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Colorectal cancer (CRQ) is a complex and heterogeneous disease, characterized by dismal prognosis and low
survival rate in the advanced (metastatic) stage. During the last decade, the establishment of novel preclinical
models, leading to the generation of translational discovery and validation platforms, has opened up a new
scenario for the clinical practice of CRC patients. To bridge the results developed at the bench with the medical
decision process, the ideal model should be easily scalable, reliable to predict treatment responses, and flexibly
adapted for various applications in the research. As such, the improved benefit of novel therapies being tested
initially on valuable and reproducible preclinical models would lie in personalized treatment recommendations
based on the biology and genomics of the patient’s tumor with the overall aim to avoid overtreatment and
unnecessary toxicity. In this review, we summarize different in vitro and in vivo models, which proved efficacy in
detection of novel CRC culprits and shed light into the biology and therapy of this complex disease. Even though
cell lines and patient-derived xenografts remain the mainstay of colorectal cancer research, the field has been
confidently shifting to the use of organoids as the most relevant preclinical model. Prioritization of organoids is
supported by increasing body of evidence that these represent excellent tools worth further therapeutic
explorations. In addition, novel preclinical models such as zebrafish avatars are emerging as useful tools for
pharmacological interrogation. Finally, all available models represent complementary tools that can be utilized for
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Background

Colorectal cancer (CRC) represents the third leading
cause for cancer-related death in the western world [1].
While 5-year survival rates are estimated to be between
85 and 90% for patients with localized colorectal cancer,
they dramatically decrease to ~12% in patients with
advanced-stage disease [2]. Thus, the metastatic disease

* Correspondence: sabrina.arena@unito.it

'Candiolo Cancer Institute, FPO — IRCCS, Strada Provinciale 142, Km 395,
10060 Candiolo, TO, Italy

2Department of Oncology, University of Torino, Strada Provinciale 142, Km
3.95, 10060 Candiolo, TO, Italy

B BMC

is an important clinical challenge that requires a need to
discover new therapeutic strategies driven by solid pre-
clinical evidence. The standard of care for metastatic
CRC consists of medical treatment using chemotherapy
and targeted therapy with the final aim of maximizing
shrinkage of the tumor and suppression of further tumor
growth and spread, accompanied by locoregional treat-
ment whenever possible [3-6]. Even though decades of
efforts devoted to increase cancer patients’ survival
brought major advances, this area is still in medical need
for new therapeutic options. One of the major obstacles
to developing novel and efficient regimens for treatment
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of patients is the challenge to translate scientific know-
ledge from bench to bedside. Many drugs are initially
successful in cancer laboratory models but fail in clinical
trials [7, 8], and many clinical trials failed due to in-
appropriate patient selection [9, 10].

The establishment of preclinical models, which
faithfully recapitulate CRC pathogenesis, represents
a key tool for testing novel treatment options that
could provide long-term benefits for the treatment
of CRC patients. Considering both the huge effort
spent on preclinical studies and the costs of clinical
trials, novel therapeutic strategies should be care-
fully designed to offer the highest model predictive
accuracy coupled with the saving of time and
resources.

To best provide benefits to future healthcare of on-
cologic patients, the individual treatments for person-
alized medicine are in demand. We are in the era of
unprecedented opportunity to use different types of
preclinically available models and techniques to con-
duct laboratory studies with the overall aim to model
disease “at the bench”, to unravel significant genetic,
transcriptomic and proteomic players taking part in
initiation and progression of the tumor, and to in-
clude the identification of anticancer agents with im-
proved translational potential leading to precision
medicine. An ideal preclinical CRC model should not
only show close histological similarity to the tumor of
origin and maintain druggable genomic alterations for
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targeted approaches, but should also address practical
issues, such as easy handling and good in vitro and
in vivo growth characteristics. The discovery and test-
ing of novel strategies have been conducted using
in vitro, ex- and in vivo models. Human cancer-
derived cell lines have historically provided important
contributions to the understanding of the biology of
cancer [11] and of essential mechanisms within tumor
cells. In recent years, a plethora of preclinical models
has been developed. Primary cell cultures derived
from patient biopsies, patient-derived xenograft
models (PDXs), both in mice and in zebrafish
(zPDXs), PDX-derived cell lines (xenolines, XLs), or
three-dimensional organoid cultures became a break-
through for expansion of vital tissue, and are decisive
for applied research and therapeutic studies [12-14].
Virtually, these patient-derived tumor models consti-
tute a valuable, amplified source of material for both
analysis of biological characteristics as well as for pre-
dicting drug response (Fig. 1), although they can also
present few limitations. In this review, we will discuss
the strengths and the challenges of available experi-
mental preclinical models of CRC, but also caveats
and drawbacks attributed to each model. We will
highlight the most important studies and illustrate
how they can be used to address missing gaps within
CRC cancer research. Finally, we will focus on trans-
lational purpose of individual models and discuss
their potentials and new directions eventually leading
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Fig. 1 Generation and applications of CRC preclinical models. After CRC patient tumor’s surgery or biopsy, the blood sample (PBMC is obtained
after sample processing) and the tumor specimen are collected. These biological materials are subsequently used for histopathological analysis
along with genetic profiling as for medical therapeutic decision in case of metastatic colorectal cancer. In parallel, preclinical models such as
primary cell lines, XLs, PDXs, zZPDXs and PDOs can be generated in the laboratory. Once established, these models are expanded in order to
create sufficient material for storage and biobanking. Multiple applications can be performed for in vitro and in vivo characterization of these
models. The integration of these results, together with bioinformatic analysis, can be finally potentially translated to the design of novel clinical
trials. PBMC, peripheral blood mononuclear cell; XLs, patient-derived xenolines; PDXs, patient-derived xenografts; PDOs, patient-derived organoids;
FFPE, formalin-fixed paraffin-embedded; H&E, hematoxylin and eosin; IHC, immunohistochemistry. This figure was created with BioRender.com
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to personalized medicine as the ultimate goal in mo-
lecular oncology.

Patient-derived xenografts (PDXs)

Tumor cell transplantation has become a colossal ex-
perimental tool to assess the malignant phenotype. After
surgical resection or biopsy of the primary tumor or me-
tastasis, CRC patient specimens undergo clinical analyses
such as histology and immunohistochemistry along with
molecular testing when requested. Provided the patient’s
consent, each tumor sample can be subjected to onco-
logic research and directly processed for genomic ana-
lyses or long-term storage by cryopreservation [15].
Further in vitro manipulation can comprise the estab-
lishment of either primary cell culture or organoids, or
the subcutaneous transfer as a fresh specimen into im-
munocompromised mice for the growth and establish-
ment of patient-derived xenografts (PDXs). Throughout
the past decades, different types of murine PDX models
have been developed to study CRC tumorigenesis, meta-
static spread, immune response, and testing of novel
drug combinations [16, 17]. On the other hand, there
are also different non-mammalian-based models estab-
lished for cancer research. Naturally immunodeficient
chick embryo chorioallantoic membrane (CAM) models
serve mainly for angiogenic activity and invasion assays
with evaluation of metastatic potential of tumor cell
lines or primary tumor tissues [18-20]. An alternative
in vivo PDX model proving to be effective and being
comparable with mouse xenografts and human orga-
noids is zebrafish [14]. Zebrafish PDXs (zPDXs) can be
created by transplantation of cancer cells from either
solid tumors or blood malignancies in 48-h post-
fertilization larvae or in adult genetically immunocom-
promised zebrafish since early 2000s [21-26]. zPDXs
have been applied in a variety of oncology research,
mainly in the establishment of diverse tumor models by
xenotransplantation or carcinogenic chemical and gen-
etic technology, in the assessment of tumor angiogenesis
and metastatization, and in drug toxicity evaluation
along with screening assays, as it is in more details
reviewed in [14, 27, 28]. Due to very low cost of the hus-
bandry and maintenance, together with vast breeding
capability, large chemical screens have been performed
in zebrafish, such as anti-melanoma chemical genetic
screen [29], anti-leukemia compound screen [30], anti-
angiogenic [31] and anti-lymphatic drug screens [32].
zPDXs models have been constantly undergoing “tech-
nical” developments such as generation of immunodefi-
cient zPDXs grown at physiological temperatures which
are optically-clear and enable dynamic visualization of
tumor cells at single cell resolution with tumor growth
kinetics and histopathology alike to those grown in im-
munodeficient mice [24]. The first proof-of-concept
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study with CRC in zebrafish larvae with developed
protocol of utilizing resected tumor specimens from pa-
tients for larvae engraftment was demonstrated by the
group of Dr. Godinho Ferreira [33]. In spite of the small
cohort of 5 patients only, they showed 100% donor en-
graftment success. Subsequent treatment of zPDXs with
standard-of-care combination revealed concordant re-
sponses between in vivo models and actual patient clin-
ical response in 4/5 cases to FOLFOX, and in 3/5 cases
to cetuximab. As in the case of previous study, 4 days
were sufficient to distinguish responder and non-
responder to radiotherapy of zPDXs with rectum cancer
samples. Even though the patients’ number was limited,
this proof-of-concept experiments together with large
preclinical testing demonstrated feasibility of using zeb-
rafish larvae as avatars to potentially predict clinical re-
sponse to neoadjuvant therapy in only 12days of
experimental flow [34]. This would represent a major
clinical advancement to set up real-time co-clinical tri-
als, but as critically emphasized, the applicability leading
to clinical decision-making need to be addressed in lar-
ger cohorts. Zebrafish features such as ease of genetic
manipulation of embryos, logistic advantages of scale,
cost, time and high-throughput applications with the po-
tential for automation, less ethics constrains, and need
of small number of transplanted cells or reduces
amounts of drugs per test render them advantageous for
precision therapy (Fig. 2). Still, issues like human physio-
logical temperature adaptation, short window of immune
incompetency during larval development, type of drug
treatment and potential toxic effects of anticancer drugs
on larvae itself, plus lack of patient-specific immune
tumor microenvironment (TME) can be crucial for their
full translation to the clinic, although recent seminal
studies are posing promising bases to understand mech-
anisms related to innate immune response in CRC [35].
Conservatively, the most successful and translationally
relevant procedure has been the expansion of human
vital tissue by xenotransplantation in immune-deficient
mice. Engraftment of the tumor fragment preserves the
vital cell-cell interactions, with the caveat that the dy-
namics of the human TME has been replaced by mouse
components. Although PDXs generally retain the histo-
pathological features of the tumor from which they are
derived, overall tumor heterogeneity might be affected
since they are obtained from spatially different pieces of
the same tumor and may consequently hold different
genetic features affecting the course of the disease in the
laboratory [36, 37]. To preserve heterogeneity of the pa-
tient sample, either multiple pieces from different tumor
regions could be implanted or injection of a cell suspen-
sion from the whole processed tissue might be per-
formed [38, 39]. PDXs recently proved to be a reliable
model for in-depth investigation on tumor heterogeneity
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Fig. 2 Summary list for the main characteristics of individual CRC preclinical models. Features are divided into model-favouring key features and
limiting factors. PDXs, patient-derived xenografts; PDOs, patient-derived organoids; XLs, xenolines; TME, tumor microenvironment. This figure was

in its spatial context using metastatic CRC [40]. Several
extensive studies indicated that PDXs recapitulate mo-
lecularly defined subtypes within the CRC. Patients can
be stratified into different gene expression-based consen-
sus molecular subtypes (CMS) assigned with specific
biological features defined by their heterogeneity and
possible clinical outcomes [41, 42] and then extrapolated
into potential treatment options with subtype-specific
drugs [43]. The study by the group of Dr. Medema [44]
identified that inter-patient heterogeneity within the
context of CMS is not equally represented in CRC PDX
models, pointing to the issue of CMS2 major subtype
being strongly underrepresented due to lower engraft-
ment success. In general, one of the main challenges in
working with PDXs is the limited engraftment rates that
can depend on different clinical parameters, such as
stage of the disease, tumor localization, molecular

subtype, microsatellite (MSI) status, and genetic alter-
ations [12, 45]. More recently, researchers have
attempted to better discriminate the stromal contribu-
tion to the CRC transcriptome by using a novel cancer
cell-gene expression classifier, which has been developed
and applied to a vast collection of PDXs. This analysis
led to the identification of distinct transcriptional CRC
intrinsic subtypes (CRIS) which distinguishes between
the effects of stromal infiltration. Importantly, this tran-
scriptional classifier might have further prognostic and
predictive potential for patients’ management [46].

PDXs can also diverge from the original tumor leading
to clonal selection [39, 47, 48], thus raising the question
of whether only early-passage PDXs should be used for
translational biology. Considering that more aggressive
tumors have a higher success rate in PDXs establish-
ment, it is possible that the fitter clones can expand and
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become more dominant, and may represent the ones
which would be selected under the treatment pressure
in patients, thus contributing to progression of the dis-
ease [47, 49]. To fully elucidate genomic evolution or
stability of PDXs during engraftment and propagation,
comprehensive analyses are needed. Initial studies have
raised the concern that PDX passaging might lead to se-
lection of pre-existing subclones and accumulation of
copy number alterations (CNA) potentially altering the
response to treatment [48]. More recent results coming
from an in-depth international study encompassing the
largest collection of CNA datasets of PDXs of multiple
passages demonstrated conservation and high degree of
molecular fidelity of PDXs to the original tumor, as well
as PDXs across increasing passages [50]. This extensive
effort pointed at the increasing trend in academia and
industry to establish an international and interdisciplin-
ary network for gathering and sharing PDX models,
namely EurOPDX and PDXNET consortium [49-52]. It
is imperative on a global basis to standardize the
methods for sample processing and data collection with
the aim to collaborate on preclinical and co-clinical trials
[53]. As cancers are highly heterogeneous at the gen-
omic level, data resources shared in these networks can
provide necessary information by comparing clinical
samples with samples in the databases, and likely iden-
tify personalized treatment plans.

Over the last decade, various studies demonstrated
that established xenografts are useful for evaluation of
new drugs and their combinations, and drug responses
of the PDXs were directly correlated to the response of
the patients from whom the tumors were obtained [54].
This high concordance strongly supported the use of
clinically relevant PDX models for investigation of thera-
peutic targets also within CRC. Considering that RAS
mutational status is the only FDA-approved biomarker
for anti-EGFR treatment in CRC, most studies focused
on uncovering of this pathway. The initial work focused
on identification of novel biomarkers of resistance to the
anti-EGFR monoclonal antibody cetuximab was reported
in a cohort of 85 metastatic CRC PDXs [55]. The study
was able to stratify PDXs into responders and non-
responders with rates corresponding to those observed
in the clinic, thus anticipating clinical findings. This first
proof-of-concept study detected HER2 amplification as a
new biomarker of resistance to EGFR inhibition as well
as a positive predictor of response to anti-HER2 therapy.
Long-lasting tumor regression was observed after com-
bined inhibition of EGFR and HER2 in cetuximab-
resistant, KRAS-, NRAS-, BRAF-, PIK3CA-wt, and HER2-
amplified metastatic CRC [55]. Henceforth, the further
expansion of the knowledge between the connection of
HER2 and CRC led to the identification of HER2-
activating mutations also causing resistance to EGFR
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monoclonal antibodies and provided new intervention
possibilities using dual anti-HER2 targeted therapy for
the management of patients suffering from HER2-mu-
tated KRAS-wt CRC [56, 57]. These studies suggested in-
clusion of HER2 gene sequencing in metastatic CRC
routine testing. Not long after, the first trial evaluating
the efficacy of combination of trastuzumab and lapatinib
as dual anti-HER2 strategy in HER2-positive CRC heav-
ily pretreated patients proved its benefits [58—61]. Taken
together, as HER2 amplification became a clinically rele-
vant genetic alteration occurring in 3-5% metastatic
CRC patients [58], it is imperative to understand the
molecular determinants of dual HER2 blockade resist-
ance which may strike as primary or acquired resistance
[37, 62—-64]. This understanding might in time lead to
identification of further combinatorial treatment options
with different set of targeting agents. One example
comes from the data of lung cancer where co-treatment
with irreversible pan-HER inhibitors or the newest
antibody-drug conjugate trastuzumab deruxtecan T-
DXd demonstrated potent effects. This could be poten-
tially translated to other types of HER2-driven cancers
in near future [65]. Based on these results and many
others, we can conclude that CRC PDXs play an import-
ant role in identifying biomarkers that could lead to bet-
ter stratification of patients with assessment of drug
efficacy in this pre-selected population, and thus could
facilitate optimization of clinical trials” design, especially
of those that are at early phase.

Identification of new druggable targets and establish-
ment of novel animal models within CRC is still actively
ongoing. Orthotopic PDX model of metastatic tumors in
liver parenchyma with subsequent successful propaga-
tion has been established, thus opening the clinically
relevant possibility to further extend the research not
only to models of primary tumor, but also of metastatic
disease [66]. Another example of a very recent model es-
tablishment is the first unique PDX model of rectal can-
cer derived from patients’ samples collected prior to the
initiation of therapy, which supported the translational
applicability of the PDX platform. This disease-specific
model reproduced the response of corresponding pa-
tients, and demonstrated the enhancement of 5-
fluorouracil/radiotherapy efficacy by cetuximab [39].
Moreover, PDX models provide not only experimental
proof that some drugs should not be used in certain
clinical settings [67], but they also serve to uncover
novel promising therapeutic agents. One example is
pevonedistat, a selective inhibitor of the ubiquitin-like
NEDDS8 conjugation pathway. This inhibitor showed
promising results in clinically aggressive histotypes of
poorly differentiated and high-grade mucinous CRC
which also carried KRAS- and BRAF-activating muta-
tions, representing an unmet medical need, and
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uncovered cadherin-17 as a valuable negative predictor
of CRC sensitivity to this inhibitor [68]. Detailed listing
of more studies is out of the scope of this review. An-
other large focus in the field of oncology is the immuno-
oncology. Immunotherapy represents an effective strat-
egy for tumor eradication and in a subset of metastatic
CRC patients with mismatch-repair-deficient and micro-
satellite instability-high disease, these therapies achieve
long-term durable remission, thus highlighting the im-
mense promise of immunotherapy for CRC [69]. The
detailed insight into this approach is beyond the scope
of this review since immunocompetent mice are in-
volved and this topic is more precisely discussed else-
where [70-73]. However, the development of humanized
mice carrying an autologous human tumor and immune
systems will increase the clinical relevance with the over-
all aim of personalized medicine studies. In the mean-
time, the field of immunotherapy constantly proceeds
further to novel experimental approaches. For example,
testing of engineered HER2-specific CAR-T cells (T cells
engineered with a chimeric antigen receptor) showed
both regression and elimination of HER2-positive CRC
tumors in a PDX model and subsequently protected
mice from tumor re-challenge [74], as well as exploit-
ation of combinatorial immunotherapies, several of
which are currently under clinical evaluation [75].

All the studies discussed above support the use of per-
sonalized PDX models, so-called “avatars”, as a powerful
investigational platform for actionable clinical decisions
in “co-clinical” trials. This paralleled study between pa-
tients and PDX models in real time coupled with tumor
genomic profiling might help to tailor treatment strat-
egies based on individual cancer vulnerabilities, as well
as to identify resistance mechanisms appeared during
the clinical treatment, and to explore the susceptibility
for novel drug combinations with the overall goal of
overcoming resistance [76—78]. Eventually, avatars could
create an evidence-based rationale for new clinical trials
as this concept has the potential to revolutionize health
care process. To the contrary, it is crucial to point out
that this concept is endowed also with important draw-
backs. For some tumor types the engraftment phase re-
quires larger amount of tumor material to increase the
take rate, and many implants still fail. It is also quite ex-
pensive and very time-consuming, and when thinking of
a patient with advanced disease, waiting several months
for PDX establishment is not an option. Even so, for the
patients in whom the personalized treatment was well
suited based on results obtained thanks to the avatar
model, the clinical activity could be exceptional.

During propagation of PDXs in vivo, an important
limitation for studies comprising TME or agents target-
ing immune system is the drift of human stromal com-
ponents towards mouse ones [47, 79-82], and the
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already mentioned lack of immune system. In addition,
it has been shown that serial transplantation of CRC can
be affected by minor numbers of residual EBV-infected
B-lymphocytes leading to B-lymhoproliferations, thus
stressing the need of repeated phenotypic testing of ser-
ial PDXs [83]. All these pitfalls need to be carefully taken
into consideration when designing our study, and make
large-scale screenings limited. In vitro 2D or 3D culture
models, as described further, could serve for high-
throughput screenings, and PDX platform should be
viewed mainly as complementary to these preclinical
models with the potential of validation of selected tar-
gets in vivo.

Two-dimensional (2D) cell line models
The traditional approach for understanding of tumori-
genesis, cancer biology and drug discovery has historic-
ally involved human cancer-derived cell lines. This
fundamental cancer model has been used to decipher
molecular and phenotypic features of cells with the aim
to test translational hypotheses and providing genome-
drug response correlates. Established cell lines are rela-
tively easy and inexpensive to use and provide rapid ex-
perimental results. The pioneering works linking drug
sensitivity with genotype data are associated with NCI60
cell line panel [84, 85], rapidly recognized as a rich
source of information and still representing one of the
most commonly exploited resources for pan-cancer
studies. Further efforts have allowed for the establish-
ment of larger cell line collections to reveal context-
specific dependencies in cancer cells as well as identify
rare drug-sensitizing genotypes [86]. Datasets such us
the Cancer Therapeutic Response Portal (CTRP) [87]
and Cancer Cell Line Encyclopedia (CCLE) [88] have
been instrumental for the identification of novel poten-
tial cancer vulnerabilities, and further development has
recently allowed for a more comprehensive
characterization [89]. Up to date approaches such as
CRISPR-Cas9 screen [90, 91] and investigation of muta-
tional signatures over extended periods of time [92] clar-
ify the cancer biology more deeply than ever and
contribute to new, diverse and likely effective portfolios
of cancer drug targets. Looking specifically at CRC, one
primary study was focused in the Bardelli’s laboratory on
151 established CRC lines [93] representing molecular
heterogeneity in terms of oncogenic mutations and tran-
scriptional subtypes previously defined in CRC patients.
The authors optimized this cell platform to perform
comparative drug response assays and identify novel
CRC dependencies on kinases for which clinically ap-
proved drugs are available.

Further efforts from the same group have led to a
more extended CRC cell line bank comprising estab-
lished lines together with xenopatient-derived cell lines
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or xenolines (XLs), as discussed later, to perform gen-
omic [62] and drug response [62, 94] analyses. A com-
plementary study performing longitudinal analysis of cell
lines and PDX models [95] highlighted that microsatel-
lite instable (MSI) and POLE-mutated CRC models
evolve more rapidly respect to microsatellite stable
(MSS) models during time due to generation of novel
SNVs and frameshifts potentially giving rise to the ac-
quisition of neoantigens, that constitute an attractive tar-
get for immunotherapies. During evolution of cancer,
tumor cells can indeed produce neoantigens, arising
from acquired genetic alterations, that could trigger im-
mune response [96, 97], although, this study pointed at
the imperfection of in vitro models used due to no pres-
ence, and consequently no impact, of the immune sys-
tem for the testing of evolutionary immune-dynamics of
the tumor.

Established CRC cell lines have extensively undergone
proteomic analysis, showing that they are representative
of primary tumors even though systematic differences
between cell lines and tumor proteomes were apparent
and attributed to tumor stroma, extrinsic signaling and
different growth conditions, thus underscoring both the
pros and cons of cell line models unraveling biology of
the tumor [98]. As such, even though established cancer
cell lines are still the mainstay due to easy manipulation,
global studies and high-throughput applications, the
clinical relevance of this model has been continuously
questioned as there was no correlation with the clinical
samples that they are supposed to model [99, 100]. This
brings us to several important drawbacks and limitations
when thinking of using 2D cell lines. They represent a
population of cells kept long-term in in vitro conditions,
that were naturally selected to yield relatively homoge-
neous cell populations, and thus likely differ from the
original tumor substantially as they may lose characteris-
tics close to the patient [101]. These models also do not
account for the complete complexity and pathophysi-
ology of in vivo tumors and reports of cross-
contaminations have been published as well. On the
other hand, it is important to stress the fact that these
limitations should not hide the extensive data generated
by cell lines, fostering the development of more in vitro
preclinical models and validation in clinically relevant
models the results previously observed in cell lines.

As tremendous amounts of information have accumu-
lated regarding the diversity of molecular changes in
CRC, additional models closely resembling genomic al-
terations in primary tumors and metastasis are needed.
Ultra-low passage CRC primary cultures are the basis
for modern preclinical research. Several world laborator-
ies succeeded in generating patient-derived CRC primary
cultures not only from primary tumors, but also metas-
tases, with their subsequent phenotypic, genomic and
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drug response profiles characterization [102-106]. CRC
primary cultures were shown to express a large diversity
of mutation spectra and gene expression profiles [107],
hold prognostic information for predicting peritoneal
metastasis seeding [108], were tested in combinatorial
treatments [109] and used for preparation of chemo-
resistant counterparts for studying cancer stem cells and
resistance to conventional treatment [110]. Also, novel
targets may be identified in cancers which are poorly
represented such as early-onset CRC (eoCRC) [111]. Pri-
mary cultures consume less time than PDXs establish-
ment and were proven to be more representative of the
genetic diversity and heterogeneity when compared to
established cell lines, reflecting the original molecular
signature of the tumor they were established from.
Though, as shown by the group of Dr. Linnebacher [12,
104] and others [112, 113], primary CRC cultures are
difficult to maintain. The establishment success rate is
approximately 10% and the clonogenic capacity is lost
after several passages as cells undergo massive death.

In parallel to a challenging primary cell culture at-
tempt, the patient tumor tissue can be engrafted into
immunocompromised mice for the establishment of
PDXs which can be further processed into derivation of
so-called xenopatient-derived cell lines or xenolines
(XLs). This procedure yields approximately double the
success rate compared to CRC primary cultures [12],
and can provide more material for subsequent culturing
and potentially more actively growing and viable tumor
cells present in PDX. Thus, PDX generation should be
given priority before in vitro expansion of patient mater-
ial. Major advantages of XLs rely on broad expansion of
patient’s tissue in vivo coupled with preservation of
intra-tumoral heterogeneity, ease of handling in in vitro
conditions, and adequate recapitulation of molecular
hallmarks of parental tumors. Because XLs stability in
culture is more easily maintained compared to primary
cell lines, these models can be used also for genetic ma-
nipulation studies. The first comparative study between
pairs of CRC primary cultures and XLs was performed
in 2007 [112]. Given the reliability of XLs in terms of
their retained genomic features compared to PDXs, and
their value as predictive drug response models paralleled
with in vivo results in different cancer models [114—
116], the applicability of this valuable approach has been
also tested in CRC with quite a huge success [12, 117].
XLs proved very efficient in describing metastatic inter-
lesion heterogeneous patterns correlating with patient
lesion-specific response and defined a mechanism of re-
sistance to anti-HER?2 therapy in CRC [37].

The value of PDX-derived cell lines has been further
underlined by the successful establishment of a cell line
bank comprising of 29 CRC XLs with their matched
PDX proving conserved distinct genetic, molecular and
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pharmacologic characteristics [62]. Uncommon molecu-
lar subtypes carrying rare genetic lesions may be highly
under-represented in common commercial cell line
banks, thus constant derivation of new models which
may identify novel outliers in response to specific tar-
geted agents is needed. For example, the identification of
CRC preclinical models harboring HER2 overexpression
due to gene amplification, and the results of anti-HER2
targeted treatment validated in both PDXs and XLs as a
valuable tool for genotype-drug correlation studies that
have already led to successful clinical trials [55, 56, 118].
At the same time, the proof that specific mutated alleles
can represent the mechanism for resistance to anti-
HER?2 therapy could be provided with XLs that represent
more easily manipulable and “editable” models respect
to corresponding PDXs [62].

However, there are important limitations of this pre-
clinical model as well that need to be kept in mind. Ini-
tially, during the establishment of PDX from patient
tumor sample, it is possible that PDX arise as an out-
growth of one or several dominant cell clones, as dis-
cussed above. This kind of preselection may lead to
inadequate representation of tumor heterogeneity. Look-
ing from the practical point of view as well, in vivo PDXs
establishment is money- and time-consuming, and may
require in the case of CRC several months.

When looking overall at using 2D cell line models, the
artificial aspect lies in passaging for too many genera-
tions under in vitro conditions, which over time might
lead to the cell line adapting in such a way that it no
longer represents the original tumor. Cells also lack the
cellular and architectural complexity of patients’ and
mice tumors, thus being deficient for the important
components of TME. On the other hand, relevant as-
pects of using XLs in preclinical research include the
possibility to derive and expand genotypes which are not
commercially available as well as to combine somatic
and germline analyses. As XLs are more easily obtained
and maintained compared to primary tumor cells, it
opens door for performing large-scale in vitro screenings
with validation of results in paired PDXs [62].

Three-dimensional (3D) organoid models

Two-dimensional models do not completely reflect cel-
lular heterogeneity and tissues homeostasis in vivo. Since
the discovery of organoids’ culture in 2009 [119] and its
application for CRC [120] and for many other tumor
types, organoids caused a real revolution in the cancer
research field. The technology of growing patients’ tu-
mors as so-called patient-derived organoids (PDOs)
under in vitro conditions which mimic their physio-
logical niche allows for the study of biological features of
the tumor, the discovery of novel biomarkers, and the
monitoring of the response to the treatment in much
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more cost- and time-effective way compared to PDXs.
Additionally, using a sufficient amount of viable material
gathered from the tissue biopsy yields establishment suc-
cess rate around 63% [121, 122].

Since the initial development of the model, different
culture methods improving organoid establishment ef-
ficiency have been defined [123-125]. Traditionally,
intestinal organoids are based on crypt stem cell iso-
lation, but recently a robust strategy of derivation
from differentiated human embryonic stem cells or
induced pluripotent stem cells was described [126].
Different three-dimensional models, such as spheroids
and multicellular aggregates derived from conven-
tional cancer cell lines, or cancer tissue-originated
spheroids from primary tumors retaining cell-cell con-
tacts [127] have been applied as patient 3D surrogates
in the past. On the contrary, organoids provide three-
dimensional cultures comprising multiple cell lineages
without immortalization, while keeping the functional,
phenotypic and molecular characteristics of the pri-
mary tumor [123, 128-130], and the presence of sub-
clonal populations preserving the heterogeneity of the
tissue of origin [130, 131]. Importantly, cancer gene
mutations were described to be stably maintained
over relatively long period of continuous in vitro 3D
culture [132]. In addition, organoids can be expanded
long-term and cryopreserved indefinitely creating liv-
ing tumor biobanks of colorectal carcinoma of diverse
grades and subtypes, adjacent normal mucosa as well
as benign tumors [123, 128], heavily-pretreated meta-
static CRC [129], sporadic eoCRC [132], liver [133]
and peritoneal metastases [134], or precious
treatment-naive locally advanced rectal cancer [122].
Thus, this approach has allowed for in vitro deriv-
ation of models which have been strongly underrepre-
sented in cancer research until now. MSI, BRAF-
mutated, poorly differentiated, and/or of a mucinous
type of CRC were on the other hand identified as a
hard-to-establish source for PDO derivation [135]. Re-
cently, the development of closer patient-like models
went one step further by generating the perfusable
mini-gut tubes creating an in vitro tissue (organoids-
on-a-chip) with a lifespan of several weeks and ability
to regenerate which can also be colonized by micro-
organisms [136].

As shown throughout the last decade, organoids retain
the translational potential to fill the gap between in vitro
and in vivo experiments, as well as the laboratory and
clinical trials. These models have been used to define
cancer vulnerabilities and to improve treatment re-
sponses based on their molecular profiling and matching
to drug screening results. Thus, organoids coupled with
state-of-the-art technology can serve to identify
genotype-drug response correlations and prediction
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biomarkers leading to more rationale-based clinical deci-
sions in the future [131]. Different studies in the latest
years showed that CRC PDOs can recapitulate patients’
responses in the clinic and might have predictive value
[121, 129, 137]. One paradigmatic example of the utility
of PDOs is provided by the cohort of biobanked orga-
noids generated by the Hua laboratory. These models
were isolated from treatment-naive locally advanced rec-
tal cancer patients and were proven to be reliable pre-
dictive models for chemoradiation treatment with
overall match ratio of 85% [122]. As noted, large cohorts
and designed clinical trials will be needed to validate
such findings. As such, PDOs open the way to the devel-
opment of patient tumor-derived programs with the
highest co-clinical trials’ potential as predictive models
for standard-of-care along with exploration of new off-
label drug treatments [138]. Ideally, timeline preclinical
testing on PDOs might prevent cancer patients from
undergoing ineffective cancer treatment.

Organoids have demonstrated to be suitable models
for functional multi-omics analyses [139, 140]. System-
atic analyses at genetic, epigenetic, transcriptomic and
functional levels of multiple single cell-derived clones of
closely related CRC cells of the same tumor displayed
extensive intra-tumor diversification with identified mu-
tations being unique to every clone. Furthermore, one
interesting study detected marked differences in drugs’
responses among these clones, thus proving organoids
reflect intrinsic resistance to treatment [131]. These
findings were confirmed by another study showing con-
sequences of intratumor heterogeneity on the growth of
tumors and drug response [141]. Separated regions of
the primary tumor (called “siblings”) showed distinct
functional properties and remarkable genetic heterogen-
eity with specific mutations. The PDO “sibling” subpop-
ulation determined in vitro to be unaffected by diverse
inhibitors was found to form the dominant population
when transplanted in vivo in a mixed experiment of
treatment-sensitive and -resistant PDOs. Thus, resistant
subpopulation escaped drug treatment in vivo, giving
rise to a resistant tumor post-therapy and confirming
the in vitro observation of PDOs resistance. Mutational
patterns and pathways activation in analyzed “sibling”
cultures might thus better inform about therapeutic
decision-making [141]. In contrast to these studies,
Bruun and colleagues [133] compared the pharmaco-
logical profiles of PDOs from multiple metastatic lesions
and did not observe convincing intra-patient inter-
metastatic heterogeneity. This study also suggests that
drug response prediction can be improved by
expression-based predictive signatures incorporation in
addition to genomic markers. In addition, high reprodu-
cibility of drug screens using PDOs underscored the un-
precedented opportunity of using off-label drugs for
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patients affected by metastatic CRC, thus opening the
possibility for prospective validation in co-clinical trials
in the future.

Current approaches in personalized medicine are not
only based on testing sensitivities to drugs which are
standardly used for the corresponding type of tumor,
but also on unravelling specific culprits as novel cancer
vulnerabilities, such as definite molecular targets or
structural variations. For example, RSPO fusion protein
detected in CRC cell lines [142, 143] was also detected
in eoCRC PDOs for the first time [132] which might
have impact on clinical practice by using Wnt secretion
inhibitors or anti-RSPO mAb. Recently, CRC PDOs
proved to be useful for studies of dynamic cellular phe-
notypes within the culture by live-cell imaging and
single-cell karyotype sequencing. The data show that
multiple genomic instability phenotypes, such as hyper-
mutated MSI and chromosomal instability (CIN), can
co-exist, thus potentially opening a therapeutic window
for new strategies. For instance, the presence of CIN in
late-stage CRC PDOs may render them susceptible to
drugs elevating the frequency of chromosome segrega-
tion errors [144].

A recent screening with olaparib, a poly(ADP-ri-
bose) polymerase inhibitor (PARP), revealed that CRC
PDOs and patient-derived xeno-organoids (PDXOs)
represent a functional platform to distinguish between
responders and non-responders, and to identify
pharmacological correlates for cross-response to dif-
ferent drugs, in this case olaparib and oxaliplatin [94].
This observation suggests that, as it happens in other
tissues such as ovarian [145] and pancreatic [146],
clinical selection of CRC patients likely to respond to
PARP inhibition might be based on sensitivity to pre-
vious platinum treatment. In this context, functional
screening for PARP inhibitors using PDOs might
avoid quality-of-life-harming side effects deriving from
prolonged oxaliplatin treatment.

Based on the relevance of EGFR signaling in CRC, new
combinatorial strategies with anti-EGFR antibodies are
of interest. PDOs served as clinically relevant models to
prove the success of concomitant inhibition of KRAS
G12C mutation and EGFR blockade which may over-
come the resistance of patients to novel KRAS G12C in-
hibitors in CRC [147]. On the other hand, to test the
hypothesis of targeting transient vulnerable state of anti-
EGEFR treatment-surviving CRC clones with pro-oxidant
molecule proved efficient. Combination of anti-EGFR
antibody with Vitamin C, a soluble anti-oxidant mol-
ecule that can exert pro-oxidant effect when adminis-
tered at high doses, conducted synthetically lethal
metabolic cell death, which might possibly restrict the
emergence of acquired resistance to targeted therapy.
This approach holds potential to be rapidly translated as
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innovative treatment in the clinics considering expect-
ation of no added toxicity by Vitamin C [148].

Based on aforementioned findings and many more
prior studies, the use of PDOs in cancer research ap-
pears auspicious. There are major attributes making
organoids highly suitable for drug screening with
thoughtful overview of screening protocols being used in
different laboratories [149]. As shown, PDOs can be
established in a short period, even from needle biopsies,
and can be expanded over the long-term into high quan-
tities providing an in vitro platform of clinically relevant
models for high-throughput screening. In addition,
highly reproducible biobanks can be created in compari-
son to primary models, with the advantage of providing
faster results respect to in vivo screens, capturing patient
diversity and predicting their response in the clinic, thus
the transition from in vitro to in vivo. Importantly, they
can serve as a source for matched in vivo models [123,
129, 137]. PDXs are a great source for in vivo validation
of observed in vitro findings as they were proven to yield
similar drug responses as their in vitro PDOs counter-
parts [137]. Moreover, when the patient biopsy specimen
is limited, PDXOs can be generated after initial in vivo
expansion of patient’s specimen, and still mirror re-
sponse to clinical treatment [39].

One of the biggest advantages of using PDOs lies in
the possibility to preserve tumor microenvironment
components during in vitro culture [150]. Since then,
more ex vivo protocols were established for co-cultures
of mainly lymphocytes efficiently expanded into tumor-
reactive T cells together with tumor PDOs to facilitate
personalized immunotherapy testing [151]. This plat-
form proved feasible in a co-culture study of autologous
peripheral blood lymphocytes as a source of tumor-
reactive T cells as an alternative to tumor-infiltrating
lymphocytes, and PDOs derived from mismatch-repair-
deficient CRC or non-small cell lung cancer patients.
This proof-of-principle paper showed a potential to
study T-cell mediated PDOs destruction in individual-
ized ex vivo models which should be further explored
also in the context of CRC disease [152].

Organoid cultures provide robust assays due to their
rapid expansion capabilities. An interesting and
promptly growing application is genetic editing of orga-
noids with different applications [153]. PDOs can be
combined with CRISPR/Cas9 technology as a powerful
approach for modeling of different aspects of cancer re-
search. Genome modifications were used for introduc-
tion of driver pathway mutations into human intestinal
organoids leading to CRC development [154], mouse
model of spontaneous CRC metastasis [155], lineage-
tracing experiments of CRC stem cells [156], or to study
mutational consequences of DNA repair genes’ knockout
in normal colonic organoids [157]. Also, exciting CRIS
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PR screen in human colon organoids [158] or even
genome-wide CRISPR screening technology in human
intestinal organoids [159] helps to decipher the biology
behind CRC, possibly opening way in the future for
patient-specific functional genomics. Looking to a bigger
picture, panels of organoids with defined mutational
profiles might be developed to lead to subsequent identi-
fication of a target patient population. Genome editing
has been used to develop alterations leading to develop-
ment of carcinoma with features of serrated CRC [160],
as well as preparation of chromosome-engineered hu-
man colonic organoids to study the extent of R-spondin
gene fusion’s role in tumorigenesis of traditional serrated
adenoma [161]. Such rapidly prepared preclinical models
allow pharmacological evaluation in this previously un-
tested genetic landscape of cancer with the worst out-
comes in CRC patients. Other clinically important
example of genes’ cloning into CRC PDOs is the import-
ance of BRAF fusions with different partners in regard
to conferred resistance to targeted inhibition of the
MAPK pathway, thus suggesting to include BRAF fu-
sions in CRC patients’ genetic screening [162].

In conclusion, organoids at this moment represent one
of the closest models to patient’s tumor and, in addition,
they can be easily converted into PDX models and vice
versa as biological equivalents for matched patient-
derived cancer model pairs. Overall, these advantages
out-weigh remaining challenges of organoids. As PDOs
are an excellent preclinical model for high-throughput
drug screens and precision medicine, there is a need to
standardize their characterization and procedures to cre-
ate robust but mainly reproducible methods for their
use. One important contributor to quite expensive main-
tenance of organoids is the need for specific growth fac-
tors and inhibitors playing crucial part in mimicking of
their natural environment. Once these cost issues will be
overcome, organoid technology could be more broadly
adopted and likely more organoid biobanks will be avail-
able globally. Another highly sought advantage with dir-
ect clinical translation is the fact that PDOs can be
established from cryopreserved patients’ tissues [163,
164]. Finally, more efforts are needed to improve proto-
cols and conditions to work with tumor-derived orga-
noids in more complex microenvironments including
the stromal and immune compartments.

Preclinical models and their clinical translation

Patient-derived tissue obtained either from surgery or
tumor biopsy represents a unique and potentially unlim-
ited source of material for preclinical analyses. Preclin-
ical platforms generated from these samples have
reached especially in the last decade a point of develop-
ment whose relevance is already evident in clinical sce-
narios, especially in those at early stage, where they have
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already led to the design of innovative clinical practice-
changing CRC trials, as extensively reviewed by [165].
As such, it is of the utmost importance to speed up the
translation of rapidly increasing laboratory knowledge
into benefits for patients, but at the same time to pay at-
tention to careful data interpretation. Artificial
intelligence has been helping to dramatically affect on-
cology research due to collection of large databases, ana-
lyses of which help to uncover relationships among
complex biological processes in tumor material or its de-
rived models [166]. The concept of “patient avatar”,
intended as the preclinical model derived from a patient
and tested with the same treatment as offered to the pa-
tient, stands on a growing number of studies where es-
pecially PDXs and PDOs have been used to predict the
response of individual patients, thus improving treat-
ment outcome and hopefully avoiding unnecessary toxic
therapies.

The HERACLES study represents an exemplary
proof of the importance of the use of CRC PDXs that
served as a discovery and confirmatory preclinical
platform for the detection of HER2 as a novel bio-
marker for anti-EGFR treatment resistance [55, 57]
and the successful transition of these findings into
clinical trials which translated into robust improve-
ment in patient outcomes [58, 59, 61, 167]. PDX
models have been instrumental also for the study of
other mechanisms of resistance to cetuximab treat-
ment. BRAF gene alterations are present in around
9% of CRC patients [168], and discoveries on a bench
platform put a rationale and stimulated clinical trials’
design where metastatic CRC patients with BRAF
V600E-mutated tumors underwent an overall survival
benefit and higher response rate from concomitant
treatment with BRAFi and MEKi along with anti-
EGFR antibody [169]. First exploratory effort few
years before using avatar mice from pretreatment core
biopsy samples of patients bearing BRAF V600-
mutant metastatic disease mirrored the response of
patients to selective BRAF and MEK inhibitors [170].
Another highly studied vulnerability in cancer is a
specific molecular alteration, the neurotrophic tyro-
sine receptor kinase NTRK gene fusions. Their prod-
ucts, chimeric oncoproteins, are characterized by
ligand-independent constitutive activation of the TRK
kinase conferring oncogenic potential [171, 172]
which was detected also in the CRC [173, 174]. The
translation went to development of TRK inhibitors
larotrectinib and entrectinib for NTRK fusion-positive
patients with high response rate success [175]. The
following laboratory work was dedicated to identifica-
tion of resistance mechanisms by analyzing the on-
going treatment with entrectinib in a patient
harboring LMNA-NTRKI rearrangement by taking
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advantage of circulating tumor DNA (ctDNA) ana-
lyses along with PDX avatar model. The study
showed that this powerful preclinical model accom-
panied by ctDNA samples can identify drug resistance
mechanisms in parallel with the clinical treatment of
the patients, thus in due time predict resistance and
recurrence of the disease [176]. Mice models also
proved the mirroring therapeutic response of patients’
clinical outcomes in a retrospective manner where the
strong correlation between PDXs with the clinical re-
sponses to chemotherapeutic regimens against ad-
vanced CRC disease were recapped [177].

Although very perceptive, the couple patient-PDX in
co-clinical trial is tremendously resourceful-dependent
with the big struggle to reach sufficient scalability to
provide pharmacogenomic screens in a high-throughput
manner. Zebrafish patient avatars possess strong advan-
tages over mice PDXs in terms of scalability, costs,
maintenance and speed of model development with po-
tential to high-throughput automation. So far, many an-
ticancer compounds have been successfully tested in
zPDXs, for example, PARP inhibitor combined with
DNA-damaging agent temozolomide proved efficacious
in combination of elimination of human rhabdomyosar-
coma tumor cells. What is more, the consistency of re-
sults was shown when the same treatment was applied
in mouse xenografts [24]. This study provided the foun-
dation for the initiation of the clinical trial for pediatric
rhabdomyosarcoma (NCT01858168), posing a milestone
in the use of zebrafish models for preclinical studies.
With the matured transplantation protocols, it was pos-
sible to start a trial (NCT03668418) which sets a goal to
evaluate the predictive power of zPDXs in plethora of
malignancies, including CRC.

In this context, also PDOs come to practical usage
provided that the establishment, expansion and drug
screening can be done in a clinically meaningful time
window, thus speeding up the translation from bench
to bedside. Even though we still have to improve the
successful PDOs establishment rate, this technology
allows for the expansion of tumor samples with
patient-specific features and potentially broadens the
use of FDA- and EMA-approved targeted therapies
beyond initially approved indications. Furthermore,
one of the major advantages of exploiting PDOs for
drug development is the relatively easy establishment
also from healthy matched tissue. Such comparisons
in testing between tumor- and healthy tissue-derived
PDOs hold potential to reduce off-target toxicities
from experimental compounds. The first ever re-
ported in-depth study of the similarity between PDOs’
and patients’ actual drug responses dates back to
2018 with the extensive work of the team of Dr.
Valeri [129] where PDOs held 88% positive and 100%
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negative predictive values, suggesting that these pre-
clinical models recapitulated patients’ responses from
clinical trials, and could be eventually used for per-
sonalized medicine approaches. This pioneering study
paved the way for new innovative research endeavors.
Already one year later, studies brought the confirming
strength of this platform. An observational clinical
study named TUMOROID focused on standard-of-
care chemotherapeutics in CRC patients succeeded in
predicting the outcome of patients to either irinote-
can monotherapy or combinatorial use in FOLFIRI
setting but failed to foresee the treatment with 5-
fluorouracil plus oxaliplatin. Thus, the study points at
our limited knowledge of mechanism of action of
standard chemotherapy regimen, especially in combi-
nations [121]. Another significant analogy of PDOs’
ex vivo testing with clinical data comes from rectal
cancer specimens’ study [178]. PDOs coupled with
in vivo testing of radiation and chemotherapy corre-
lated with treatment response in individual patients,
more importantly, the testing was performed within a
period suitable for potential clinical treatment deci-
sion changes. The very similar concept proved also
the power of locally advanced rectal cancer PDOs to
predict neoadjuvant chemoradiation responses from
the clinic with 84.4% accuracy, 78% sensitivity and
91.97% specificity. To highlight again, PDOs results
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were fully conducted in less than 4 weeks, thus once
again strengthened their potential to serve as a “guid-
ance” for therapeutics selection and avoiding of over-
treatment [122].

Still, we are at the very beginning of this exciting era
where it seems that PDOs might hold a promising po-
tential to be used as a companion diagnostic tool, but
prospective validations in larger cohorts for patient ther-
apy guidance are needed. Also, as a kind of resemblance
to liquid biopsy studies, we could think of derivation of
PDOs from biopsies collected at time of diagnosis (treat-
ment-naive, baseline time point) and, in case the patient
develops resistance to therapy, at the time of relapse.
This might help to better understand the mechanisms
behind tumor progression and resistance which could
further affect the therapeutic decision-making steps of
the clinicians (Fig. 3).

Conclusion

The ideal preclinical model should accurately mimic the
genomic, phenotypic and pharmacologic diversity along
with preserved microenvironment of the patient’s tumor,
which would make it fitting for testing of novel targets.
The extensive research in oncology field to provide suit-
able preclinical models has been ongoing with the over-
all vision to revolutionize future healthcare and with the
goal of fulfilling personalized medicine for patients.
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Surgery or bioptic specimens obtained by CRC patients
are vital to develop preclinical models and generate
complex genetic, transcriptomic and phenotypic
characterization suitable for subsequent pharmacological
screening and translational studies. Models should be
clinically predictive and easily scalable to be flexibly
adapted for different applications. Considering all as-
pects (Fig. 2), organoids will with no doubt continue to
be a source of major discoveries in cancer biology and
biomarkers field especially because they can serve for
middle- to high-throughput screening of different com-
pounds and next-generation cancer treatment. Orga-
noids proves to be an innovative platform for near
future of drug discoveries based on their good predictive
value and being well-suited for fast, robust, time- and
cost-effective using with rapid data generation. Compar-
ing them to other models, organoids better represent
tumor heterogeneity and testing can be performed in
larger numbers of drug combinations respect to PDX
models, thus making them more practical with ethical
and effort-related limitations of animal use. In addition,
due to their lower cost, higher scalability and potential
drug-response predictive ability, zPDXs might represent
a novel complementary approach that could speed up
the therapeutic decision-making process.

In conclusion, organoids undoubtedly along with
patient-derived 2D monolayer cultures, PDXs and
zPDXs provide a possibility to integrate multiple omics
data for precision medicine and open up the opportunity
for a preclinical evidence-based patients’ stratification
and a more rationale design of innovative clinical trials.

Abbreviations

CCLE: Cancer Cell Line Encyclopedia; CTRP: Cancer Therapeutic Response
Portal; CIN: Chromosomal instability; ctDNA: Circulating tumor DNA; CRIS

PR: Clustered regularly interspaced short palindromic repeats; CRC: Colorectal
cancer; CMS: Consensus molecular subtypes; CNA: Copy number alterations;
CRIS: CRC intrinsic subtypes; eoCRC: Early-onset CRC; EGFR: Epidermal growth
factor receptor; EBV: Epstein-Barr virus; HER2: Human epidermal growth
factor receptor type 2; MSI: Microsatellite instability; MSS: Microsatellite stable;
Cas9: Native Cas9 nuclease; PDO: Patient-derived organoid; PDXO: Patient-
derived xeno-organoid; PDX: Patient-derived xenograft; PARPi: Poly(ADP-
ribose) polymerase inhibitor; SNV: Single-nucleotide variant; CAR-T cells: T
cells engineered with a chimeric antigen receptor; TME: Tumor
microenvironment; XLs: Xenopatient-derived cell lines; zPDX: zebrafish
patient-derived xenograft

Acknowledgements
The authors thank Nicole Megan Reilly for critical reading of the manuscript
and insightful discussion.

Submission declaration and verification
This manuscript neither is under consideration for publication elsewhere nor
has been published previously.

Authors’ contributions

ED and SA discussed and developed the concepts; ED and KB performed the
literature search; ED and SA wrote the manuscript; KB and ED developed the
figures; SA coordinated the effort and critically revised the manuscript and
the figures. All authors read and approved the final manuscript.

(2021) 40:185

Page 13 of 17

Funding

Work cited in this review was supported by AIRC under MFAG 2017-1D 20236
project-P.I. Arena Sabrina; FPRC 5xmille 2017 Ministero Salute PTCRC-Intra
2020 (REGENERATION-YIG 2020 project) to S.A; TRANSCAN-2 JTC 2014 [con-
tract no. TRS-2015-00000060] INTRACOLOR to S.A.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
SAA. acted as consultant for MSD ltalia. The other authors declare that they
have no competing interests.

Received: 6 April 2021 Accepted: 13 May 2021
Published online: 05 June 2021

References

1. Bray F, Ferlay J, Soerjomataram |, Siegel RL, Torre LA, Jemal A. Global cancer
statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide
for 36 cancers in 185 countries. CA Cancer J Clin. 2018:68(6):394-424.

2. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2019. CA Cancer J Clin. 2019;
69(1):7-34.

3. Xie YH, Chen YX, Fang JY. Comprehensive review of targeted therapy for
colorectal cancer. Signal Transduct Target Ther. 2020;5:22.

4. Van Cutsem E, Cervantes A, Adam R, Sobrero A, Van Krieken JH, Aderka D,
et al. ESMO consensus guidelines for the management of patients with
metastatic colorectal cancer. Ann Oncol. 2016,27(8):1386-422.

5. Martini G, Troiani T, Cardone C, Vitiello P, Sforza V, Ciardiello D, et al. Present
and future of metastatic colorectal cancer treatment: a review of new
candidate targets. World J Gastroenterol. 2017,23(26):4675-88.

6. Argiles G, Tabernero J, Labianca R, Hochhauser D, Salazar R, lveson T, et al.
Localised Colon Cancer: ESMO clinical practice guidelines for diagnosis,
treatment and follow-up. Ann Oncol. 2020;31(10):1291-305.

7. Rimassa L, Bozzarelli S, Pietrantonio F, Cordio S, Lonardi S, Toppo L, et al.
Phase Il study of Tivantinib and Cetuximab in patients with KRAS wild-type
metastatic colorectal Cancer with acquired resistance to EGFR inhibitors and
emergence of MET overexpression: lesson learned for future trials with
EGFR/MET dual inhibition. Clin Colorectal Cancer. 2019;18(2):125-32 e2.

8. Cremolini C, Pietrantonio F, Tomasello G, Dadduzio V, Moretto R, Morano F,
et al. Vinorelbine in BRAF V600E mutated metastatic colorectal cancer: a
prospective multicentre phase Il clinical study. ESMO Open. 2017;2(3):
e000241.

9. Satoh T, Xu RH, Chung HC, Sun GP, Doi T, Xu JM, et al. Lapatinib plus
paclitaxel versus paclitaxel alone in the second-line treatment of HER2-
amplified advanced gastric cancer in Asian populations: TyTAN--a
randomized, phase Il study. J Clin Oncol. 2014;32(19):2039-49.

10. Catenacci DVT, Tebbutt NC, Davidenko I, Murad AM, Al-Batran SE, llson DH,
et al. Rilotumumab plus epirubicin, cisplatin, and capecitabine as first-line
therapy in advanced MET-positive gastric or gastro-oesophageal junction
cancer (RILOMET-1): a randomised, double-blind, placebo-controlled, phase
3 trial. Lancet Oncol. 2017;18(11):1467-82.

11. Sharma SV, Haber DA, Settleman J. Cell line-based platforms to evaluate the
therapeutic efficacy of candidate anticancer agents. Nat Rev Cancer. 2010;
10(4):241-53.

12. Mullins CS, Micheel B, Matschos S, Leuchter M, Burtin F, Krohn M, et al.
Integrated biobanking and tumor model establishment of human colorectal
carcinoma provides excellent tools for preclinical research. Cancers (Basel).
2019;11(10):1520.

13. Bleijs M, van de Wetering M, Clevers H, Drost J. Xenograft and organoid
model systems in cancer research. EMBO J. 2019;38(15):e101654.

14.  Fazio M, Ablain J, Chuan Y, Langenau DM, Zon LI. Zebrafish patient avatars
in cancer biology and precision cancer therapy. Nat Rev Cancer. 2020;20(5):
263-73.



Durinikova et al. Journal of Experimental & Clinical Cancer Research

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Linnebacher M, Maletzki C, Ostwald C, Klier U, Krohn M, Klar E, et al.
Cryopreservation of human colorectal carcinomas prior to xenografting.
BMC Cancer. 2010;10:362.

Burtin F, Mullins CS, Linnebacher M. Mouse models of colorectal cancer:
past, present and future perspectives. World J Gastroenterol. 2020,26(13):
1394-426.

Maletzki C, Bock S, Fruh P, Macius K, Witt A, Prall F, et al. NSG mice as hosts
for oncological precision medicine. Lab Investig. 2020;100(1):27-37.

Xiao X, Zhou X, Ming H, Zhang J, Huang G, Zhang Z, et al. Chick
Chorioallantoic membrane assay: a 3D animal model for study of human
nasopharyngeal carcinoma. PLoS One. 2015;10(6):e0130935.

Debreova M, Csaderova L, Burikova M, Lukacikova L, Kajanova |, Sedlakova
O, et al. CAIX regulates Invadopodia formation through both a pH-
dependent mechanism and interplay with actin regulatory proteins. Int J
Mol Sci. 2019;20(11):2745.

DeBord LC, Pathak RR, Villaneuva M, Liu HC, Harrington DA, Yu W, et al. The
chick chorioallantoic membrane (CAM) as a versatile patient-derived
xenograft (PDX) platform for precision medicine and preclinical research.
Am J Cancer Res. 2018;8(8):1642-60.

Langenau DM, Traver D, Ferrando AA, Kutok JL, Aster JC, Kanki JP, et al.
Myc-induced T cell leukemia in transgenic zebrafish. Science. 2003;
299(5608):887-90.

Nicoli S, Ribatti D, Cotelli F, Presta M. Mammalian tumor xenografts induce
neovascularization in zebrafish embryos. Cancer Res. 2007,67(7):2927-31.
Haldi M, Ton C, Seng WL, McGrath P. Human melanoma cells transplanted
into zebrafish proliferate, migrate, produce melanin, form masses and
stimulate angiogenesis in zebrafish. Angiogenesis. 2006,9(3):139-51.

Yan C, Brunson DC, Tang Q, Do D, Iftimia NA, Moore JC, et al. Visualizing
engrafted human Cancer and therapy responses in Immunodeficient
Zebrafish. Cell. 2019;177(7):1903-14 e14.

Lin J, Zhang W, Zhao JJ, Kwart AH, Yang C, Ma D, et al. A clinically relevant
in vivo zebrafish model of human multiple myeloma to study preclinical
therapeutic efficacy. Blood. 2016;128(2):249-52.

Mercatali L, La Manna F, Groenewoud A, Casadei R, Recine F, Miserocchi G,
et al. Development of a patient-derived Xenograft (PDX) of breast Cancer
bone metastasis in a Zebrafish model. Int J Mol Sci. 2016;17(8):1375.

Zhao S, Huang J, Ye J. A fresh look at zebrafish from the perspective of
cancer research. J Exp Clin Cancer Res. 2015;34:80.

Hason M, Barttinék P. Zebrafish models of Cancer-new insights on modeling
human Cancer in a non-mammalian vertebrate. Genes (Basel). 2019;10(11):
935.

White RM, Cech J, Ratanasirintrawoot S, Lin CY, Rahl PB, Burke CJ, et al.
DHODH modulates transcriptional elongation in the neural crest and
melanoma. Nature. 2011,471(7339):518-22.

Clements WK, Traver D. Fish pharming: zebrafish antileukemia screening.
Blood. 2012;119(24):5614-5.

Camus S, Quevedo C, Menéndez S, Paramonov |, Stouten PF, Janssen RA,
et al. Identification of phosphorylase kinase as a novel therapeutic target
through high-throughput screening for anti-angiogenesis compounds in
zebrafish. Oncogene. 2012;31(39):4333-42.

Astin JW, Jamieson SM, Eng TC, Flores MV, Misa JP, Chien A, et al. An in vivo
antilymphatic screen in zebrafish identifies novel inhibitors of mammalian
lymphangiogenesis and lymphatic-mediated metastasis. Mol Cancer Ther.
2014;13(10):2450-62.

Fior R, Pévoa V, Mendes RV, Carvalho T, Gomes A, Figueiredo N, et al.
Single-cell functional and chemosensitive profiling of combinatorial
colorectal therapy in zebrafish xenografts. Proc Natl Acad Sci U S A. 2017,
114(39):E8234-E43.

Costa B, Ferreira S, Povoa V, Cardoso MJ, Vieira S, Stroom J, et al.
Developments in zebrafish avatars as radiotherapy sensitivity reporters -
towards personalized medicine. EBioMedicine. 2020,51:102578.

Pévoa V, Rebelo de Almeida C, Maia-Gil M, Sobral D, Domingues M,
Martinez-Lopez M, et al. Innate immune evasion revealed in a colorectal
zebrafish xenograft model. Nat Commun. 2021;12(1):1156.

Kemper K, Krijgsman O, Cornelissen-Steijger P, Shahrabi A, Weeber F, Song JY,
et al. Intra- and inter-tumor heterogeneity in a vemurafenib-resistant
melanoma patient and derived xenografts. EMBO Mol Med. 2015;7(9):1104-18.
Siravegna G, Lazzari L, Crisafulli G, Sartore-Bianchi A, Mussolin B,
Cassingena A, et al. Radiologic and Genomic Evolution of Individual
Metastases during HER2 Blockade in Colorectal Cancer. Cancer Cell.
2018;34(1):148-62 e7.

(2021) 40:185

39.

40.

41.

42.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

Page 14 of 17

Puig |, Chicote I, Tenbaum SP, Arqués O, Herance JR, Gispert JD, et al. A
personalized preclinical model to evaluate the metastatic potential of
patient-derived colon cancer initiating cells. Clin Cancer Res. 2013;19(24):
6787-801.

Janakiraman H, Zhu Y, Becker SA, Wang C, Cross A, Curl E, et al. Modeling
rectal cancer to advance neoadjuvant precision therapy. Int J Cancer. 2020;
147(5):1405-18.

Rajaram S, Roth MA, Malato J, VandenBerg S, Hann B, Atreya CE, et al. A
multi-modal data resource for investigating topographic heterogeneity in
patient-derived xenograft tumors. Sci Data. 2019;6(1):253.

Guinney J, Dienstmann R, Wang X, de Reynies A, Schlicker A, Soneson C,

et al. The consensus molecular subtypes of colorectal cancer. Nat Med.
2015;21(11):1350-6.

Dienstmann R, Vermeulen L, Guinney J, Kopetz S, Tejpar S, Tabernero J.
Consensus molecular subtypes and the evolution of precision medicine in
colorectal cancer. Nat Rev Cancer. 2017;17(2):79-92.

Sveen A, Bruun J, Eide PW, Eilertsen IA, Ramirez L, Murumagi A, et al.
Colorectal Cancer consensus molecular subtypes translated to preclinical
models uncover potentially targetable Cancer cell dependencies. Clin
Cancer Res. 2018;24(4):794-806.

Prasetyanti PR, van Hooff SR, van Herwaarden T, de Vries N, Kalloe K,
Rodermond H, et al. Capturing colorectal cancer inter-tumor
heterogeneity in patient-derived xenograft (PDX) models. Int J Cancer.
2019;144(2):366-71.

Oh BY, Lee WY, Jung S, Hong HK, Nam DH, Park YA, et al. Correlation between
tumor engraftment in patient-derived xenograft models and clinical outcomes
in colorectal cancer patients. Oncotarget. 2015;6(18):16059-68.

Isella C, Brundu F, Bellomo SE, Galimi F, Zanella E, Porporato R, et al.
Selective analysis of cancer-cell intrinsic transcriptional traits defines novel
clinically relevant subtypes of colorectal cancer. Nat Commun. 2017,8:15107.
Morgan KM, Riedlinger GM, Rosenfeld J, Ganesan S, Pine SR. Patient-derived
Xenograft models of non-small cell lung Cancer and their potential utility in
personalized medicine. Front Oncol. 2017;7:2.

Ben-David U, Ha G, Tseng YY, Greenwald NF, Oh C, Shih J, et al. Patient-
derived xenografts undergo mouse-specific tumor evolution. Nat Genet.
2017;49(11):1567-75.

Hidalgo M, Amant F, Biankin AV, Budinskd E, Byrne AT, Caldas C, et al.
Patient-derived xenograft models: an emerging platform for translational
cancer research. Cancer Discov. 2014:4(9):998-1013.

Woo XY, Giordano J, Srivastava A, Zhao ZM, Lloyd MW, de Bruijn R,

et al. Conservation of copy number profiles during engraftment and
passaging of patient-derived cancer xenografts. Nat Genet. 2021;53(1):
86-99.

Byrne AT, Alférez DG, Amant F, Annibali D, Arribas J, Biankin AV, et al.
Interrogating open issues in cancer precision medicine with patient-derived
xenografts. Nat Rev Cancer. 2017;17(4):254-68.

Evrard YA, Srivastava A, Randjelovic J, Consortium NP, Doroshow JH, Dean
DA, et al. Systematic Establishment of Robustness and Standards in Patient-
Derived Xenograft Experiments and Analysis. Cancer Res. 2020;80(11):2286-
97.

Meehan TF, Conte N, Goldstein T, Inghirami G, Murakami MA, Brabetz S,

et al. PDX-MI: minimal information for patient-derived tumor Xenograft
models. Cancer Res. 2017;77(21):e62—-€6.

Gao H, Korn JM, Ferretti S, Monahan JE, Wang Y, Singh M, et al. High-
throughput screening using patient-derived tumor xenografts to predict
clinical trial drug response. Nat Med. 2015;21(11):1318-25.

Bertotti A, Migliardi G, Galimi F, Sassi F, Torti D, Isella C, et al. A molecularly
annotated platform of patient-derived xenografts ("xenopatients") identifies
HER2 as an effective therapeutic target in cetuximab-resistant colorectal
cancer. Cancer Discov. 2011;1(6):508-23.

Kavuri SM, Jain N, Galimi F, Cottino F, Leto SM, Migliardi G, et al. HER2
activating mutations are targets for colorectal cancer treatment. Cancer
Discov. 2015;5(8):832-41.

Bertotti A, Papp E, Jones S, Adleff V, Anagnostou V, Lupo B, et al. The
genomic landscape of response to EGFR blockade in colorectal cancer.
Nature. 2015;526(7572):263-7.

Sartore-Bianchi A, Trusolino L, Martino C, Bencardino K, Lonardi S, Bergamo
F, et al. Dual-targeted therapy with trastuzumab and lapatinib in treatment-
refractory, KRAS codon 12/13 wild-type, HER2-positive metastatic colorectal
cancer (HERACLES): a proof-of-concept, multicentre, open-label, phase 2
trial. Lancet Oncol. 2016;17(6):738-46.



Durinikova et al. Journal of Experimental & Clinical Cancer Research

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Sartore-Bianchi A, Lonardi S, Aglietta M, Martino C, Ciardiello F, Marsoni S,
et al. Central nervous system as possible site of relapse in ERBB2-positive
metastatic colorectal Cancer: long-term results of treatment with
Trastuzumab and Lapatinib. JAMA Oncol. 2020,6(6):927-9.

Tosi F, Sartore-Bianchi A, Lonardi S, Amatu A, Leone F, Ghezzi S, et al.
Long-term clinical outcome of Trastuzumab and Lapatinib for HER2-
positive metastatic colorectal Cancer. Clin Colorectal Cancer. 2020;19(4):
256-62.e2.

Sartore-Bianchi A, Lonardi S, Martino C, Fenocchio E, Tosi F, Ghezzi S, et al.
Pertuzumab and trastuzumab emtansine in patients with HER2-amplified
metastatic colorectal cancer: the phase Il HERACLES-B trial. ESMO Open.
2020;5(5):€000911.

Lazzari L, Corti G, Picco G, Isella C, Montone M, Arcella P, et al. Patient-
derived Xenografts and matched cell lines identify Pharmacogenomic
vulnerabilities in colorectal Cancer. Clin Cancer Res. 2019;25(20):6243-59.
Sartore-Bianchi A, Amatu A, Porcu L, Ghezzi S, Lonardi S, Leone F, et al.
HER2 positivity predicts unresponsiveness to EGFR-targeted treatment in
metastatic colorectal Cancer. Oncologist. 2019;24(10):1395-402.

Martinelli E, Troiani T, Sforza V, Martini G, Cardone C, Vitiello PP, et al.
Sequential HER2 blockade as effective therapy in chemorefractory, HER2
gene-amplified, RAS wild-type, metastatic colorectal cancer: learning from a
clinical case. ESMO Open. 2018;3(1):¢000299.

Li BT, Michelini F, Misale S, Cocco E, Baldino L, Cai Y, et al. HER2-mediated
internalization of cytotoxic agents in. Cancer Discov. 2020;10(5):674-87.
Roque-Lima B, Roque CCTA, Begnami MD, Peresi P, Lima ENP, Mello CAL,
et al. Development of patient-derived orthotopic xenografts from
metastatic colorectal cancer in nude mice. J Drug Target. 2019;27(9):943-9.
Galimi F, Torti D, Sassi F, Isella C, Cora D, Gastaldi S, et al. Genetic and
expression analysis of MET, MACC1, and HGF in metastatic colorectal
cancer: response to met inhibition in patient xenografts and pathologic
correlations. Clin Cancer Res. 2011;17(10):3146-56.

Picco G, Petti C, Sassi F, Grillone K, Migliardi G, Rossi T, et al. Efficacy of
NEDD8 Pathway Inhibition in Preclinical Models of Poorly Differentiated,
Clinically Aggressive Colorectal Cancer. J Natl Cancer Inst. 2017;109(2):
djw209.

André T, Shiu KK, Kim TW, Jensen BV, Jensen LH, Punt C, et al.
Pembrolizumab in microsatellite-instability-high advanced colorectal Cancer.
N Engl J Med. 2020;383(23):2207-18.

Ganesh K, Stadler ZK, Cercek A, Mendelsohn RB, Shia J, Segal NH, et al.
Immunotherapy in colorectal cancer: rationale, challenges and potential. Nat
Rev Gastroenterol Hepatol. 2019;16(6):361-75.

Golshani G, Zhang Y. Advances in immunotherapy for colorectal cancer: a
review. Ther Adv Gastroenterol. 2020;13:1756284820917527.

Tintelnot J, Stein A. Immunotherapy in colorectal cancer: available clinical
evidence, challenges and novel approaches. World J Gastroenterol. 2019;
25(29):3920-8.

Choi Y, Lee S, Kim K, Kim SH, Chung YJ, Lee C. Studying cancer
immunotherapy using patient-derived xenografts (PDXs) in humanized
mice. Exp Mol Med. 2018;50(8):99.

Teng R, Zhao J, Zhao Y, Gao J, Li H, Zhou S, et al. Chimeric antigen
receptor-modified T cells repressed solid tumors and their relapse in an
established patient-derived Colon carcinoma Xenograft model. J
Immunother. 2019:42(2):33-42.

Janssen E, Subtil B, de la Jara OF, Verheul HMW, Tauriello DVF.
Combinatorial Immunotherapies for Metastatic Colorectal Cancer. Cancers
(Basel). 2020;12(7):1875.

Hidalgo M, Bruckheimer E, Rajeshkumar NV, Garrido-Laguna |, De Oliveira E,
Rubio-Viqueira B, et al. A pilot clinical study of treatment guided by
personalized tumorgrafts in patients with advanced cancer. Mol Cancer
Ther. 2011;10(8):1311-6.

Morelli MP, Calvo E, Ordoriez E, Wick MJ, Viqueira BR, Lopez-Casas PP, et al.
Prioritizing phase | treatment options through preclinical testing on
personalized tumorgraft. J Clin Oncol. 2012;30(4):e45-8.

Clohessy JG, Pandolfi PP. Mouse hospital and co-clinical trial project--from
bench to bedside. Nat Rev Clin Oncol. 2015;12(8):491-8.

Julien S, Merino-Trigo A, Lacroix L, Pocard M, Goéré D, Mariani 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(19):5314-28.

Peng S, Creighton CJ, Zhang Y, Sen B, Mazumdar T, Myers JN, et al. Tumor
grafts derived from patients with head and neck squamous carcinoma

(2021) 40:185

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

102.

103.

Page 15 of 17

authentically maintain the molecular and histologic characteristics of
human cancers. J Transl Med. 2013;11:198.

DeRose YS, Wang G, Lin YC, Bernard PS, Buys SS, Ebbert MT, et al. Tumor
grafts derived from women with breast cancer authentically reflect tumor
pathology, growth, metastasis and disease outcomes. Nat Med. 2011;17(11):
1514-20.

Chao C, Widen SG, Wood TG, Zatarain JR, Johnson P, Gajjar A, et al. Patient-
derived Xenografts from colorectal carcinoma: a temporal and hierarchical
study of murine stromal cell replacement. Anticancer Res. 2017;37(7):3405-12.
Dieter SM, Giessler KM, Kriegsmann M, Dubash TD, Méhrmann L, Schulz ER,
et al. Patient-derived xenografts of gastrointestinal cancers are susceptible to
rapid and delayed B-lymphoproliferation. Int J Cancer. 2017;140(6):1356-63.
Weinstein JN, Myers TG, O'Connor PM, Friend SH, Fornace AJ, Kohn KW,

et al. An information-intensive approach to the molecular pharmacology of
cancer. Science. 1997;275(5298):343-9.

Shoemaker RH. The NCI60 human tumour cell line anticancer drug screen.
Nat Rev Cancer. 2006;6(10):813-23.

Garnett MJ, Edelman EJ, Heidorn SJ, Greenman CD, Dastur A, Lau KW, et al.
Systematic identification of genomic markers of drug sensitivity in cancer
cells. Nature. 2012;483(7391):570-5.

Seashore-Ludlow B, Rees MG, Cheah JH, Cokol M, Price EV, Coletti ME, et al.
Harnessing connectivity in a large-scale small-molecule sensitivity dataset.
Cancer Discov. 2015;5(11):1210-23.

Barretina J, Caponigro G, Stransky N, Venkatesan K, Margolin AA, Kim S, et al.
The Cancer cell line encyclopedia enables predictive modelling of
anticancer drug sensitivity. Nature, 2012,483(7391):603-7.

Ghandi M, Huang FW, Jané-Valbuena J, Kryukov GV, Lo CC, McDonald ER,
et al. Next-generation characterization of the Cancer cell line encyclopedia.
Nature. 2019;569(7757):503-8.

Behan FM, lorio F, Picco G, Gongalves E, Beaver CM, Migliardi G, et al.
Prioritization of cancer therapeutic targets using CRISPR-Cas9 screens.
Nature. 2019;568(7753):511-6.

Picco G, Chen ED, Alonso LG, Behan FM, Gongalves E, Bignell G, et al.
Functional linkage of gene fusions to cancer cell fitness assessed by
pharmacological and CRISPR-Cas9 screening. Nat Commun. 2019;10(1):2198.
Petljak M, Alexandrov LB, Brammeld JS, Price S, Wedge DC, Grossmann S,
et al. Characterizing Mutational Signatures in Human Cancer Cell Lines
Reveals Episodic APOBEC Mutagenesis. Cell. 2019;176(6):1282-94 e20.
Medico E, Russo M, Picco G, Cancelliere C, Valtorta E, Corti G, et al. The
molecular landscape of colorectal cancer cell lines unveils clinically
actionable kinase targets. Nat Commun. 2015;6:7002.

Arena S, Corti G, Durinikova E, Montone M, Reilly NM, Russo M, et al. A
subset of colorectal cancers with Cross-sensitivity to Olaparib and
Oxaliplatin. Clin Cancer Res. 2020,26(6):1372-84.

Rospo G, Lorenzato A, Amirouchene-Angelozzi N, Magri A, Cancelliere C,
Corti G, et al. Evolving neoantigen profiles in colorectal cancers with DNA
repair defects. Genome Med. 2019;11(1):42.

Catalano |, Grassi E, Bertotti A, Trusolino L. Immunogenomics of colorectal
tumors: facts and hypotheses on an evolving Saga. Trends Cancer. 2019;
5(12):779-88.

Jiang T, Shi T, Zhang H, Hu J, Song Y, Wei J, et al. Tumor neoantigens: from
basic research to clinical applications. J Hematol Oncol. 2019;12(1):93.
Wang J, Mouradov D, Wang X, Jorissen RN, Chambers MC, Zimmerman LJ,
et al. Colorectal Cancer cell line proteomes are representative of primary
tumors and predict drug sensitivity. Gastroenterology. 2017;153(4):1082-95.
Gillet JP, Calcagno AM, Varma S, Marino M, Green LJ, Vora Ml et al.
Redefining the relevance of established cancer cell lines to the study of
mechanisms of clinical anti-cancer drug resistance. Proc Natl Acad Sci U S
A. 2011;108(46):18708-13.

. Gillet JP, Varma S, Gottesman MM. The clinical relevance of cancer cell lines.

J Natl Cancer Inst. 2013;105(7):452-8.

. Hughes P, Marshall D, Reid Y, Parkes H, Gelber C. The costs of using

unauthenticated, over-passaged cell lines: how much more data do we
need? Biotechniques. 2007;43(5):575 7-8, 81-2 passim.

Maletzki C, Stier S, Gruenert U, Gock M, Ostwald C, Prall F, et al.
Establishment, characterization and chemosensitivity of three mismatch
repair deficient cell lines from sporadic and inherited colorectal carcinomas.
PL0S One. 2012;7(12):e52485.

Rowehl RA, Burke S, Bialkowska AB, Pettet DW, Rowehl L, Li E, et al.
Establishment of highly tumorigenic human colorectal cancer cell line (CR4)
with properties of putative cancer stem cells. PLoS One. 2014;9(6):299091.



Durinikova et al. Journal of Experimental & Clinical Cancer Research

104.

105.

106.

107.

109.

110.

11

112

113.

114.

115.

117.

118.

119.

120.

122.

123.

124.

Maletzki C, Gock M, Randow M, Klar E, Huehns M, Prall F, et al.
Establishment and characterization of cell lines from chromosomal instable
colorectal cancer. World J Gastroenterol. 2015;21(1):164-76.

Song HN, Lee C, Kim ST, Kim SY, Kim NK, Jang J, et al. Molecular
characterization of colorectal cancer patients and concomitant patient-
derived tumor cell establishment. Oncotarget. 2016;7(15):19610-9.

Ku JL, Shin YK, Kim DW, Kim KH, Choi JS, Hong SH, et al. Establishment and
characterization of 13 human colorectal carcinoma cell lines: mutations of
genes and expressions of drug-sensitivity genes and cancer stem cell
markers. Carcinogenesis. 2010;31(6):1003-9.

Boot A, van Eendenburg J, Crobach S, Ruano D, Speetjens F, Calame J, et al.
Characterization of novel low passage primary and metastatic colorectal
cancer cell lines. Oncotarget. 2016;7(12):14499-509.

. Kim SC, Hong CW, Jang SG, Kim YA, Yoo BC, Shin YK, et al. Establishment

and characterization of paired primary and peritoneal seeding human
colorectal Cancer cell lines: identification of genes that mediate metastatic
potential. Transl Oncol. 2018;11(5):1232-43.

Gock M, Mullins CS, Bergner C, Prall F, Ramer R, Goder A, et al.
Establishment, functional and genetic characterization of three novel
patient-derived rectal cancer cell lines. World J Gastroenterol. 2018;24(43):
4880-92.

Francipane MG, Bulanin D, Lagasse E. Establishment and Characterization of
5-Fluorouracil-Resistant Human Colorectal Cancer Stem-Like Cells: Tumor
Dynamics under Selection Pressure. Int J Mol Sci. 2019;20(8):1817.

Kim SC, Shin R, Seo HY, Kim M, Park JW, Jeong SY, et al. Identification of a
novel fusion gene, FAM174A-WW(CT, in early-onset colorectal Cancer:
establishment and characterization of four human Cancer cell lines from
early-onset colorectal cancers. Transl Oncol. 2019;12(9):1185-95.
Dangles-Marie V, Pocard M, Richon S, Weiswald LB, Assayag F, Saulnier P,
et al. Establishment of human colon cancer cell lines from fresh tumors
versus xenografts: comparison of success rate and cell line features. Cancer
Res. 2007,67(1):398-407.

Lerescu L, Tucureanu C, Caras |, Neagu S, Melinceanu L, Séldgeanu A.
Primary cell culture of human adenocarcinomas--practical considerations.
Roum Arch Microbiol Immunol. 2008;67(3-4):55-66.

Bruna A, Rueda OM, Greenwood W, Batra AS, Callari M, Batra RN, et al. A
Biobank of Breast Cancer Explants with Preserved Intra-tumor Heterogeneity
to Screen Anticancer Compounds. Cell. 2016;167(1):260-74 e22.

Damhofer H, Ebbing EA, Steins A, Welling L, Tol JA, Krishnadath KK, et al.
Establishment of patient-derived xenograft models and cell lines for
malignancies of the upper gastrointestinal tract. J Transl Med. 2015;13:115.

. Knudsen ES, Balaji U, Mannakee B, Vail P, Eslinger C, Moxom C, et al.

Pancreatic cancer cell lines as patient-derived avatars: genetic
characterisation and functional utility. Gut. 2018,67(3):508-20.

Fan F, Bellister S, Lu J, Ye X, Boulbes DR, Tozzi F, et al. The requirement for
freshly isolated human colorectal cancer (CRC) cells in isolating CRC stem
cells. Br J Cancer. 2015;112(3):539-46.

Leto SM, Sassi F, Catalano |, Torri V, Migliardi G, Zanella ER, et al.
Sustained inhibition of HER3 and EGFR is necessary to induce
regression of HER2-amplified gastrointestinal carcinomas. Clin Cancer
Res. 2015;21(24):5519-31.

Sato T, Vries RG, Snippert HJ, van de Wetering M, Barker N, Stange DE, et al.
Single Lgr5 stem cells build crypt-villus structures in vitro without a
mesenchymal niche. Nature. 2009,459(7244):262-5.

Sato T, Stange DE, Ferrante M, Vries RG, Van Es JH, Van den Brink S, et al.
Long-term expansion of epithelial organoids from human colon, adenoma,
adenocarcinoma, and Barrett's epithelium. Gastroenterology. 2011;141(5):
1762-72.

. Ooft SN, Weeber F, Dijkstra KK, McLean CM, Kaing S, van Werkhoven E, et al.

Patient-derived organoids can predict response to chemotherapy in
metastatic colorectal cancer patients. Sci Transl Med. 2019;11(513):eaay2574.
Yao Y, Xu X, Yang L, Zhu J, Wan J, Shen L, et al. Patient-Derived Organoids
Predict Chemoradiation Responses of Locally Advanced Rectal Cancer. Cell
Stem Cell. 2020,26(1):17-26 6.

Fujii M, Shimokawa M, Date S, Takano A, Matano M, Nanki K, et al. A
colorectal tumor Organoid library demonstrates progressive loss of niche
factor requirements during tumorigenesis. Cell Stem Cell. 2016;18(6):827-38.
Fujii M, Matano M, Toshimitsu K, Takano A, Mikami Y, Nishikori S, et al.
Human Intestinal Organoids Maintain Self-Renewal Capacity and Cellular
Diversity in Niche-Inspired Culture Condition. Cell Stem Cell. 2018;23(6):787-
93 eb.

(2021) 40:185

125.

126.

129.

130.

133.

138.

139.

146.

Page 16 of 17

Pleguezuelos-Manzano C, Puschhof J, van den Brink S, Geurts V, Beumer J,
Clevers H. Establishment and culture of human intestinal Organoids derived
from adult stem cells. Curr Protoc Immunol. 2020;130(1):e106.

Crespo M, Vilar E, Tsai SY, Chang K, Amin S, Srinivasan T, et al. Colonic
organoids derived from human induced pluripotent stem cells for
modeling colorectal cancer and drug testing. Nat Med. 2017,23(7):878-84.

. Kondo J, Endo H, Okuyama H, Ishikawa O, lishi H, Tsujii M, et al. Retaining

cell-cell contact enables preparation and culture of spheroids composed of
pure primary cancer cells from colorectal cancer. Proc Natl Acad Sci U S A.
2011;108(15):6235-40.

. van de Wetering M, Francies HE, Francis JM, Bounova G, lorio F, Pronk A,

et al. Prospective derivation of a living organoid biobank of colorectal
cancer patients. Cell. 2015;161(4):.933-45.

Vlachogiannis G, Hedayat S, Vatsiou A, Jamin Y, Ferndndez-Mateos J, Khan K,
et al. Patient-derived organoids model treatment response of metastatic
gastrointestinal cancers. Science. 2018;359(6378):920-6.

Pasch CA, Favreau PF, Yueh AE, Babiarz CP, Gillette AA, Sharick JT, et al.
Patient-derived Cancer Organoid cultures to predict sensitivity to
chemotherapy and radiation. Clin Cancer Res. 2019;25(17):5376-87.

. Roerink SF, Sasaki N, Lee-Six H, Young MD, Alexandrov LB, Behjati S, et al.

Intra-tumour diversification in colorectal cancer at the single-cell level.
Nature. 2018;556(7702):457-62.

. Yan HHN, Siu HC, Ho SL, Yue SSK, Gao Y, Tsui WY, et al. Organoid cultures

of early-onset colorectal cancers reveal distinct and rare genetic profiles.
Gut. 2020,69(12):2165-79.

Bruun J, Kryeziu K, Eide PW, Moosavi SH, Eilertsen IA, Langerud J, et al.
Patient-derived organoids from multiple colorectal cancer liver metastases
reveal moderate intra-patient pharmacotranscriptomic heterogeneity. Clin
Cancer Res. 2020;26(15):4107-19.

. Narasimhan V, Wright JA, Churchill M, Wang T, Rosati R, Lannagan TR, et al.

Medium-throughput drug screening of patient-derived organoids from
colorectal peritoneal metastases to direct personalized therapy. Clin Cancer
Res. 2020,26(14):3662-70.

. Li X, Larsson P, Ljuslinder I, Ohlund D, Myte R, Léfgren-Burstrém A, et al. Ex

Vivo Organoid Cultures Reveal the Importance of the Tumor
Microenvironment for Maintenance of Colorectal Cancer Stem Cells.
Cancers (Basel). 2020;12(4):923.

. Nikolaev M, Mitrofanova O, Broguiere N, Geraldo S, Dutta D, Tabata Y, et al.

Homeostatic mini-intestines through scaffold-guided organoid
morphogenesis. Nature. 2020;585(7826):574-8.

. Verissimo CS, Overmeer RM, Ponsioen B, Drost J, Mertens S, Verlaan-Klink |,

et al. Targeting mutant RAS in patient-derived colorectal cancer organoids
by combinatorial drug screening. Elife. 2016;5:218489.

Smyth E, Khan K, Valeri N. Translational research and application of basic
biology to clinical trial development in Gl cancers. Ann Transl Med. 2018;
6(9):164.

Lindeboom RG, van Voorthuijsen L, Oost KC, Rodriguez-Colman MJ, Luna-
Velez MV, Furlan C, et al. Integrative multi-omics analysis of intestinal
organoid differentiation. Mol Syst Biol. 2018;14(6):€8227.

. Brazovskaja A, Treutlein B, Camp JG. High-throughput single-cell

transcriptomics on organoids. Curr Opin Biotechnol. 2019;55:167-71.

. Schumacher D, Andrieux G, Boehnke K, Keil M, Silvestri A, Silvestrov M,

et al. Heterogeneous pathway activation and drug response modelled
in colorectal-tumor-derived 3D cultures. PLoS Genet. 2019;15(3):
€1008076.

. Picco G, Petti C, Centonze A, Torchiaro E, Crisafulli G, Novara L, et al. Loss of

AXINT drives acquired resistance to WNT pathway blockade in colorectal
cancer cells carrying RSPO3 fusions. EMBO Mol Med. 2017;9(3):293-303.

. Seshagiri S, Stawiski EW, Durinck S, Modrusan Z, Storm EE, Conboy CB,

et al. Recurrent R-spondin fusions in colon cancer. Nature. 2012;
488(7413):660-4.

. Bolhaqueiro ACF, Ponsioen B, Bakker B, Klaasen SJ, Kucukkose E, van

Jaarsveld RH, et al. Ongoing chromosomal instability and karyotype
evolution in human colorectal cancer organoids. Nat Genet. 2019,51(5):
824-34.

. Moore K, Colombo N, Scambia G, Kim BG, Oaknin A, Friedlander M, et al.

Maintenance Olaparib in patients with newly diagnosed advanced ovarian
Cancer. N Engl J Med. 2018;379(26):2495-505.

Golan T, Hammel P, Reni M, Van Cutsem E, Macarulla T, Hall MJ, et al.
Maintenance Olaparib for Germline BRCA-mutated metastatic pancreatic
Cancer. N Engl J Med. 2019;381(4):317-27.



Durinikova et al. Journal of Experimental & Clinical Cancer Research

147.

148.

149.

150.

151.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Amodio V, Yaeger R, Arcella P, Cancelliere C, Lamba S, Lorenzato A, et al.
EGFR blockade reverts resistance to KRAS G12C inhibition in colorectal
cancer. Cancer Discov. 2020;10(8):1129-39.

Lorenzato A, Magri A, Matafora V, Audrito V, Arcella P, Lazzari L, et al.
Vitamin C Restricts the Emergence of Acquired Resistance to EGFR-Targeted
Therapies in Colorectal Cancer. Cancers (Basel). 2020;12(3).

Driehuis E, Kretzschmar K, Clevers H. Establishment of patient-derived
cancer organoids for drug-screening applications. Nat Protoc. 2020;15(10):
3380-409.

Neal JT, Li X, Zhu J, Giangarra V, Grzeskowiak CL, Ju J, et al. Organoid
Modeling of the Tumor Immune Microenvironment. Cell. 2018;175(7):1972—
88 el6.

Cattaneo CM, Dijkstra KK, Fanchi LF, Kelderman S, Kaing S, van Rooij N, et al.
Tumor organoid-T-cell coculture systems. Nat Protoc. 2020;15(1):15-39.

. Dijkstra KK, Cattaneo CM, Weeber F, Chalabi M, van de Haar J, Fanchi LF,

et al. Generation of Tumor-Reactive T Cells by Co-culture of Peripheral
Blood Lymphocytes and Tumor Organoids. Cell. 2018;174(6):1586-98 e12.
Fujii M, Clevers H, Sato T. Modeling human digestive diseases with CRISPR-
Cas9-modified Organoids. Gastroenterology. 2019;156(3):562-76.

Matano M, Date S, Shimokawa M, Takano A, Fujii M, Ohta Y, et al. Modeling
colorectal cancer using CRISPR-Cas9-mediated engineering of human
intestinal organoids. Nat Med. 2015;21(3):256-62.

O'Rourke KP, Loizou E, Livshits G, Schatoff EM, Baslan T, Manchado E, et al.
Transplantation of engineered organoids enables rapid generation of
metastatic mouse models of colorectal cancer. Nat Biotechnol. 2017;35(6):
577-82.

Cortina C, Turon G, Stork D, Hernando-Momblona X, Sevillano M, Aguilera
M, et al. A genome editing approach to study cancer stem cells in human
tumors. EMBO Mol Med. 2017,9(7):869-79.

Drost J, van Boxtel R, Blokzijl F, Mizutani T, Sasaki N, Sasselli V, et al. Use of
CRISPR-modified human stem cell organoids to study the origin of
mutational signatures in cancer. Science. 2017;358(6360):234-8.

Michels BE, Mosa MH, Streibl Bl, Zhan T, Menche C, Abou-El-Ardat K, et al.
Pooled In Vitro and In Vivo CRISPR-Cas9 Screening Identifies Tumor
Suppressors in Human Colon Organoids. Cell Stem Cell. 2020;26(5):782-92
e7/.

Ringel T, Frey N, Ringnalda F, Janjuha S, Cherkaoui S, Butz S, et al. Genome-
Scale CRISPR Screening in Human Intestinal Organoids Identifies Drivers of
TGF-B Resistance. Cell Stem Cell. 2020,26(3):431-40 e8.

Lannagan TRM, Lee YK, Wang T, Roper J, Bettington ML, Fennell L, et al.
Genetic editing of colonic organoids provides a molecularly distinct and
orthotopic preclinical model of serrated carcinogenesis. Gut. 2019,68(4):684—
92.

Kawasaki K, Fujii M, Sugimoto S, Ishikawa K, Matano M, Ohta Y, et al.
Chromosome Engineering of Human Colon-Derived Organoids to Develop
a Model of Traditional Serrated Adenoma. Gastroenterology. 2020;158(3):
638-51 e8.

Stangl C, Post JB, van Roosmalen MJ, Hami N, Verlaan-Klink |, Vos HR, et al.
Diverse BRAF gene fusions confer resistance to EGFR-targeted therapy via
differential modulation of BRAF activity. Mol Cancer Res. 2020;18(4):537-48.
Tsai YH, Czerwinski M, Wu A, Dame MK, Attili D, Hill E, et al. A Method for
Cryogenic Preservation of Human Biopsy Specimens and Subsequent
Organoid Culture. Cell Mol Gastroenterol Hepatol. 2018,6(2):218-22 e7.

Bui BN, Boretto M, Kobayashi H, van Hoesel M, Steba GS, van Hoogenhuijze
N, et al. Organoids can be established reliably from cryopreserved biopsy
catheter-derived endometrial tissue of infertile women. Reprod BioMed
Online. 2020,41(3):465-73.

Di Nicolantonio F, Vitiello PP, Marsoni S, Siena S, Tabernero J, Trusolino L,
et al. Precision oncology in metastatic colorectal cancer - from biology to
medicine. Nat Rev Clin Oncol. 2021. Online ahead of print.

Bhinder B, Gilvary C, Madhukar NS, Elemento O. Artificial intelligence in
Cancer research and precision medicine. Cancer Discov. 2021;11(4):900-15.
Meric-Bernstam F, Hurwitz H, Raghav KPS, McWilliams RR, Fakih M,
VanderWalde A, et al. Pertuzumab plus trastuzumab for HER2-amplified
metastatic colorectal cancer (MyPathway): an updated report from a
multicentre, open-label, phase 2a, multiple basket study. Lancet Oncol.
2019;20(4):518-30.

Tol J, Nagtegaal ID, Punt CJ. BRAF mutation in metastatic colorectal cancer.
N Engl J Med. 2009;361(1):98-9.

(2021) 40:185

Page 17 of 17

169. Kopetz S, Grothey A, Yaeger R, Van Cutsem E, Desai J, Yoshino T, et al.
Encorafenib, Binimetinib, and Cetuximab in BRAF V600E-mutated colorectal
Cancer. N Engl J Med. 2019;381(17):1632-43.

170. Corcoran RB, Atreya CE, Falchook GS, Kwak EL, Ryan DP, Bendell JC, et al.
Combined BRAF and MEK inhibition with Dabrafenib and Trametinib in
BRAF V600-mutant colorectal Cancer. J Clin Oncol. 2015;33(34):4023-31.

171. Cocco E, Scaltriti M, Drilon A. NTRK fusion-positive cancers and TRK inhibitor
therapy. Nat Rev Clin Oncol. 2018;15(12):731-47.

172. Amatu A, Sartore-Bianchi A, Siena S. NTRK gene fusions as novel targets of
cancer therapy across multiple tumour types. ESMO Open. 2016;1(2):
€000023.

173. Sartore-Bianchi A, Ardini E, Bosotti R, Amatu A, Valtorta E, Somaschini A,
et al. Sensitivity to Entrectinib Associated With a Novel LMNA-NTRK1 Gene
Fusion in Metastatic Colorectal Cancer. J Natl Cancer Inst. 2016;108(1).

174. Créancier L, Vandenberghe |, Gomes B, Dejean C, Blanchet JC, Meilleroux J,
et al. Chromosomal rearrangements involving the NTRK1 gene in colorectal
carcinoma. Cancer Lett. 2015;365(1):107-11.

175. Drilon A, Laetsch TW, Kummar S, DuBois SG, Lassen UN, Demetri GD, et al.
Efficacy of Larotrectinib in TRK fusion-positive cancers in adults and
children. N Engl J Med. 2018;378(8):731-9.

176. Russo M, Misale S, Wei G, Siravegna G, Crisafulli G, Lazzari L, et al. Acquired
resistance to the TRK inhibitor Entrectinib in colorectal Cancer. Cancer
Discov. 2016,6(1):36-44.

177. Maekawa H, Miyoshi H, Yamaura T, Itatani Y, Kawada K, Sakai Y, et al. A
Chemosensitivity study of colorectal Cancer using Xenografts of patient-
derived tumor-initiating cells. Mol Cancer Ther. 2018;17(10):2187-96.

178. Ganesh K, Wu C, O'Rourke KP, Szeglin BC, Zheng Y, Sauvé CG, et al. A rectal
cancer organoid platform to study individual responses to chemoradiation.
Nat Med. 2019;25(10):1607-14.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Patient-derived xenografts (PDXs)
	Two-dimensional (2D) cell line models
	Three-dimensional (3D) organoid models
	Preclinical models and their clinical translation

	Conclusion
	Abbreviations
	Acknowledgements
	Submission declaration and verification
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

