOS could better recover heterogenous 
cells including those at non-CSC state by avoiding anoikis, On the other hand, CSC-derived organoids 
could better enrich the cells with cancer-stem like property. However, it remains an open question 
whether the cells obtained by these different methods are interchangeable or not. 
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Figure 1. Preparation of cancer stem-like cell (CSC)-derived organoids and cancer tissue-originated
spheroids (CTOSs). In both methods, tumor specimens are mechanically and enzymatically digested.
To generate CSC-derived organoids, tumor tissues are dispersed at the single-cell level, and organoid
formation occurs by either re-aggregation or clonal proliferation. Optionally, incompletely dissociated
fragments trapped by filters are further trypsinized to recover more single cells. In contrast, to generate
CTOSs, tumor tissues are incompletely digested into fragments on purpose by milder conditions.
These cell clusters rapidly form spherical-shaped CTOSs within 24 h. Because the cell-cell contact
is retained during the preparation process, CTOS could better recover heterogenous cells including
those at non-CSC state by avoiding anoikis, On the other hand, CSC-derived organoids could better
enrich the cells with cancer-stem like property. However, it remains an open question whether the cells
obtained by these different methods are interchangeable or not.

Our group has also developed the cancer tissue-originated spheroid (CTOS) method, which is
a distinct technique for preparing and culturing organoids without ever dispersing the cancer cells
into single cells (Table 1) [30]. In the CTOS method, cell–cell interactions are maintained between
cancer cells during the enzymatic digestion of cell–matrix interaction, and the subsequent culturing
(Figure 1). A tumor specimen is digested, and the resultant tissue fragments and cells are passed
through mesh filters. The fragments trapped by the filters are used for further culture. The epithelial
cancer tissue fragments rapidly form spheroids (CTOSs) with minimal cell death because anoikis is
not triggered [30]. This process enables a high recovery rate of the primary cancer cells from tissue.
Moreover, the CTOS method enables easy collection of the population of purified cancer cells, since
the blood cells, fibroblasts, and dead cancer cells pass thorough the filter. Overall, the CTOS method
allows the preparation of organoids from a primary tumor with high viability, efficiency, and purity.
We and others have reported the establishment and use of organoid cultures via the CTOS method
in multiple types of cancers, including colorectal [30,86–90], lung [91], urothelial [92–96], liver [97],
head and neck [98], and uterine [99–101] cancers. The drawbacks described for CSC-organoids are also
applicable to CTOS organoids; technical difficulties and limited access to patient samples are the issues
to be overcome.
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Table 2. Summary of reports of drug screening with organoid methods.

Cancer type Organoid Type Library # Compounds Tested # Cases Tested Assay Conditions Reference

Colorectal CSC-derived Target-known inhibitors
+ chemo drugs 83 19 With 2% BME in culture

medium on BME [76]

Breast CSC-derived EGFR/AKT/mTORC
pathway inhibitors 6 28 With 2% BME in culture

medium on BME [78]

Gastric CSC-derived Approved anti-cancer drugs 37 7 On 50% Matrigel [77]

Bladder CSC-derived Target-known inhibitors
+ chemo drugs 50 11 With 2% Matrigel in

culture medium [102]

Liver CSC-derived NCI-Approved Oncology
Drugs Set VII 129 5 In Matrigel [103]

Various CSC-derived
Chemo drugs and

targeted agents under
clinical development

160 (single) +
120 (combination) 4 2D culture of organoids

for screening [104]

Ovarian CSC-derived Target-known inhibitors
+ chemo drugs 22 10 With 2% Matrigel in culture

medium on Matrigel [105]

Colorectal CSC-derived * Target-known inhibitors
+ chemo drugs 8 19 In Matrigel [106]

Endometrial CTOS Target-known inhibitors 79 5 (2 hit drugs evaluated in
12 CTOS lines) w/o matrix [100]

Colorectal CTOS Target-known inhibitors 71 1 w/o matrix [87]

Colorectal CTOS Target-known inhibitors
+ FDA-approved drugs 2427 2 (15 hit drugs evaluated in

30 CTOS lines) w/o matrix [42]

* Prepared by CTOS method. CSC, cancer stem cell; CTOS, cancer tissue-originated spheroid; BME, basement membrane extract.
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4. Drug Testing and Screening for Cancer Drug Discovery and Personalized Medicine using
Cancer Organoids

4.1. Cancer Stem-Like Cell Organoids

Patient-derived 3D cancer organoids are increasingly being studied for potential use as an
improved platform for drug discovery and personalized medicine. The number of reports on this
topic have particularly increased since 2017 (Table 2). Clevers’ group reported the use of 19 colorectal
cancer (CRC) organoid lines to screen 83 drugs, including target-known inhibitors and chemotherapy
drugs [76], and the use of 28 breast cancer organoid lines to screen 6 EGFR/AKT/mTORC pathway
inhibitors [78]. The same methodology was also applied to screen 37 drugs using organoids from 7
gastric cancer patients [77], and 26 drugs using 11 bladder cancer organoid lines [102]. Importantly,
these organoid lines exhibited interpatient and intratumor heterogeneity in their drug responses,
representing proof of the concept that cancer organoids are a useful platform for drug screening.

Li et al. reported the screening of 129 cancer drugs using 27 liver cancer organoid lines derived
from 5 different patients [103]. They found that some drugs were highly heterogeneous in the responses
among organoid lines, while others were uniformly toxic in all cases. Pauli et al. performed relatively
higher-throughput screening of 160 drugs using cancer organoids from 4 patients, and combination
drug screening for hit drugs plus 120 candidates [104]. They screened organoids in 2D culture, probably
to circumvent the cumbersome process for culturing 3D organoids. They reported that only ~5% of
the tested drugs showed preferential activity when assayed in 2D versus 3D. On the other hand, Jabs
et al. screened 22 single or combination treatments using 10 ovarian cancer organoids, and reported
that drug responses were more diverse in cancer organoids than in 2D cultured cells [105]. Moreover,
patient-specific genomic alterations correlated with drug effects observed in organoids but not in
2D cell monolayers, supporting that 3D organoids are a better physiological model than 2D primary
cells. Further accumulation of experiments comparing 3D with 2D models is necessary for revealing
superiority in actual translational value or predictive power.

These preliminary reports encourage the use of cancer organoids as a platform to study
heterogeneity in the cancer population. The link between ex vivo sensitivity and patient outcome
remains to be further validated.

4.2. CTOS Organoids

The above-described examples of drug screening using cancer organoids are relatively low
throughput, with greater focus on the aspect of personalized medicine than on early stage of drug
discovery. To conduct drug screening, especially high-throughput screening, the amount of available
cells is a critical factor. To overcome this issue, the CTOS method can include the generation of xenograft
tumors, and the preparation of organoids from these xenografts. The high recovery rate and highly
purified cancer cells produced by the CTOS method enable the generation of organoids ready for drug
screening briefly after preparation [42].

Following this strategy, we have reported the use of CTOS organoids for drug screening
(Table 2) [42,87,100]. We employed the ‘2-step scheme’; first the screening of a drug library is performed
on few CTOS organoids from different patients, and obtain hit drugs, and then the effect of the hit
drugs are evaluated in a larger number of CTOS lines to assess the diversity of the response to the hit
drugs. As a proof of concept study, we first screened a drug library of ~100 inhibitors using CTOS
organoids from 2 cases of endometrial cancer [100]. The putative survivin inhibitor sepantronium
bromide, which is widely known as YM155, was identified as a hit drug that inhibited the growth of
both cervical CTOS organoids. Subsequent analysis of YM155 using cervical CTOS organoids from
12 different cases revealed that the sensitivity largely varied among cases, and that the sensitivity to
YM155 was correlated with cancer histopathology. We conducted this small-scale drug screening in
cervical cancer using manual handling of CTOS organoids with a micropipette under a microscope,
and manual dispensing of the tested drugs.
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To evaluate thousands of drugs by high-throughput screening, automated systems are needed
to dispense organoids and reagents. Thus, we used automated machines—an organoid handler and
a reagent dispenser—to screen a library of 2427 drugs (including FDA-approved drugs and small
molecules with known targets) with CTOS organoids from 2 cases of CRC [42]. Among these 2427 drugs,
15 (0.6%) hit drugs suppressed the viability of either CRC CTOS line, of which 8 drugs were effective
against both lines. Ten of these hit drugs were anti-cancer reagents, and 7 were already approved
by the FDA. We then evaluated sensitivity to the 15 hit drugs in a panel of CRC CTOS lines from 30
different cases, and found that these different lines showed diverse sensitivities to the hit compounds.
Notably, the variation in drug sensitivity among 30 CRC CTOS lines was much broader than that among
39 established cell lines of different cancer types, demonstrating the usefulness of CTOS organoids
with the 2-step scheme for investigating the highly heterogeneous nature of cancer. These studies
demonstrate that the 3D cancer organoid model prepared and cultured with the CTOS method is a
robust tool for both high-throughput drug screening and pre-clinical testing.

4.3. Validation of the In Vitro Assay System

Validating the clinical relevancy of the in vitro assay system is critically important; however, there
are multiple issues related to collecting live cells from patients’ tumors for this purpose. The main
source of tissue for organoid generation is excess surgical specimen. Patients typically do not receive
intensive drug therapy after complete tumor resection. Even patients who receive adjuvant therapy
usually do not have lesions to be evaluated for the drug response, such that progression-free survival or
overall survival are the only possible end-points. Moreover, the tumors at recurrence are not necessarily
the same tumors from the initial surgical resection. Notably, unnecessary biopsy must be avoided for
patients scheduled for standard therapy. Thus, the physiological relevancy is only validated by the
comparison between in vitro and in vivo assays.

Schütte et al. established a CRC biobank comprising organoids and xenografts derived from
a cohort of 106 patients [106]. They compared the treatment outcomes with 8 drugs in 19 pairs of
organoid/PDX siblings. Among the 152 combinations of treatments and cases, 18 combinations (11.8%)
showed discordant responses. The gene expression profiles of the EGFR blockade response shared only
a few genes between PDX and organoids, highlighting their biological differences and the difficulty of
directly comparing these systems.

Practical optimizations are needed to ensure a close correlation between the sensitivity assay
result and the actual clinical outcome, as well as to overcome the presently limited access to clinical
specimens before non-surgical treatment. Moreover, optimization of the sensitivity assay should
also be applied to the drug screening method, to reduce false-negative or false-positive selection of
candidate drugs. Thus, it is desirable to develop an improved method that will be applicable for both
drug screening and personalized medicine [7,9,107].

4.4. Perspective for the Use of 3D Organoid Culture in Personalized Medicine

As described above, the majority of hit drugs show inter-tumor heterogeneity, while others are
uniformly toxic in all cases. Thus, it is critically important to evaluate the inter-tumor heterogeneity
to estimate the responders to a hit drug in clinical use. Despite obvious interpatient heterogeneity
regarding sensitivity to anti-cancer drugs in clinical use, this perspective has been neglected in most
previous reports, especially in studies using 2D established cell lines. Prior drug development might
have been conducted under the implicit assumption that cancers of the same pathological type
uniformly respond to a drug, or drug developers may have been seeking a “magic bullet” to overcome
the heterogeneity. Regardless, except for some molecular-targeted drugs that are designed to attack
certain pathway mutations, clinical studies of most drugs under development are conducted without
any biomarkers, or even data regarding the predicted ratio of potential responders. Therefore, it
is critical to develop methods to predict drug sensitivity, and thus reduce failure in clinical trials.
One useful strategy may be to employ panels of cancer organoids, which are expected to reflect
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the intertumor heterogeneity, to evaluate variations in drug responses and to discover companion
biomarkers for the drugs under development. One sophisticated way to predict drug sensitivity is
based on mutational information, such as EGFR mutation for the use of EGFR tyrosine kinase inhibitors
in lung adenocarcinoma [108,109]. Theoretically, advances in gene sequencing technologies enable
screening for genetic predictors with potential clinical utility, even during the clinical development of a
new drug. Indeed, trials using biomarkers are almost twice as successful compared to trials without
biomarkers (10.3% vs. 5.5%) [7]. However, to date, only a small proportion of drugs have known genetic
predictors with clinically meaningful effects [110]. The concept of functional precision medicine, or
functional biomarkers, is attracting attention as an alternative way to predict drug efficacy [111]. Rather
than exclusively relying on a snapshot of information, functional precision medicine will offer highly
actionable and functional information from assessment of the characteristics of viable primary tumor
cells. Genetic analyses and drug sensitivity testing using cancer organoids could be complementary
methods for predicting effective drugs before treatment.

Intratumor heterogeneity can be another concern for the personalized medicine using patient
derived live materials. This is a general issue of sampling from the tumor, because populations of
tumor cells in different part of the same tumor might have different drug sensitivity. Practically, are
multiple samplings necessary? How many samplings are enough? These questions will be answered
when personalized medicine based on the tests using patient derived cells is realized in clinic.

5. Conclusions

The use of cancer organoids, as both models and methods, is expanding in the fields of basic
and preclinical cancer research. Drug screening systems using cancer organoids could potentially
be applied to determine the most beneficial drug for each individual patient. Over the next decade,
research should address the optimization of the organoid culture method to improve its efficacy
and feasibility, and improve the concordance between drug responses and actual clinical outcome.
Moreover, there is a need to establish biobanks that can provide organoids as resources to support
their wide use as a standard platform of cancer research.

Author Contributions: Conceptualization, J.K. and M.I.; writing—original draft preparation, J.K.; writing—review
and editing, M.I.; visualization, M.I.; funding acquisition, M.I.

Funding: This article is supported by a Grants-in-Aid from P-DIRECT, P-CREATE, Platform Project for Supporting
Drug Discovery and Life Science Research (Basis for Supporting Innovative Drug Discovery and Life Science
Research (BINDS)) under Grant Number JP18am0101084, and the Research on Development of New Drugs, from
Japan Agency for Medical Research and Development, AMED, Research Grant of the Princess Takamatsu Cancer
Research Fund.

Conflicts of Interest: J.K. and M.I. belong to the department of clinical bio-resource research and development in
Kyoto University, which is sponsored by KBBM.

References

1. Moffat, J.G.; Rudolph, J.; Bailey, D. Phenotypic screening in cancer drug discovery—Past, present and future.
Nat. Rev. Drug Discov. 2014, 13, 588–602. [CrossRef]

2. Moffat, J.G.; Vincent, F.; Lee, J.A.; Eder, J.; Prunotto, M. Opportunities and challenges in phenotypic drug
discovery: An industry perspective. Nat. Rev. Drug Discov. 2017, 16, 531–543. [CrossRef] [PubMed]

3. DiMasi, J.A.; Grabowski, H.G.; Hansen, R.W. Innovation in the pharmaceutical industry: New estimates of
R&D costs. J. Health Econ. 2016, 47, 20–33. [PubMed]

4. Moore, T.J.; Zhang, H.; Anderson, G.; Alexander, G.C. Estimated Costs of Pivotal Trials for Novel Therapeutic
Agents Approved by the US Food and Drug Administration, 2015–2016. JAMA Intern. Med. 2018, 178,
1451–1457. [CrossRef] [PubMed]

5. Arrowsmith, J.; Miller, P. Trial Watch: Phase II and Phase III attrition rates 2011–2012. Nat. Rev. Drug Discov.
2013, 12, 569. [CrossRef]

6. Harrison, R.K. Phase II and phase III failures: 2013–2015. Nat. Rev. Drug Discov. 2016, 15, 817–818. [CrossRef]

http://dx.doi.org/10.1038/nrd4366
http://dx.doi.org/10.1038/nrd.2017.111
http://www.ncbi.nlm.nih.gov/pubmed/28685762
http://www.ncbi.nlm.nih.gov/pubmed/26928437
http://dx.doi.org/10.1001/jamainternmed.2018.3931
http://www.ncbi.nlm.nih.gov/pubmed/30264133
http://dx.doi.org/10.1038/nrd4090
http://dx.doi.org/10.1038/nrd.2016.184


Cells 2019, 8, 470 11 of 16

7. Wong, C.H.; Siah, K.W.; Lo, A.W. Estimation of clinical trial success rates and related parameters. Biostatistics
2019, 20, 273–286. [CrossRef] [PubMed]

8. Wilkinson, G.F.; Pritchard, K. In Vitro Screening for Drug Repositioning. J. Biomol. Screen 2015, 20, 167–179.
[CrossRef]

9. Bertolini, F.; Sukhatme, V.P.; Bouche, G. Drug repurposing in oncology—Patient and health systems
opportunities. Nat. Rev. Clin. Oncol. 2015, 12, 732–742. [CrossRef] [PubMed]

10. Pushpakom, S.; Iorio, F.; Eyers, P.A.; Escott, K.J.; Hopper, S.; Wells, A.; Doig, A.; Guilliams, T.; Latimer, J.;
McNamee, C.; et al. Drug repurposing: Progress, challenges and recommendations. Nat. Rev. Drug Discov.
2019, 18, 41–58. [CrossRef] [PubMed]

11. Tyers, M.; Wright, G.D. Drug combinations: A strategy to extend the life of antibiotics in the 21st century.
Nat. Rev. Microbiol. 2019, 17, 141. [CrossRef]

12. Noah, J.W. New Developments and Emerging Trends in High-Throughput Screening Methods for Lead
Compound Identification. Available online: https://www.dovepress.com/new-developments-and-emerging-
trends-in-high-throughput-screening-meth-peer-reviewed-article-IJHTS (accessed on 28 March 2019).

13. Pereira, D.A.; Williams, J.A. Origin and evolution of high throughput screening. Br. J. Pharmacol. 2007, 152,
53–61. [CrossRef]

14. Rognan, D. The impact of in silico screening in the discovery of novel and safer drug candidates.
Pharmacol. Ther. 2017, 175, 47–66. [CrossRef]

15. Vanhaelen, Q.; Mamoshina, P.; Aliper, A.M.; Artemov, A.; Lezhnina, K.; Ozerov, I.; Labat, I.; Zhavoronkov, A.
Design of efficient computational workflows for in silico drug repurposing. Drug Discov. Today 2017, 22,
210–222. [CrossRef] [PubMed]

16. Weaver, V.M.; Lelièvre, S.; Lakins, J.N.; Chrenek, M.A.; Jones, J.C.R.; Giancotti, F.; Werb, Z.; Bissell, M.J. β4
integrin-dependent formation of polarized three-dimensional architecture confers resistance to apoptosis in
normal and malignant mammary epithelium. Cancer Cell 2002, 2, 205–216. [CrossRef]

17. Desoize, B.; Jardillier, J.-C. Multicellular resistance: A paradigm for clinical resistance? Crit. Rev. Oncol. Hemat.
2000, 36, 193–207. [CrossRef]

18. Birgersdotter, A.; Sandberg, R.; Ernberg, I. Gene expression perturbation in vitro—A growing case for
three-dimensional (3D) culture systems. Semin. Cancer Biol. 2005, 15, 405–412. [CrossRef]

19. Lee, J.; Kotliarova, S.; Kotliarov, Y.; Li, A.; Su, Q.; Donin, N.M.; Pastorino, S.; Purow, B.W.; Christopher, N.;
Zhang, W.; et al. Tumor stem cells derived from glioblastomas cultured in bFGF and EGF more closely
mirror the phenotype and genotype of primary tumors than do serum-cultured cell lines. Cancer Cell 2006, 9,
391–403. [CrossRef] [PubMed]

20. Burdall, S.E.; Hanby, A.M.; Lansdown, M.R.; Speirs, V. Breast cancer cell lines: Friend or foe? Breast Cancer Res.
2003, 5, 89–95. [CrossRef]

21. Liu, X.; Krawczyk, E.; Suprynowicz, F.A.; Palechor-Ceron, N.; Yuan, H.; Dakic, A.; Simic, V.; Zheng, Y.-L.;
Sripadhan, P.; Chen, C.; et al. Conditional reprogramming and long-term expansion of normal and tumor
cells from human biospecimens. Nat. Protoc. 2017, 12, 439–451. [CrossRef]

22. Correa, B.R.S.; Hu, J.; Penalva, L.O.F.; Schlegel, R.; Rimm, D.L.; Galante, P.A.F.; Agarwal, S. Patient-derived
conditionally reprogrammed cells maintain intra-tumor genetic heterogeneity. Sci. Rep. 2018, 8, 4097. [CrossRef]
[PubMed]

23. Damhofer, H.; Ebbing, E.A.; Steins, A.; Welling, L.; Tol, J.A.; Krishnadath, K.K.; van Leusden, T.; van de
Vijver, M.J.; Besselink, M.G.; Busch, O.R.; et al. Establishment of patient-derived xenograft models and cell
lines for malignancies of the upper gastrointestinal tract. J. Transl. Med. 2015, 13. [CrossRef]

24. Kodack, D.P.; Farago, A.F.; Dastur, A.; Held, M.A.; Dardaei, L.; Friboulet, L.; von Flotow, F.; Damon, L.J.;
Lee, D.; Parks, M.; et al. Primary Patient-Derived Cancer Cells and Their Potential for Personalized Cancer
Patient Care. Cell Rep. 2017, 21, 3298–3309. [CrossRef]

25. Dijkstra, K.K.; Cattaneo, C.M.; Weeber, F.; Chalabi, M.; van de Haar, J.; Fanchi, L.F.; Slagter, M.; van der
Velden, D.L.; Kaing, S.; Kelderman, S.; et al. Generation of Tumor-Reactive T Cells by Co-culture of Peripheral
Blood Lymphocytes and Tumor Organoids. Cell 2018, 174, 1586–1598. [CrossRef]

26. Meijer, T.G.; Naipal, K.A.; Jager, A.; van Gent, D.C. Ex vivo tumor culture systems for functional drug testing
and therapy response prediction. Future Sci. OA 2017, 3. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/biostatistics/kxx069
http://www.ncbi.nlm.nih.gov/pubmed/29394327
http://dx.doi.org/10.1177/1087057114563024
http://dx.doi.org/10.1038/nrclinonc.2015.169
http://www.ncbi.nlm.nih.gov/pubmed/26483297
http://dx.doi.org/10.1038/nrd.2018.168
http://www.ncbi.nlm.nih.gov/pubmed/30310233
http://dx.doi.org/10.1038/s41579-018-0141-x
https://www.dovepress.com/new-developments-and-emerging-trends-in-high-throughput-screening-meth-peer-reviewed-article-IJHTS
https://www.dovepress.com/new-developments-and-emerging-trends-in-high-throughput-screening-meth-peer-reviewed-article-IJHTS
http://dx.doi.org/10.1038/sj.bjp.0707373
http://dx.doi.org/10.1016/j.pharmthera.2017.02.034
http://dx.doi.org/10.1016/j.drudis.2016.09.019
http://www.ncbi.nlm.nih.gov/pubmed/27693712
http://dx.doi.org/10.1016/S1535-6108(02)00125-3
http://dx.doi.org/10.1016/S1040-8428(00)00086-X
http://dx.doi.org/10.1016/j.semcancer.2005.06.009
http://dx.doi.org/10.1016/j.ccr.2006.03.030
http://www.ncbi.nlm.nih.gov/pubmed/16697959
http://dx.doi.org/10.1186/bcr577
http://dx.doi.org/10.1038/nprot.2016.174
http://dx.doi.org/10.1038/s41598-018-22427-1
http://www.ncbi.nlm.nih.gov/pubmed/29511269
http://dx.doi.org/10.1186/s12967-015-0469-1
http://dx.doi.org/10.1016/j.celrep.2017.11.051
http://dx.doi.org/10.1016/j.cell.2018.07.009
http://dx.doi.org/10.4155/fsoa-2017-0003
http://www.ncbi.nlm.nih.gov/pubmed/28670477


Cells 2019, 8, 470 12 of 16

27. Ghosh, S.; Prasad, M.; Kundu, K.; Cohen, L.; Yegodayev, K.M.; Zorea, J.; Joshua, B.-Z.; Lasry, B.; Dimitstein, O.;
Bahat-Dinur, A.; et al. Tumor Tissue Explant Culture of Patient-Derived Xenograft as Potential Prioritization
Tool for Targeted Therapy. Front. Oncol. 2019, 9. [CrossRef]

28. Pampaloni, F.; Reynaud, E.G.; Stelzer, E.H.K. The third dimension bridges the gap between cell culture and
live tissue. Nat. Rev. Mol. Cell Biol. 2007, 8, 839–845. [CrossRef] [PubMed]

29. Baker, B.M.; Chen, C.S. Deconstructing the third dimension – how 3D culture microenvironments alter
cellular cues. J. Cell Sci. 2012, 125, 3015–3024. [CrossRef] [PubMed]

30. Kondo, J.; Endo, H.; Okuyama, H.; Ishikawa, O.; Iishi, H.; Tsujii, M.; Ohue, M.; Inoue, M. Retaining cell–cell
contact enables preparation and culture of spheroids composed of pure primary cancer cells from colorectal
cancer. Proc. Natl. Acad. Sci. USA 2011, 108, 6235–6240. [CrossRef] [PubMed]

31. Riedl, A.; Schlederer, M.; Pudelko, K.; Stadler, M.; Walter, S.; Unterleuthner, D.; Unger, C.; Kramer, N.;
Hengstschläger, M.; Kenner, L.; et al. Comparison of cancer cells in 2D vs 3D culture reveals differences in
AKT–mTOR–S6K signaling and drug responses. J. Cell Sci. 2017, 130, 203–218. [CrossRef]

32. Santo, V.E.; Rebelo, S.P.; Estrada, M.F.; Alves, P.M.; Boghaert, E.; Brito, C. Drug screening in 3D in vitro tumor
models: Overcoming current pitfalls of efficacy read-outs. Biotechnol. J. 2017, 12, 1600505. [CrossRef]

33. Langhans, S.A. Three-Dimensional in Vitro Cell Culture Models in Drug Discovery and Drug Repositioning.
Front. Pharmacol. 2018, 9. [CrossRef]

34. Edmondson, R.; Broglie, J.J.; Adcock, A.F.; Yang, L. Three-Dimensional Cell Culture Systems and Their
Applications in Drug Discovery and Cell-Based Biosensors. Assay Drug Dev. Technol. 2014, 12, 207–218.
[CrossRef] [PubMed]

35. Villasante, A.; Vunjak-Novakovic, G. Tissue-engineered models of human tumors for cancer research.
Expert Opin. Drug Discov. 2015, 10, 257–268. [CrossRef] [PubMed]

36. Becher, O.J.; Holland, E.C. Genetically Engineered Models Have Advantages over Xenografts for Preclinical
Studies. Cancer Res. 2006, 66, 3355–3359. [CrossRef]

37. Richmond, A.; Su, Y. Mouse xenograft models vs GEM models for human cancer therapeutics. Dis. Model Mech.
2008, 1, 78–82. [CrossRef] [PubMed]

38. Herter-Sprie, G.S.; Kung, A.L.; Wong, K.-K. New cast for a new era: Preclinical cancer drug development
revisited. J. Clin. Investig. 2013, 123, 3639–3645. [CrossRef]

39. Hennessey, P.T.; Ochs, M.F.; Mydlarz, W.W.; Hsueh, W.; Cope, L.; Yu, W.; Califano, J.A. Promoter Methylation
in Head and Neck Squamous Cell Carcinoma Cell Lines Is Significantly Different than Methylation in Primary
Tumors and Xenografts. PLoS ONE 2011, 6, e20584. [CrossRef] [PubMed]

40. Williams, S.A.; Anderson, W.C.; Santaguida, M.T.; Dylla, S.J. Patient-derived xenografts, the cancer stem cell
paradigm, and cancer pathobiology in the 21st century. Lab. Investig. 2013, 93, 970–982. [CrossRef]

41. Gao, H.; Korn, J.M.; Ferretti, S.; Monahan, J.E.; Wang, Y.; Singh, M.; Zhang, C.; Schnell, C.; Yang, G.; Zhang, Y.;
et al. High-throughput screening using patient-derived tumor xenografts to predict clinical trial drug
response. Nat. Med. 2015, 21, 1318–1325. [CrossRef]

42. Kondo, J.; Ekawa, T.; Endo, H.; Yamazaki, K.; Tanaka, N.; Kukita, Y.; Okuyama, H.; Okami, J.; Imamura, F.;
Ohue, M.; et al. High-throughput screening in colorectal cancer tissue-originated spheroids. Cancer Sci. 2019,
110, 345–355. [CrossRef] [PubMed]

43. Ding, L.; Ellis, M.J.; Li, S.; Larson, D.E.; Chen, K.; Wallis, J.W.; Harris, C.C.; McLellan, M.D.; Fulton, R.S.;
Fulton, L.L.; et al. Genome remodelling in a basal-like breast cancer metastasis and xenograft. Nature 2010,
464, 999–1005. [CrossRef] [PubMed]

44. DeRose, Y.S.; Wang, G.; Lin, Y.-C.; Bernard, P.S.; Buys, S.S.; Ebbert, M.T.W.; Factor, R.; Matsen, C.; Milash, B.A.;
Nelson, E.; et al. Tumor grafts derived from women with breast cancer authentically reflect tumor pathology,
growth, metastasis and disease outcomes. Nat. Med. 2011, 17, 1514–1520. [CrossRef] [PubMed]

45. Julien, S.; Merino-Trigo, A.; Lacroix, L.; Pocard, M.; Goéré, D.; Mariani, P.; Landron, S.; Bigot, L.; Nemati, F.;
Dartigues, P.; et al. Characterization of a Large Panel of Patient-Derived Tumor Xenografts Representing
the Clinical Heterogeneity of Human Colorectal Cancer. Clin. Cancer Res. 2012, 18, 5314–5328. [CrossRef]
[PubMed]

46. Mattie, M.; Christensen, A.; Chang, M.S.; Yeh, W.; Said, S.; Shostak, Y.; Capo, L.; Verlinsky, A.; An, Z.;
Joseph, I.; et al. Molecular Characterization of Patient-Derived Human Pancreatic Tumor Xenograft Models
for Preclinical and Translational Development of Cancer Therapeutics. Neoplasia 2013, 15, 1138. [CrossRef]

http://dx.doi.org/10.3389/fonc.2019.00017
http://dx.doi.org/10.1038/nrm2236
http://www.ncbi.nlm.nih.gov/pubmed/17684528
http://dx.doi.org/10.1242/jcs.079509
http://www.ncbi.nlm.nih.gov/pubmed/22797912
http://dx.doi.org/10.1073/pnas.1015938108
http://www.ncbi.nlm.nih.gov/pubmed/21444794
http://dx.doi.org/10.1242/jcs.188102
http://dx.doi.org/10.1002/biot.201600505
http://dx.doi.org/10.3389/fphar.2018.00006
http://dx.doi.org/10.1089/adt.2014.573
http://www.ncbi.nlm.nih.gov/pubmed/24831787
http://dx.doi.org/10.1517/17460441.2015.1009442
http://www.ncbi.nlm.nih.gov/pubmed/25662589
http://dx.doi.org/10.1158/0008-5472.CAN-05-3827
http://dx.doi.org/10.1242/dmm.000976
http://www.ncbi.nlm.nih.gov/pubmed/19048064
http://dx.doi.org/10.1172/JCI68340
http://dx.doi.org/10.1371/journal.pone.0020584
http://www.ncbi.nlm.nih.gov/pubmed/21637785
http://dx.doi.org/10.1038/labinvest.2013.92
http://dx.doi.org/10.1038/nm.3954
http://dx.doi.org/10.1111/cas.13843
http://www.ncbi.nlm.nih.gov/pubmed/30343529
http://dx.doi.org/10.1038/nature08989
http://www.ncbi.nlm.nih.gov/pubmed/20393555
http://dx.doi.org/10.1038/nm.2454
http://www.ncbi.nlm.nih.gov/pubmed/22019887
http://dx.doi.org/10.1158/1078-0432.CCR-12-0372
http://www.ncbi.nlm.nih.gov/pubmed/22825584
http://dx.doi.org/10.1593/neo.13922


Cells 2019, 8, 470 13 of 16

47. Ben-David, U.; Ha, G.; Tseng, Y.-Y.; Greenwald, N.F.; Oh, C.; Shih, J.; McFarland, J.M.; Wong, B.; Boehm, J.S.;
Beroukhim, R.; et al. Patient-derived xenografts undergo mouse-specific tumor evolution. Nat. Genet. 2017,
49, 1567–1575. [CrossRef]

48. Darvin, P.; Toor, S.M.; Nair, V.S.; Elkord, E. Immune checkpoint inhibitors: Recent progress and potential
biomarkers. Exp. Mol. Med. 2018, 50, 165. [CrossRef] [PubMed]

49. Fan, Y.; Zhang, C.; Jin, S.; Gao, Z.; Cao, J.; Wang, A.; Li, D.; Wang, Q.; Sun, X.; Bai, D. Progress of immune
checkpoint therapy in the clinic (Review). Oncol. Rep. 2019, 41, 3–14. [CrossRef]

50. Shultz, L.D.; Ishikawa, F.; Greiner, D.L. Humanized mice in translational biomedical research. Nat. Rev. Immunol.
2007, 7, 118–130. [CrossRef]

51. Buqué, A.; Galluzzi, L. Modeling Tumor Immunology and Immunotherapy in Mice. Trends Cancer 2018, 4,
599–601. [CrossRef]

52. Wang, M.; Yao, L.-C.; Cheng, M.; Cai, D.; Martinek, J.; Pan, C.-X.; Shi, W.; Ma, A.-H.; De Vere White, R.W.;
Airhart, S.; et al. Humanized mice in studying efficacy and mechanisms of PD-1-targeted cancer immunotherapy.
FASEB J. 2018, 32, 1537–1549. [CrossRef]

53. Zhao, Y.; Shuen, T.W.H.; Toh, T.B.; Chan, X.Y.; Liu, M.; Tan, S.Y.; Fan, Y.; Yang, H.; Lyer, S.G.; Bonney, G.K.;
et al. Development of a new patient-derived xenograft humanised mouse model to study human-specific
tumour microenvironment and immunotherapy. Gut 2018, 67, 1845–1854. [CrossRef] [PubMed]

54. Capasso, A.; Lang, J.; Pitts, T.M.; Jordan, K.R.; Lieu, C.H.; Davis, S.L.; Diamond, J.R.; Kopetz, S.; Barbee, J.;
Peterson, J.; et al. Characterization of immune responses to anti-PD-1 mono and combination immunotherapy
in hematopoietic humanized mice implanted with tumor xenografts. J. Immunother. Cancer 2019, 7, 37.
[CrossRef] [PubMed]

55. Izumchenko, E.; Paz, K.; Ciznadija, D.; Sloma, I.; Katz, A.; Vasquez-Dunddel, D.; Ben-Zvi, I.; Stebbing, J.;
McGuire, W.; Harris, W.; et al. Patient-derived xenografts effectively capture responses to oncology therapy in
a heterogeneous cohort of patients with solid tumors. Ann. Oncol. 2017, 28, 2595–2605. [CrossRef] [PubMed]

56. Townsend, E.C.; Murakami, M.A.; Christodoulou, A.; Christie, A.L.; Köster, J.; DeSouza, T.A.; Morgan, E.A.;
Kallgren, S.P.; Liu, H.; Wu, S.-C.; et al. The Public Repository of Xenografts Enables Discovery and
Randomized Phase II-like Trials in Mice. Cancer Cell 2016, 29, 574–586. [CrossRef]

57. Williams, J.A. Using PDX for Preclinical Cancer Drug Discovery: The Evolving Field. J. Clin. Med. 2018, 7,
41. [CrossRef]

58. Lancaster, M.A.; Knoblich, J.A. Organogenesis in a dish: Modeling development and disease using organoid
technologies. Science 2014, 345, 1247125. [CrossRef]

59. Clevers, H. Modeling Development and Disease with Organoids. Cell 2016, 165, 1586–1597. [CrossRef]
[PubMed]

60. Eiraku, M.; Sasai, Y. Self-formation of layered neural structures in three-dimensional culture of ES cells.
Curr. Opin. Neurobiol. 2012, 22, 768–777. [CrossRef]

61. Simian, M.; Bissell, M.J. Organoids: A historical perspective of thinking in three dimensions. J. Cell Biol.
2017, 216, 31–40. [CrossRef] [PubMed]

62. Reynolds, B.A.; Weiss, S. Generation of neurons and astrocytes from isolated cells of the adult mammalian
central nervous system. Science 1992, 255, 1707–1710. [CrossRef] [PubMed]

63. Sunil, N.; Bennett, J.M.; Haslam, S.Z. Hepatocyte Growth Factor Is Required for Progestin-Induced Epithelial
Cell Proliferation and Alveolar-Like Morphogenesis in Serum-Free Culture of Normal Mammary Epithelial
Cells. Endocrinology 2002, 143, 2953–2960. [CrossRef] [PubMed]

64. Dontu, G.; Abdallah, W.M.; Foley, J.M.; Jackson, K.W.; Clarke, M.F.; Kawamura, M.J.; Wicha, M.S. In vitro
propagation and transcriptional profiling of human mammary stem/progenitor cells. Genes Dev. 2003, 17,
1253–1270. [CrossRef] [PubMed]

65. Al-Hajj, M.; Wicha, M.S.; Benito-Hernandez, A.; Morrison, S.J.; Clarke, M.F. Prospective identification of
tumorigenic breast cancer cells. Proc. Natl. Aacd. Sci. USA 2003, 100, 3983–3988. [CrossRef]

66. O’Brien, C.A.; Pollett, A.; Gallinger, S.; Dick, J.E. A human colon cancer cell capable of initiating tumour
growth in immunodeficient mice. Nature 2006, 445, 106–110. [CrossRef]

67. Ricci-Vitiani, L.; Lombardi, D.G.; Pilozzi, E.; Biffoni, M.; Todaro, M.; Peschle, C.; Maria, R.D. Identification
and expansion of human colon-cancer-initiating cells. Nature 2006, 445, 111–115. [CrossRef]

http://dx.doi.org/10.1038/ng.3967
http://dx.doi.org/10.1038/s12276-018-0191-1
http://www.ncbi.nlm.nih.gov/pubmed/30546008
http://dx.doi.org/10.3892/or.2018.6819
http://dx.doi.org/10.1038/nri2017
http://dx.doi.org/10.1016/j.trecan.2018.07.003
http://dx.doi.org/10.1096/fj.201700740R
http://dx.doi.org/10.1136/gutjnl-2017-315201
http://www.ncbi.nlm.nih.gov/pubmed/29602780
http://dx.doi.org/10.1186/s40425-019-0518-z
http://www.ncbi.nlm.nih.gov/pubmed/30736857
http://dx.doi.org/10.1093/annonc/mdx416
http://www.ncbi.nlm.nih.gov/pubmed/28945830
http://dx.doi.org/10.1016/j.ccell.2016.03.008
http://dx.doi.org/10.3390/jcm7030041
http://dx.doi.org/10.1126/science.1247125
http://dx.doi.org/10.1016/j.cell.2016.05.082
http://www.ncbi.nlm.nih.gov/pubmed/27315476
http://dx.doi.org/10.1016/j.conb.2012.02.005
http://dx.doi.org/10.1083/jcb.201610056
http://www.ncbi.nlm.nih.gov/pubmed/28031422
http://dx.doi.org/10.1126/science.1553558
http://www.ncbi.nlm.nih.gov/pubmed/1553558
http://dx.doi.org/10.1210/endo.143.8.8971
http://www.ncbi.nlm.nih.gov/pubmed/12130561
http://dx.doi.org/10.1101/gad.1061803
http://www.ncbi.nlm.nih.gov/pubmed/12756227
http://dx.doi.org/10.1073/pnas.0530291100
http://dx.doi.org/10.1038/nature05372
http://dx.doi.org/10.1038/nature05384


Cells 2019, 8, 470 14 of 16

68. Sato, T.; Vries, R.G.; Snippert, H.J.; van de Wetering, M.; Barker, N.; Stange, D.E.; van Es, J.H.; Abo, A.;
Kujala, P.; Peters, P.J.; et al. Single Lgr5 stem cells build crypt–villus structures in vitro without a mesenchymal
niche. Nature 2009, 459, 262–265. [CrossRef] [PubMed]

69. Sato, T.; Stange, D.E.; Ferrante, M.; Vries, R.G.J.; van Es, J.H.; van den Brink, S.; van Houdt, W.J.; Pronk, A.;
van Gorp, J.; Siersema, P.D.; et al. Long-term Expansion of Epithelial Organoids From Human Colon,
Adenoma, Adenocarcinoma, and Barrett’s Epithelium. Gastroenterology 2011, 141, 1762–1772. [CrossRef]

70. Huch, M.; Dorrell, C.; Boj, S.F.; van Es, J.H.; Li, V.S.W.; van de Wetering, M.; Sato, T.; Hamer, K.; Sasaki, N.;
Finegold, M.J.; et al. In vitro expansion of single Lgr5+ liver stem cells induced by Wnt-driven regeneration.
Nature 2013, 494, 247–250. [CrossRef]

71. Huch, M.; Gehart, H.; van Boxtel, R.; Hamer, K.; Blokzijl, F.; Verstegen, M.M.A.; Ellis, E.; van Wenum, M.;
Fuchs, S.A.; de Ligt, J.; et al. Long-Term Culture of Genome-Stable Bipotent Stem Cells from Adult Human
Liver. Cell 2015, 160, 299–312. [CrossRef]

72. Broutier, L.; Andersson-Rolf, A.; Hindley, C.J.; Boj, S.F.; Clevers, H.; Koo, B.-K.; Huch, M. Culture and
establishment of self-renewing human and mouse adult liver and pancreas 3D organoids and their genetic
manipulation. Nat. Protoc. 2016, 11, 1724–1743. [CrossRef] [PubMed]

73. Karthaus, W.R.; Iaquinta, P.J.; Drost, J.; Gracanin, A.; van Boxtel, R.; Wongvipat, J.; Dowling, C.M.; Gao, D.;
Begthel, H.; Sachs, N.; et al. Identification of multipotent luminal progenitor cells in human prostate organoid
cultures. Cell 2014, 159, 163–175. [CrossRef] [PubMed]

74. Boretto, M.; Cox, B.; Noben, M.; Hendriks, N.; Fassbender, A.; Roose, H.; Amant, F.; Timmerman, D.;
Tomassetti, C.; Vanhie, A.; et al. Development of organoids from mouse and human endometrium
showing endometrial epithelium physiology and long-term expandability. Development 2017, 144, 1775–1786.
[CrossRef] [PubMed]

75. Turco, M.Y.; Gardner, L.; Hughes, J.; Cindrova-Davies, T.; Gomez, M.J.; Farrell, L.; Hollinshead, M.;
Marsh, S.G.E.; Brosens, J.J.; Critchley, H.O.; et al. Long-term, hormone-responsive organoid cultures of
human endometrium in a chemically-defined medium. Nat. Cell Biol. 2017, 19, 568–577. [CrossRef] [PubMed]

76. van de Wetering, M.; Francies, H.E.; Francis, J.M.; Bounova, G.; Iorio, F.; Pronk, A.; van Houdt, W.; van
Gorp, J.; Taylor-Weiner, A.; Kester, L.; et al. Prospective Derivation of a Living Organoid Biobank of Colorectal
Cancer Patients. Cell 2015, 161, 933–945. [CrossRef]

77. Yan, H.H.N.; Siu, H.C.; Law, S.; Ho, S.L.; Yue, S.S.K.; Tsui, W.Y.; Chan, D.; Chan, A.S.; Ma, S.; Lam, K.O.; et al.
A Comprehensive Human Gastric Cancer Organoid Biobank Captures Tumor Subtype Heterogeneity and
Enables Therapeutic Screening. Cell Stem Cell 2018, 23, 882–897. [CrossRef]

78. Sachs, N.; de Ligt, J.; Kopper, O.; Gogola, E.; Bounova, G.; Weeber, F.; Balgobind, A.V.; Wind, K.; Gracanin, A.;
Begthel, H.; et al. A Living Biobank of Breast Cancer Organoids Captures Disease Heterogeneity. Cell 2018,
172, 373–386. [CrossRef]

79. De Angelis, M.L.; Bruselles, A.; Francescangeli, F.; Pucilli, F.; Vitale, S.; Zeuner, A.; Tartaglia, M.; Baiocchi, M.
Colorectal cancer spheroid biobanks: Multi-level approaches to drug sensitivity studies. Cell Biol. Toxicol.
2018, 34, 459–469. [CrossRef]

80. Gilmore, A.P. Anoikis. Cell Death Differ. 2005, 12, 1473–1477. [CrossRef]
81. Miñambres, R.; Guasch, R.M.; Perez-Aragó, A.; Guerri, C. The RhoA/ROCK-I/MLC pathway is involved in

the ethanol-induced apoptosis by anoikis in astrocytes. J. Cell Sci. 2006, 119, 271–282. [CrossRef]
82. Watanabe, K.; Ueno, M.; Kamiya, D.; Nishiyama, A.; Matsumura, M.; Wataya, T.; Takahashi, J.B.; Nishikawa, S.;

Nishikawa, S.; Muguruma, K.; et al. A ROCK inhibitor permits survival of dissociated human embryonic
stem cells. Nat. Biotechnol. 2007, 25, 681–686. [CrossRef]

83. Ohata, H.; Ishiguro, T.; Aihara, Y.; Sato, A.; Sakai, H.; Sekine, S.; Taniguchi, H.; Akasu, T.; Fujita, S.;
Nakagama, H.; et al. Induction of the Stem-like Cell Regulator CD44 by Rho Kinase Inhibition Contributes
to the Maintenance of Colon Cancer–Initiating Cells. Cancer Res. 2012, 72, 5101–5110. [CrossRef] [PubMed]

84. Zubeldia-Plazaola, A.; Ametller, E.; Mancino, M.; Prats de Puig, M.; López-Plana, A.; Guzman, F.; Vinyals, L.;
Pastor-Arroyo, E.M.; Almendro, V.; Fuster, G.; et al. Comparison of methods for the isolation of human
breast epithelial and myoepithelial cells. Front. Cell Dev. Biol. 2015, 3. [CrossRef] [PubMed]

85. Tilson, S.G.; Haley, E.M.; Triantafillu, U.L.; Dozier, D.A.; Langford, C.P.; Gillespie, G.Y.; Kim, Y. ROCK
Inhibition Facilitates In Vitro Expansion of Glioblastoma Stem-Like Cells. PLoS ONE 2015, 10, e0132823.
[CrossRef] [PubMed]

http://dx.doi.org/10.1038/nature07935
http://www.ncbi.nlm.nih.gov/pubmed/19329995
http://dx.doi.org/10.1053/j.gastro.2011.07.050
http://dx.doi.org/10.1038/nature11826
http://dx.doi.org/10.1016/j.cell.2014.11.050
http://dx.doi.org/10.1038/nprot.2016.097
http://www.ncbi.nlm.nih.gov/pubmed/27560176
http://dx.doi.org/10.1016/j.cell.2014.08.017
http://www.ncbi.nlm.nih.gov/pubmed/25201529
http://dx.doi.org/10.1242/dev.148478
http://www.ncbi.nlm.nih.gov/pubmed/28442471
http://dx.doi.org/10.1038/ncb3516
http://www.ncbi.nlm.nih.gov/pubmed/28394884
http://dx.doi.org/10.1016/j.cell.2015.03.053
http://dx.doi.org/10.1016/j.stem.2018.09.016
http://dx.doi.org/10.1016/j.cell.2017.11.010
http://dx.doi.org/10.1007/s10565-018-9423-3
http://dx.doi.org/10.1038/sj.cdd.4401723
http://dx.doi.org/10.1242/jcs.02723
http://dx.doi.org/10.1038/nbt1310
http://dx.doi.org/10.1158/0008-5472.CAN-11-3812
http://www.ncbi.nlm.nih.gov/pubmed/23002207
http://dx.doi.org/10.3389/fcell.2015.00032
http://www.ncbi.nlm.nih.gov/pubmed/26052514
http://dx.doi.org/10.1371/journal.pone.0132823
http://www.ncbi.nlm.nih.gov/pubmed/26167936


Cells 2019, 8, 470 15 of 16

86. Okuyama, H.; Kondo, J.; Sato, Y.; Endo, H.; Nakajima, A.; Piulats, J.M.; Tomita, Y.; Fujiwara, T.; Itoh, Y.;
Mizoguchi, A.; et al. Dynamic Change of Polarity in Primary Cultured Spheroids of Human Colorectal
Adenocarcinoma and Its Role in Metastasis. Am. J. Pathol. 2016, 186, 899–911. [CrossRef] [PubMed]

87. Tashiro, T.; Okuyama, H.; Endo, H.; Kawada, K.; Ashida, Y.; Ohue, M.; Sakai, Y.; Inoue, M. In vivo and ex
vivo cetuximab sensitivity assay using three-dimensional primary culture system to stratify KRAS mutant
colorectal cancer. PLoS ONE 2017, 12, e0174151. [CrossRef] [PubMed]

88. Piulats, J.M.; Kondo, J.; Endo, H.; Ono, H.; Hagihara, T.; Okuyama, H.; Nishizawa, Y.; Tomita, Y.; Ohue, M.;
Okita, K.; et al. Promotion of malignant phenotype after disruption of the three-dimensional structure of
cultured spheroids from colorectal cancer. Oncotarget 2018, 9, 15968–15983. [CrossRef] [PubMed]

89. Yoshii, Y.; Furukawa, T.; Waki, A.; Okuyama, H.; Inoue, M.; Itoh, M.; Zhang, M.-R.; Wakizaka, H.; Sogawa, C.;
Kiyono, Y.; et al. High-throughput screening with nanoimprinting 3D culture for efficient drug development
by mimicking the tumor environment. Biomaterials 2015, 51, 278–289. [CrossRef]

90. Tanaka, G.; Inoue, K.; Shimizu, T.; Akimoto, K.; Kubota, K. Dual pharmacological inhibition of glutathione
and thioredoxin systems synergizes to kill colorectal carcinoma stem cells. Cancer Med. 2016, 5, 2544–2557.
[CrossRef]

91. Endo, H.; Okami, J.; Okuyama, H.; Kumagai, T.; Uchida, J.; Kondo, J.; Takehara, T.; Nishizawa, Y.; Imamura, F.;
Higashiyama, M.; et al. Spheroid Culture of Primary Lung Cancer Cells with Neuregulin 1/HER3 Pathway
Activation. J. Thorac. Oncol. 2013, 8, 131–139. [CrossRef]

92. Okuyama, H.; Yoshida, T.; Endo, H.; Nakayama, M.; Nonomura, N.; Nishimura, K.; Inoue, M. Involvement of
Heregulin/HER3 in the Primary Culture of Human Urothelial Cancer. J. Urol. 2013, 190, 302–310. [CrossRef]
[PubMed]

93. Yoshida, T.; Okuyama, H.; Nakayama, M.; Endo, H.; Tomita, Y.; Nonomura, N.; Nishimura, K.; Inoue, M.
Dynamic Change in p63 Protein Expression during Implantation of Urothelial Cancer Clusters. Neoplasia
2015, 17, 574–585. [CrossRef]

94. Yoshida, T.; Okuyama, H.; Nakayama, M.; Endo, H.; Nonomura, N.; Nishimura, K.; Inoue, M. High-dose
chemotherapeutics of intravesical chemotherapy rapidly induce mitochondrial dysfunction in bladder
cancer-derived spheroids. Cancer Sci. 2015, 106, 69–77. [CrossRef]

95. Yoshida, T.; Okuyama, H.; Endo, H.; Inoue, M. Spheroid Cultures of Primary Urothelial Cancer Cells: Cancer
Tissue-Originated Spheroid (CTOS) Method. Methods Mol. Biol. 2018, 1655, 145–153. [PubMed]

96. Yoshida, T.; Sopko, N.A.; Kates, M.; Liu, X.; Joice, G.; McConkey, D.J.; Bivalacqua, T.J. Three-dimensional
organoid culture reveals involvement of Wnt/β-catenin pathway in proliferation of bladder cancer cells.
Oncotarget 2018, 9, 11060–11070. [CrossRef] [PubMed]

97. Nuciforo, S.; Fofana, I.; Matter, M.S.; Blumer, T.; Calabrese, D.; Boldanova, T.; Piscuoglio, S.; Wieland, S.;
Ringnalda, F.; Schwank, G.; et al. Organoid Models of Human Liver Cancers Derived from Tumor Needle
Biopsies. Cell Rep. 2018, 24, 1363–1376. [CrossRef]

98. Tanaka, N.; Osman, A.A.; Takahashi, Y.; Lindemann, A.; Patel, A.A.; Zhao, M.; Takahashi, H.; Myers, J.N.
Head and neck cancer organoids established by modification of the CTOS method can be used to predict
in vivo drug sensitivity. Oral Oncol. 2018, 87, 49–57. [CrossRef]

99. Nakajima, A.; Endo, H.; Okuyama, H.; Kiyohara, Y.; Kimura, T.; Kamiura, S.; Hiraoka, M.; Inoue, M. Radiation
sensitivity assay with a panel of patient-derived spheroids of small cell carcinoma of the cervix. Int. J. Cancer
2015, 136, 2949–2960. [CrossRef]

100. Kiyohara, Y.; Yoshino, K.; Kubota, S.; Okuyama, H.; Endo, H.; Ueda, Y.; Kimura, T.; Kimura, T.; Kamiura, S.;
Inoue, M. Drug screening and grouping by sensitivity with a panel of primary cultured cancer spheroids
derived from endometrial cancer. Cancer Sci. 2016, 107, 452–460. [CrossRef] [PubMed]

101. Egawa-Takata, T.; Yoshino, K.; Hiramatsu, K.; Nakagawa, S.; Serada, S.; Nakajima, A.; Endo, H.; Kubota, S.;
Matsuzaki, S.; Kobayashi, E.; et al. Small Cell Carcinomas of the Uterine Cervix and Lung: Proteomics
Reveals Similar Protein Expression Profiles. Int. J. Gynecol. Cancer 2018, 28, 1751–1757. [CrossRef]

102. Lee, S.H.; Hu, W.; Matulay, J.T.; Silva, M.V.; Owczarek, T.B.; Kim, K.; Chua, C.W.; Barlow, L.J.; Kandoth, C.;
Williams, A.B.; et al. Tumor Evolution and Drug Response in Patient-Derived Organoid Models of Bladder
Cancer. Cell 2018, 173, 515–528. [CrossRef]

103. Li, L.; Knutsdottir, H.; Hui, K.; Weiss, M.J.; He, J.; Philosophe, B.; Cameron, A.M.; Wolfgang, C.L.; Pawlik, T.M.;
Ghiaur, G.; et al. Human primary liver cancer organoids reveal intratumor and interpatient drug response
heterogeneity. JCI Insight 2019, 4. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.ajpath.2015.12.011
http://www.ncbi.nlm.nih.gov/pubmed/26878211
http://dx.doi.org/10.1371/journal.pone.0174151
http://www.ncbi.nlm.nih.gov/pubmed/28301591
http://dx.doi.org/10.18632/oncotarget.24641
http://www.ncbi.nlm.nih.gov/pubmed/29662620
http://dx.doi.org/10.1016/j.biomaterials.2015.02.008
http://dx.doi.org/10.1002/cam4.844
http://dx.doi.org/10.1097/JTO.0b013e3182779ccf
http://dx.doi.org/10.1016/j.juro.2012.12.106
http://www.ncbi.nlm.nih.gov/pubmed/23313199
http://dx.doi.org/10.1016/j.neo.2015.07.004
http://dx.doi.org/10.1111/cas.12567
http://www.ncbi.nlm.nih.gov/pubmed/28889384
http://dx.doi.org/10.18632/oncotarget.24308
http://www.ncbi.nlm.nih.gov/pubmed/29541396
http://dx.doi.org/10.1016/j.celrep.2018.07.001
http://dx.doi.org/10.1016/j.oraloncology.2018.10.018
http://dx.doi.org/10.1002/ijc.29349
http://dx.doi.org/10.1111/cas.12898
http://www.ncbi.nlm.nih.gov/pubmed/26825848
http://dx.doi.org/10.1097/IGC.0000000000001354
http://dx.doi.org/10.1016/j.cell.2018.03.017
http://dx.doi.org/10.1172/jci.insight.121490
http://www.ncbi.nlm.nih.gov/pubmed/30674722


Cells 2019, 8, 470 16 of 16

104. Pauli, C.; Hopkins, B.D.; Prandi, D.; Shaw, R.; Fedrizzi, T.; Sboner, A.; Sailer, V.; Augello, M.; Puca, L.;
Rosati, R.; et al. Personalized In Vitro and In Vivo Cancer Models to Guide Precision Medicine. Cancer Discov.
2017, 7, 462–477. [CrossRef]

105. Jabs, J.; Zickgraf, F.M.; Park, J.; Wagner, S.; Jiang, X.; Jechow, K.; Kleinheinz, K.; Toprak, U.H.; Schneider, M.A.;
Meister, M.; et al. Screening drug effects in patient-derived cancer cells links organoid responses to genome
alterations. Mol. Syst. Biol. 2017, 13, 955. [CrossRef] [PubMed]

106. Schütte, M.; Risch, T.; Abdavi-Azar, N.; Boehnke, K.; Schumacher, D.; Keil, M.; Yildiriman, R.; Jandrasits, C.;
Borodina, T.; Amstislavskiy, V.; et al. Molecular dissection of colorectal cancer in pre-clinical models identifies
biomarkers predicting sensitivity to EGFR inhibitors. Nat. Commun. 2017, 8, 14262. [CrossRef]

107. Dugger, S.A.; Platt, A.; Goldstein, D.B. Drug development in the era of precision medicine. Nat. Rev. Drug Discov.
2018, 17, 183–196. [CrossRef]

108. Pakkala, S.; Ramalingam, S.S. Personalized therapy for lung cancer: Striking a moving target. JCI Insight
2018, 3. [CrossRef]

109. Attarian, S.; Rahman, N.; Halmos, B. Emerging uses of biomarkers in lung cancer management: Molecular
mechanisms of resistance. Ann. Transl. Med. 2017, 5. [CrossRef] [PubMed]

110. Nelson, M.R.; Johnson, T.; Warren, L.; Hughes, A.R.; Chissoe, S.L.; Xu, C.-F.; Waterworth, D.M. The genetics
of drug efficacy: Opportunities and challenges. Nat. Rev. Genet. 2016, 17, 197–206. [CrossRef] [PubMed]

111. Letai, A. Functional precision cancer medicine—Moving beyond pure genomics. Nat. Med. 2017, 23, 1028–1035.
[CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1158/2159-8290.CD-16-1154
http://dx.doi.org/10.15252/msb.20177697
http://www.ncbi.nlm.nih.gov/pubmed/29180611
http://dx.doi.org/10.1038/ncomms14262
http://dx.doi.org/10.1038/nrd.2017.226
http://dx.doi.org/10.1172/jci.insight.120858
http://dx.doi.org/10.21037/atm.2017.07.18
http://www.ncbi.nlm.nih.gov/pubmed/29057237
http://dx.doi.org/10.1038/nrg.2016.12
http://www.ncbi.nlm.nih.gov/pubmed/26972588
http://dx.doi.org/10.1038/nm.4389
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Screening System for Cancer Drug Discovery 
	Developments and Advances in Disease Models for Cancer Research and Drug Screening 
	Three Dimentional (3D) Culture of Established Cell Lines 
	Animal Models 
	Organoid Models 
	Cancer Stem-Like Cell Organoid 
	Cancer Tissue-Originated Spheroid (CTOS) Method 


	Drug Testing and Screening for Cancer Drug Discovery and Personalized Medicine using Cancer Organoids 
	Cancer Stem-Like Cell Organoids 
	CTOS Organoids 
	Validation of the In Vitro Assay System 
	Perspective for the Use of 3D Organoid Culture in Personalized Medicine 

	Conclusions 
	References

