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Abstract

Organoids have revolutionized cancer research as highly adaptable models that enable an array of
experimental techniques to interrogate tissue morphology and function. Because they preserve the
genetic, phenotypic, and behavioral traits of their source tissue, organoids have gained traction as
the most relevant models for drug discovery, tracking therapeutic response and for personalized
medicine. As organoids are indisputably becoming a mainstay of cancer research, this review
specifically addresses how colon-derived organoids can be perfected as multidimensional,
scalable, reproducible models of healthy, pre-neoplastic and neoplastic conditions of the colon and
for use in high-throughput “Phase-0" human clinical trials-in-a-dish.

1. Introduction

Colorectal cancer (CRC) is the most frequently diagnosed heterogeneous disease in the
digestive tract; it is the second most common cause of cancer-related death in the United
States and the third leading cause worldwide (Siegel et al., 2020; Yan et al., 2020). Most
deaths from CRCs can be attributed to cancer recurrence after initial treatment, which
presents as distant metastases in secondary sites such as the liver or lung. Although the total
global incidence of CRCs has dropped in the last decade, the incidence of early-onset
colorectal cancer (EOCRC), defined as CRCs in patients aged 50 or younger, has been on
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the rise (Mauri et al., 2019). If left untreated, the 5-year survival rate of patients with
metastatic CRC can be as low as 5% (Engel et al., 2020).

Like most cancers, CRCs are comprised of a group of molecularly heterogeneous subtypes,
each characterized by a range of genomic and epigenomic alterations and distinct tumor
drivers. Such heterogeneity makes the standard one-size-fits-all approach to CRC-treatment
ineffective. Another major challenge is that the pathogenic mechanisms of some CRCs, such
as EOCRC:s, still remain poorly understood and insights into their molecular
characterization remain scant. Without such insights, the development of relevant preclinical
models also remains unfulfilled. Thus, the need for comprehensive studies that delineate the
underlying molecular basis for disease pathogenesis using physiologically relevant human
preclinical model systems is both urgent and unmet. Such studies could not only reveal
disease mechanisms but also ensure that the translational potential of the discoveries remains
high.

Since the ability to culture human intestinal organoids has been realized, several teams have
established a library of patient-derived CRC organoid lines, encompassing different
histological subtypes and clinical stages, as preclinical models for downstream genomic
profiling (Sato et al., 2011; Schutte et al., 2017; van de Wetering et al., 2015; Weeber et al.,
2015; Yan et al., 2020). Given the fact that sporadic CRCs arising through the classical
adenoma-carcinoma sequence, with mutational activation of the W7 signaling pathway in
~80% of CRCs, the rationalized addition of W/N/7-3A and R-spondinl in the culture medium
can support normal organoid growth, and their withdrawal can prevent overgrowth. These
insights have increased the success rate of tumor organoid establishment (van de Wetering et
al., 2015). As organoids are indisputably becoming a mainstay of cancer research, we
dedicate this review to not only highlight the challenges in modeling CRC initiation and
progression and summarize what has been accomplished so far but also outline strategies
that can help us realize the full potential of organoid-based CRC research by building
multidimensional, scalable, reproducible models of healthy, pre-neoplastic and neoplastic
conditions of the colon.

2. Challenges in modeling CRC initiation and progression

2.1 Complex etiopathology

While the etiopathology of CRC is not well known, it is assumed that CRCs are initiated by
a cascade of DNA mutations within epithelial cells (Allen & Sears, 2019). It is also
considered that some external stimuli like bacteria, and fungal toxins, incorporation of
exoDNA into epithelial DNA and micro-environmental factors may alter the genetic and
epigenetic signature of the cellular genome and may propel early to intermediate to late
steps neoplastic progression of this disease (Allen & Sears, 2019; Bardhan & Liu, 2013;
Chan & Giovannucci, 2010). Metastasis of CRCs, on the other hand, is fueled mostly by
epigenetic mechanisms, believed to be of multifactorial triggers, the exact nature of which is
less well understood (Bardhan & Liu, 2013). Epigenetic alterations that have been observed
include DNA methylation, histone modifications, chromatin remodeling and non-coding
RNAs, affect every aspect of tumor development from initiation to metastasis (Ju et al.,
2011; Vaiopoulos, Athanasoula, & Papavassiliou, 2014). Without a complete understanding
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of the triggers or sequence of these events, their cause-effect relationships, or if they occur
concomitantly and synergize, it is difficult to model such progressive events ex vivo.
Informed models of tumor initiation as well as metastatic progression have not been
realized, and whatever exists remains rudimentary at best.

2.2 Molecular subtypes

CRC is a heterogeneous disease; its subtypes carry distinct prognostic and predictive
information that is associated with different patient outcomes (Inamura, 2018). CRCs are
classified on the basis of their comprehensive molecular characterizations into The Cancer
Genome Atlas (TCGA) and consensus molecular subtype (CMS). TCGA is further
categorized into hypermutated and non-hypermutated CRC subtypes according to their DNA
copy number, exome sequences, promoter methylation, messenger RNA as well as
microRNA expression patterns. For CMS classification, gene expression profiles and TCGA
data are used together to generate a consensus molecular subtypes of CRCs (Budinska et al.,
2013; Marisa et al., 2013; Sadanandam et al., 2013). CRC subtypes include CMS1 (MSI
immune, 14%), CMS2 (canonical, 37%), CMS3 (metabolic, 13%) and CMS4
(mesenchymal, 23%); they are categorized based on whether they are microsatellite
proficient (i.e., stable; MSS) or deficient (i.e., unstable; MSI), and whether they have a CpG
island methylator phenotype (CIMP) or somatic copy number alteration (SCNA) phenotype.
CRCs are also categorized into distinct subtypes by considering their key molecular features
and clinical outcomes. Based on their distinct clinicopathological features with regard to
MSI, CIMP, BRAF and KRAS mutation status five distinct subtypes of CRCs have been
recognized (Inamura, 2018; Phipps et al., 2015). Type 1 and 2 subtypes demonstrate a
serrated morphology, type 3 reflects an alternate serrated pathway with origins in KRAS
mutated adenomas, type 4 subtype represents the origin of CRC from traditional adenoma-
carcinoma sequence and type 5 subtype indicates possible Lynch syndrome with a high
prevalence of CRC family history (Guinney et al., 2015). Patients with CRC subtypes 1 and
5 (MSI high) have the most favorable outcomes, whereas those with subtype 2 (MSS/MSI-
low, CIMP-positive, BRAF~mutated, KRAS-mutation—negative) have the highest mortality
(Jass, 2007; Phipps et al., 2015). The broad spectrum in genetic changes and mutations in
various subtypes have created a gap between cancer genetics and patient treatment. These
circumstances necessitate the creation of large genotyped phenotyped biobanks to generate
reproducible findings. In this aspect, patient-derived organoids can help create a “living
biobank,” which can minimize the gap between the disease and the experimental model,
enhance the precision and personalization in the process of biomarker/drug discovery.

2.3 Lacking models for intermediate (pre-neoplastic) lesions

CRC:s are the end results of a multistage process that is slow, and spans over years, as
aberrant crypts eventually turn into malignant polyps. Because about 85% of CRCs begin as
pre-cancerous polyps, the early detection and removal of polyps can notably reduce the risk
of cancer (Gopalappa, Aydogan-Cremaschi, Das, & Orcun, 2011). But polyps are not all one
and the same; several subtypes of polyps exist, e.g., hyperplastic polyps (HPs), sessile
serrated adenoma/polyps (SSAPs) and traditional serrated adenoma (TSA) (Snover, Jass,
Fenoglio-Preiser, & Batts, 2005). It is known that HPs polyps represent very low malignant
potential where SSA/P and TSA both correspond as a precursor of cancer via the serrated
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neoplastic pathway (O’Brien et al., 2006; Spring et al., 2006; Uraoka et al., 2015). The
SSA/P polyps are also recognized as precursors of sporadic colorectal cancer with findings
of microsatellite instability and aberrant DNA hypermethylation (Bardhan & Liu, 2013;
Goldstein, 2006; Noffsinger, 2009; Simon, 2016). However, the process of initiation and
progression of polyps and the risk factors that propel such progression have not been
comprehensively modeled to understand what constitutes such risk and why some polyps
progress, and others do not (Harrington, Wei, Suriawinata, Mackenzie, & Hassanpour,
2020). Despite advances in the modeling and understanding of CRCs, precise preclinical ex-
vivo models for investigating pre-neoplastic states (polyps) are lacking.

3. Conventional CRC models

3.1 2D monolayers of CRC cell lines

Human 2D CRC cell line grown as monolayer is the most popular conventional CRC model
that allows easy assessment of a variety of tumor cell phenotypes, e.g., cell viability, cell
cycle, colony formation, migration, invasion, metastasis, and survival and apoptosis (Kannen
etal., 2012; Nautiyal et al., 2011; Young, Ordonez, & Clarke, 2013). Moreover, the 2D
monolayers have been used to study the efficacy of anti-cancer therapies, identification and
validation of drug targets, and targeted drug delivery. For example, The role of JNK
signaling in cell migration and invasion was studied in the COLO-205 cell line (Zhang et al.,
2016), while the SW480 cell line was used to investigate p-catenin as a novel target for
cancer therapy (Li, Zhou, Ji, & Luo, 2016). The popularity of the 2D monolayer model
stems from multiple factors such as their low cost, high reproducibility, and their ease of
creation and propagation (Joseph, Malindisa, & Ntwasa, 2018). However, this model has
serious drawbacks, i.e., they do not recapitulate the tumor cell microenvironment and lack
dimensionality (Porter, Murray, & McLean, 2020; Ronen, Hayat, & Akalin, 2019). Other
disadvantages include (a) the molecular profiles of CRC cell lines often differ significantly
from human tumors; (b) cancer cell lines are subjected to the risk of contamination and
mislabeling, and genetic drifts during prolonged cultures; (c) lack of dimensionality leading
to unnatural adhesion forces; and (d) lack the tumor-stroma and tumor-immune cell
interactions (Domcke, Sinha, Levine, Sander, & Schultz, 2013; Huang, Liu, Zheng, & Shen,
2017).

3.2 3D tumor spheroids of CRC cell lines

3D tumor spheroids, developed by either growing tumor cells within 3D scaffolds or as
multicellular spheroids, recapitulate the in vivo tumor microenvironment and they have been
developed to study the interactions between tumor and stromal cells as well as tumor cells
and the extracellular matrix. This model mitigates some of the disadvantages of the 2D
monolayer model, namely, as it is well documented to regain intrinsic properties and to
better mimic the /in vivo situation due to the added third dimension (Dolznig et al., 2011;
Fischbach et al., 2009). Over the past few years, the 3D tumor spheroids have been preferred
over 2D monolayers to study tumor cell metabolism, gene expression studies, and for
tracking response to anti-tumor treatments (Desoize & Jardillier, 2000; Takagi et al., 2007).
This model is advantaged by its simplicity, high degrees of reproducibility, and the ability to
coculture with other cell types. Major disadvantages of this model are the poor structural
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organization and poor supply of oxygen and nutrients to the spheroid core (Porter et al.,
2020). Moreover, the 2D and the 3D models have been shown to differentially activate
signaling pathways, especially in the mTOR, AKT, S6K signaling in response to the
therapeutic agents (Riedl et al., 2017). These apparent inconsistencies and major
disadvantages require researchers to use pre-clinical animal models for human CRC research
to confirm findings, forcing us one step backward (in terms of species).

models

The main goal of modeling human CRC in animals is to understand the molecular etiology,
pathology, and progression of CRC (Oliveira, Abrantes, Tralhdo, & Botelho, 2020). This
model has been used to translate and confirm the hypotheses derived from cell models
(Johnson & Fleet, 2013). Moreover, it is used to study the precise molecular mechanisms as
well as to test the possible potential preventative and therapeutic strategies for CRC
(Oliveira et al., 2020). There five major strategies for the development of potential animal
models for CRCs, including: (i) spontaneous intestinal cancers in various animal species
including dogs, sheep and mice; (ii) chemically or environmentally induced cancers in
rodents; (iii) mutagen-induced germline mutation models, including APC™" mouse and
F344-Pirc Rat; (iv) genetically modified mice; and (v) implantation of tumor cells into mice,
either syngeneic murine cells (Morikawa et al., 1988; Naito, von Eschenbach, Giavazzi, &
Fidler, 1986) or xenotransplantation of human CRC tissues/cells (Johnson & Fleet, 2013;
Oliveira et al., 2020). Although these animal models mitigate a lot of the disadvantages of
the 2D and 3D models, there are still several weaknesses, for example, (i) the gut
environment (diet, toxins, microbes) is non-human, and hence, the innate immune response
in the gut lining will lack humanness; (ii) the ability to study both the initial and late stages
(metastasis) of CRCs is limited because the models either allow studying initiation (e.g.,
spontaneous tumor models) or progression (syngeneic or xenograft models), but not both;
(iii) The need for extensive resources, high costs related to animal care and breeding and
ethical concerns (Johnson & Fleet, 2013; Porter et al., 2020). Furthermore, the human
xenograft model, which requires the use of immune deficient mice has one major flaw that is
unique to this model, in that, it lacks a key component in cancer progression, i.e., the host
immune response to a growing tumor. Therefore, an optimal model that can be uniformly
used to study both the early and late stages of CRCs is still lacking.

4. The development of patient-derived colorectal organoids as 3D models

for studying CRCs

Recent technological innovation in stem cell research has had a significant impact
specifically on CRC research, enabling the development of 3D colorectal organoid models
and their optimized growth conditions which bypass some of the disadvantages of the
conventional models (Du et al., 2020; Ghosh et al., 2020; Pleguezuelos-Manzano et al.,
2020; Sayed, Chakraborty, et al., 2020; Sayed, Sahan, et al., 2020; Sayed, Suarez, et al.,
2020; Yuki, Cheng, Nakano, & Kuo, 2020). Although most of the published papers used the
murine APCMN colon-derived tissue to grow organoids, others (Sato et al., 2011) and we
Ghosh et al. (2020), Sayed, Chakraborty, et al. (2020), Sayed, Sahan, et al. (2020), Sayed,
Suarez, et al. (2020) have shown that the long-term culture of colorectal organoids from
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healthy subjects and patients with inflammatory bowel disease (IBD) (d’Aldebert et al.,
2020; Sayed, Chakraborty, et al., 2020; Sayed, Sahan, et al., 2020; Sayed, Suarez, et al.,
2020), adenoma and colorectal cancers (Bruun et al., 2020; Sato et al., 2011). These
organoids spurred an unprecedented growth of associated technologies, all of which have
highlighted the limitless potential of this human pre-clinical model system (see Fig. 1).

4.1 Standardized methodologies for culturing 3D organoids, enhancing reproducibility

The optimization of the 3D organoids’ culture media has had an enormous impact on CRC
research. Sato et al. had successfully established mouse intestinal crypt-villus organoids
from single sorted L GR5' stem cells using WNT 3a, R-spondin and Aoggin (WRN)
containing culture media and 3D serum-free extracellular matrix such as Matrigel (Sato et
al., 2009). The composition of WRN media and other constituents required for organoid
culture are listed in Table 1. This media supports the growth of L GR5' stem cells into crypt-
villus-forming epithelial domains containing all the differentiated cell types that are present
in the colon epithelium /n vivo. It is notable that these organoids can be maintained for long-
term in culture despite the absence of a mesenchymal niche (more than 8 months) (Sato et
al., 2009).

The addition of nicotinamide, A83-01 (an ACT/VIN/NODAL/TGF-g pathway inhibitor),
and SB202190 (a p38 MAPK inhibitor) to the WRN media allows the long-term culture of
organoids derived from the human small intestine and colon tissues and mouse APC-
deficient adenomas, but also from human colorectal cancer cells and metaplastic epithelia
from regions of Barrett’s esophagus (Jung et al., 2011; Sato et al., 2011) Table 1. The use of
such conditioned media (instead of custom media with cocktails) has been shown to improve
reproducibility (VanDussen, Sonnek, & Stappenbeck, 2019). With the optimization of ~-
spondin-based culture conditions, organoid technology has been expanded to enable several
other human carcinomas, including gastric (Nanki et al., 2018), breast (Sachs et al., 2018),
ovarian (Kopper et al., 2019), lung (Sachs et al., 2019), and liver cancers (Broutier et al.,
2017); spurring the notion that if there are LGR5" adult tissue stem cells, establishment of
organoids is feasible. Importantly, the organoids derived from human CRC samples,
especially tissues that represent the adenoma-carcinoma transition stage, can grow without
the niche factors WINT, R-spondin, EGF, and Noggin;, this is because, the mutational
background of these samples ensure that the associated downstream signaling pathways are
constitutively activated (Drost et al., 2015; Fujii et al., 2016; Matano et al., 2015). Recently,
it has been shown that Fibroblast growth factor 2 (FGF2) is essential and necessary for the
self-renewal of colon cancer organoids (Otte et al., 2019) especially to grow organoids from
tumor metastases.

Thus, the past decade has seen a concerted push toward the standardization and
simplification of protocols for organoid isolation and expansion, and most groups converge
on the fundamentals (i.e., what to add). However, like most external manipulations in cell
biology, we emphasize that “/ess is more” and that such a restrained approach which avoids
the addition of too many/too much external growth factors might be best in order to preserve
the epigenetic and phenotypic properties of the organoid closest to its tissue of origin.
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4.2 Generation of a living organoid biobank from CRC patients

The importance of building patient tumor-derived organoid biobank has been documented
before with other cancers, e.g., primary pancreatic ductal adenocarcinoma (Huang,
Holtzinger, et al., 2015; Seino et al., 2018; Tiriac et al., 2018), breast cancer (Sachs et al.,
2018), prostate cancer (Gao et al., 2014), and primary liver cancer (Broutier et al., 2017).
These efforts not only spurred the discovery of novel pathways and actionable targets, but
also personalize anti-cancer therapeutics to match the molecular phenotype. In the case of
CRC:s, efforts to build similar biobank(s) have been reported previously (van de Wetering et
al., 2015; Weeber et al., 2015); van de Wetering and colleagues established patient-derived
organoids from 20 patients using tumor tissues that represented major CRC molecular
subtypes and matching adjacent healthy regions (van de Wetering et al., 2015). The tumor
organoids recapitulated the mutation spectra found in the parent CRC tissue (van de
Wetering et al., 2015), making them ideal for use in high-throughput drug screening assays
to not just facilitate personalized therapy but also exploit for genomic and functional studies
on the individual patient (van de Wetering et al., 2015). Weeber and colleagues showed that
organoids reflect the mutation load of original metastases from which they were derived,
capturing ~90% of the somatic mutations seen in the patient, as determined by sequencing of
14 patient-derived organoids (PDOs) for 1977 cancer-relevant genes (Weeber et al., 2015).
Similarly, Fujii et al. demonstrated that organoids (/7= 55 PDOs) preserve the
histopathological grade and differentiation status of their parental tumors in vitro and
develop tumors after implantation to the immunodeficient mice (Fujii et al., 2016).
Moreover, the OncoTrack consortium generated a large biobank of 106 tumors, 35
organoids, and 59 xenografts from CRC patients (stages I-1V) (7= 106 PDOs), and
developed a preclinical platform generating a compendium of drug sensitivity data more
than 4000 assays for evaluation of 16 anti-cancer drugs (Schiitte et al., 2017). By combining
the molecular profiles and drug sensitivity patterns, they could identify biomarkers to predict
sensitivity to the EGFR inhibitor cetuximab (Schitte et al., 2017).

These key proof-of-concept studies demonstrate that a well-annotated organoid biobank
accurately reflecting the patient’s tumor and its unique biology are useful for drug and
biomarker discovery, for strategizing personalized treatment plans, and could even serve as
platforms for carrying out phase “0” pre-clinical human clinical trials for novel targets/
compounds (Fig. 1). The key, however, is to have proper metadata collection, as complete as
possible, which not just includes information such as age, gender, source (biopsy or surgical
resection), clinical staging, prior treatment history (chemotherapy or targeted), location and
histology (moderately differentiated or poorly differentiated), but also mutation load
estimates, MSI/MSS status, and molecular makeup. In other words, biobanks would benefit
from diligent collection of PDO-associated metadata, which is any and all information that
can aid in the selection of therapeutics and formulation of treatment plans.
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5. The coculture models with CRC organoids and its benefits in CRC

research

5.1 Coculture of CRC organoids with the immune cells

Somatic mutations in the cancer cells have the potential to encode immunogenic antigens,
named neoantigens (Le et al., 2015). The host immune response produced against the
neoantigens may be insufficient to neutralize them, leading to immune escape and survival
of cancer cells. To overcome this challenge, patient’s immune cells could be expanded /n
vitroto generate large quantities of activated immune cells for /in vivo use, and this is the
principle of cancer immunotherapy (Chen & Mellman, 2017; Sharma & Allison, 2015).
Immune cells can be expanded /in7 vitro in coculture with organoids (see Fig. 2). Nozaki and
colleagues successfully established a coculture model between mouse intestinal epithelial
organoids and intraepithelial lymphocytes (IELSs) that allows efficient expansion and motility
analysis of IELs in the presence of IL-2, IL-7, and IL-15 (Nozaki et al., 2016). IELs showed
a fourfold increase in both apT and y8T IELs for 2 weeks and were efficiently maintained
within and outside of organoids (Nozaki et al., 2016). Finnberg and colleagues generated
3D-tumoroids, organoids derived from CRC patients, cocultured them with the patient’s
peripherally and tumor-derived immune cells /n7 vitro to mimic the tumor microenvironment
and assess the tumor response to chemotherapy such as 5-fluorouracil (Finnberg et al.,
2017). Similarly, Neal and colleagues used the air-liquid interface method to develop a
coculture of organoids, derived from more than 100 human biopsies and mouse tumors, and
native embedded immune cells (T, B, and NK cells and macrophages) to recapitulate the
tumor microenvironment (Neal et al., 2018). They also found that human and murine derived
organoids successfully modeled immune checkpoint blockade with anti-PD-1- and/or anti-
PD-L1 expanding and activating tumor antigen-specific CD8* T lymphocytes and eliciting
tumor cytotoxicity (Neal et al., 2018). Furthermore, Dijkstra and colleagues showed that
cocultures of autologous tumor organoids, derived from mismatch repair-deficient CRC
patients and non-small-cell lung cancer, and peripheral blood lymphocytes were efficient in
enrichment and induction the tumor activity of the circulating T cells that specifically kill
autologous tumor organoids (Dijkstra et al., 2018). Moreover, analysis of immune cells from
human mammary ductal epithelial organoids revealed the presence of T lymphocytes subset,
V&2+ T cells, which produced antitumor cytokine IFN+y and efficiently killed breast
carcinoma cells in the presence of FDA—approved drugs bisphosphonate drugs (Zumwalde
etal., 2016). In addition, the development of reverse-engineered thymus-derived organoids
can be applied in regenerative medicine and solid organ transplantation as they provide a
physiological thymic microenvironment that can be a source for tumor-specific lymphocytes
(Tajima, Pradhan, Trucco, & Fan, 2016).

The tumor immune microenvironment (TME) can be generated using CRC organoids by
three approaches: (a) reconstituted models, in which immune cells can be cocultured with
organoids; (b) native TME models, in which the intrinsic immune microenvironment of
tumors are preserved when establishing tumor organoids; (c) air-liquid interface (ALI)
culture models, in which tissue fragments containing both tumor cells and immune
components are embedded in collagen gels (Yuki et al., 2020). All these models are
promising platforms for use in interrogating immunotherapeutic strategies.
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5.2 Organoid models to assess the contribution of microbes in cancer initiation and

progression

Microbes have been implicated in both initiation and progression of cancers, as exemplified
by the oncopathogen that increases the risk of gastric cancers, Helicobacter pylori.
Cocultures of microbes and organoids are useful to assess the mechanisms and risk factors
for cancer development. Bartfeld and colleagues first developed a 3D organoid culture of
human gastric stem cells and challenged with H. py/oriby microinjecting the bacteria into
the lumen; they noted a strong inflammatory response that was characterized by an induction
of IL-8 and activation of NF-xB (Bartfeld et al., 2015). Since then, several groups used
similar coculture models of human gastric organoids with H. pylorito understand the host
epithelial cell responses to the microbe and the microbial response to host metabolites and
host signaling pathways (Bartfeld et al., 2015; Holokai et al., 2019; Huang, Sweeney, et al.,
2015; Sebrell et al., 2019). We recently used gastric organoid-derived monolayers and
challenged them with H. py/foriand observed altered DNA repair pathways, specifically, the
base excision repair process, followed by induction of inflammatory response and oxidative
DNA damage (Sayed, Sahan, et al., 2020); the latter are key cellular events that have been
implicated in gastric cancer initiation and progression.

Besides cocultures of H. pyloriand gastric organoids, murine gallbladder organoids have
been cocultured with the enteric pathogen, Sa/monella (Scanu et al., 2015); this study
showed that the microbe can induce host signaling pathways that culminate in the
amplification of c-MYCthrough the activation of MAPK and AKT signaling pathways, and
that these events were permissive to cellular transformation associated with gall bladder
carcinoma.

In the case of CRCs, it is now widely accepted that gut microbes contribute to CRC
progression through various mechanisms such as the induction of chronic inflammatory state
and the production of toxic metabolites, which in turn affects stem cell precursors
(Tsilimigras, Fodor, & Jobin, 2017). The well-known CRC associated microbes are
Fusobacterium nucleatum (Fr), enterotoxigenic Bacteroides fragilis (ETBF), and colibactin
producing E. coli (Alhinai, Walton, & Commane, 2019). The anaerobe £. nucleatum resides
in the oral cavity and plays a role in CRC progression (Kostic et al., 2013, 2012), possibly
by activating B-cateninand Wntsignaling and upregulates inflammatory responses
(Rubinstein et al., 2013). In addition, high levels of £ nucleatum in CRC patients’ tissues
was associated with poor patient outcome and recurrence of post-chemotherapy (Yu et al.,
2017). Much like H. pylori, F. nucleatum also induces DNA damage through the effect on
the DNA repair pathway (Geng, Zhang, Lu, Zhang, & Pan, 2020). Recently, using 3D colon-
derived organoids and polarized 2D epithelial cells derived from healthy humans, we have
shown that £ nucleatum induces DNA damage that can influence CRC initiation and/or
progression (Sayed, Chakraborty, et al., 2020).

The enterotoxigenic Bacteroides fragilis (ETBF) is another example of a CRC-associated

microbe that secretes a metalloprotease toxin, which causes human inflammatory diarrhea
(Sears et al., 2008). ETBF has been shown to enhance CRC progression in APC min mice
through immunologic mechanisms via selective activation to the colonic signal transducer
and activator of transcription-3 (Stat3) and T-helper 17 (Th17), causing inflammation-
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induced cancer (Wu et al., 2009). In addition, purified Bacteriodes fragilistoxin (BFT)
upregulates the enzyme spermine oxidase (SMO) in the colon epithelial cells resulting in the
accumulation of reactive oxygen species (ROS) and the induction of y-H,AX, a marker of
DNA damage (Goodwin et al., 2011).

E. coliwith the polyketide synthase genomic island (pks* £. coli) are also associated with
CRC and responsible for the synthesis of colibactin (genotoxin). Colibactin producing £.
coli NC101 strain induces colon carcinogenesis through induction of DNA double-strand
breaks triggering genomic instability (Arthur et al., 2012; Cuevas-Ramos et al., 2010;
Nougayréede et al., 2006). A recent study done by Dejea and colleagues reported that patients
with familial adenomatous polyposis (FAP) harbor colonic biofilms containing tumorigenic
bacteria composed of colibactin producing £. coli and ETBF (Dejea, Fathi, & Craig, 2018).
Adherent invasive £. coli, associated with Crohn’s disease, increases the risk of CRC,
especially in IBD patients through induction of chronic inflammation and accumulation of
DNA damage (Martin et al., 2004).

Taken together, these studies have converged on a common overall mechanism, one that
involves infection, chronic inflammation, leading to DNA damage coupled with altered core
DNA repair mechanisms in the epithelium, which in turn triggers aberrant cell behavior and
immune responses (Alhinai et al., 2019). Despite these insights, whether CRC-associated
microbes can “cause’ CRCs has been met with a healthy dose of criticism. One plausible
hypothesis is that they may simply preferentially colonize cancerous lesions because of
growth advantage (Coleman & Nunes, 2016; Wassenaar, 2018).

6. The advantage of the organoid model in the CRC research

6.1 Models to interrogate the precise contributions of host genetics and microbes in CRC
initiation and propagation

It is conceivable that the 3D colon organoid and polarized epithelial cell model that we
already developed for use in coculture assays (Sayed, Chakraborty, et al., 2020; Sayed,
Sahan, et al., 2020; Sayed, Suarez, et al., 2020) could be systemically infected with each
strain to assess the impact of microbes on CRC initiation. Colon organoids isolated from
patients with hereditary polyposis syndromes (derived from uninvolved mucosal tissue that
is at risk, as well as from adenomatous tissue) or those from patients with sporadic
adenomas and/or CRCs (Fig. 3A) could be cocultured with the aforementioned CRC-
associated bacterial strains (in the preceding paragraphs) or even fecal microbiota isolated
from the same patient (Fig. 3C).

Such a study model, that is systematically designed to interrogate the 2-way interactions
between the host genetics and the gut microbe (either fecal slurry or specific strains) could
help objectively assess the exact nature of and the relative contributions of the complex
interplay between the microbes and the host in CRC initiation and progression (Fig. 3B).

Such a powerful well-controlled “reductionistic” model could be paired with unbiased
“omics”-based analyses (e.g., whole genome or bulk or single-cell sequencing of the
transcriptome; Fig. 3B) to ask numerous interesting and exciting questions. For example,
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what sequence of events may be triggered by microbes in the healthy vs the vulnerable
mucosa, and which microbes may be able to “shift” the transcriptome toward CRCs. On the
flip side, this very same coculture model could be exploited to detect, interrogate and
harness for therapeutic purposes the beneficial effect of probiotics and prebiotics that may
shift the cellular processes and transcriptomics away from CRCs.

6.2 Genome editing and genetic cancer modeling in organoids

Colon-derived organoids have proven to be the perfect models for controlled and sequential
genetic manipulation to mimic what is currently known to occur during CRC initiation and
progression. CRISPR/Cas9 genome-editing system has enabled researchers to introduce
mutations in the tumor suppressor genes APC, SMAD4, and TP53, and/or the oncogenes
KRAS/BRAF andlor PIK3CA/PTEN, either alone, or in combination, either sequentially
and/or randomly into the normal human intestinal epithelium. Using such an approach,
Matano et al. reported that the organoids harbored all five mutations, i.e., APC, SMAD4,
TP53, KRAS and PIK3CA, could grow independently of niche factors (Matano et al., 2015).
These isogenic genetically manipulated organoids formed tumors after implantation under
the kidney in mice, and they formed micrometastases containing tumor initiating cells after
injection in the mice spleen, but neither progressed to form distant metastases in the liver.
These findings suggested that the mutations may be sufficient for stem cell maintenance in
the hostile tumor microenvironment, but not for metastatic progression (Matano et al.,
2015). In addition, Drost et al. reported that loss of APCand 7P53are key drivers of
chromosomal instability and aneuploidy that lead to CRC (Drost et al., 2015). Using the
CRISPR/Cas9 technique for the generation of quadruple mutant organoids (mutant for APC,
P53, KRAS, and SMAD4), they showed that the mutant organoids could grow
independently of all stem-cell-niche factors and tolerate the presence of the P53 stabilizer
nutlin-3 (Drost et al., 2015). Once again, these mutant organoids grew independently of
niche growth factors from the culture medium, and they could grow as tumors with features
of invasive carcinoma upon xenotransplantation into mice (Drost et al., 2015). Furthermore,
Fumagalli et al. studied the genetic dissection of CRC progression by orthotopic
transplantation of human colon organoids engineered to harbor different combinations of
CRC-associated mutations (Fumagalli et al., 2017). They showed that the sequential
accumulation of oncogenic mutations in critical signaling pathways, e.g., the WNT, EGFR,
P53, and TGF-B/SMAD mediates efficient tumor growth, migration, and metastatic
colonization (Fumagalli et al., 2017). Besides, Verissimo and colleagues developed normal
organoids and tumor organoids with oncogenic KRAS mutation introduced via CRISPR and
used them to evaluate the therapeutic potential of RAS-pathway inhibitors and for use in
drug screening (Verissimo et al., 2016). These studies revealed that the presence of mutant
RAS correlated with resistance to the targeted therapies and that such resistance stemmed
from a drug-induced transient cell-cycle arrest rather than cell death (\Verissimo et al., 2016).
In another study aimed at exploring the origin of cancer-associated mutational signatures
(Drost & van Boxtel, 2017), the authors deleted essential DNA repair genes in human colon
organoids via CRISPR/Cas9 and found that mutation accumulation in organoids deficient in
the mismatch repair gene MLHI resembles the mutation profiles recorded in mismatch
repair-deficient CRCs. By contrast, mutation accumulation in organoids deficient in the base
excision repair protein N7THL 1 resembles mutation previously reported in a breast cancer
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cohort (Drost & van Boxtel, 2017). Moreover, genome editing enabled the characterization
of cancer-associated genes and identified the entire spectrum of tumor progression and
metastasis (Roper et al., 2017). Using gene-editing of the APCand 7P53tumor suppressor
genes in colon epithelial cells, followed by orthotopic transplantation of APC-edited colon
organoids, Roper and colleagues reported that APCA/A;KrasC12D/*; TP530/A (AKP) mouse
colon organoids and human CRC organoids engrafted in the distal colon and metastasized to
the liver suggesting that a high-grade dysplasia developed with two driver mutation
combinations (Roper et al., 2017).

6.3 CRC organoids as platforms for drug screening

Tumor cell lines grown as monolayers in 2D have been used as models for tumor research
and drug screening for a long time (Barretina et al., 2012; Sharma, Haber, & Settleman,
2010). However, gathering evidence suggests that the response of 2D models to drugs often
do not mirror the drug response in clinical patients (Liu et al., 2020; Xia, Li, He, Aji, & Gao,
2019). Patient-derived xenograft (PDX) is another model used in cancer research for drug
screening and it has advantages over 2D cell lines of being preserving the molecular and
morphological characteristics and revealing the heterogenicity of the primary tumor
(DeRose et al., 2011; Liu et al., 2017; Wang et al., 2019). However, the PDX model lacks
the immune system, and tumor evolution occurred in PDX (Liu et al., 2020). Cancer
organoid provided an alternative strategy for drug screening which has advantages over 2D
models and PDX models in terms of stability, fidelity, and the possibility of coculture with
the immune cells, and hence the cancer organoid is a promising tool for preclinical drug
screening and personalized therapy (Kondo & Inoue, 2019; Yang et al., 2019). In addition,
the development of organoid biobanks from CRC tissues and adjacent healthy tissue enables
high-throughput drug screening and detection of gene-drug associations (van de Wetering et
al., 2015). Using CRC organoids, van de Wetering and colleagues screened 83 compound
library including drugs in clinical use (7= 25), chemotherapeutics (x7= 10), drugs in clinical
trials (7= 29), and experimental anti-cancer compounds (7= 29). They showed that a single
organoid culture showed high sensitivity to W/NT secretion inhibitors (porcupine) was
mutated for ring finger protein 43 (RNF43), the negative WNT feedback regulator, rather
than in APC (van de Wetering et al., 2015). Vlachogiannis and colleagues compared the
relationship of drug responses between patients and their metastatic gastrointestinal tumor
organoids. They assessed 55 drugs that are in phase I-111 studies or currently approved for
clinical use and concluded the beneficial application of tumor organoids in precision cancer
medicine (Vlachogiannis et al., 2018). Moreover, Schutte et al. developed a preclinical
platform with more than 4000 assays testing the drug sensitivity of 16 clinical drugs using
CRC patient organoids (Schutte et al., 2017). Analysis of drug sensitivity patterns identified
biomarkers such as a signature outperforming KAS/RAF mutations that could predict the
sensitivity to the EGFR inhibitor cetuximab (Schiitte et al., 2017).

6.4 Organoids aid in personalizing anti-cancer therapies

Because patient-derived tumor organoids recapitulate the original biopsies that they were
derived from (Weeber et al., 2015), the development of living organoid biobanks that
represent all CRC subtypes could be ideal models for testing markers of treatment resistance
(Schiitte etal., 2017) or for optimizing personalized anti-cancer therapies. For example,
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using organoids as mainstay models, it was established that CRCs harboring KRAS/BRAF
mutations are resistant to targeted therapies (Karapetis et al., 2008; Loupakis et al., 2009).

Reversal of the mutation overcomes the resistance and reinstates sensitivity to anti-cancer
therapies (Zhai et al., 2017). Mechanistically, resistance was attributed to the ability of
KRAS mutations to allow tumor cells to arrest cell cycle when exposed to combination
therapies (EGFR/MEK inhibitors and/or EGRF/ERK inhibitors), and persist (\erissimo et
al., 2016); these therapy-resisting persistors rapidly restarted tumor growth when the
treatment was stopped (Verissimo et al., 2016). Interestingly, the addition of a low dose of
navitoclax, a clinically tested BCL2/BCL XL inhibitor, to the EGFR/MEK/ERK pathway
through the targeted combinational therapies primed the RAS mutant CRC organoids into
apoptosis, indicating the strong potential of patient-derived CRC organoid libraries in
evaluating pathway inhibitors and drug combinations in a preclinical setting (\erissimo et
al., 2016). Another prospective clinical study demonstrated that PDOs could predict
response to chemotherapy in metastatic CRC patients (Ooft & Weeber, 2019). PDOs were
used for evaluation of sensitivity to a standard of care chemotherapy in CRC, and they
predicted response of the biopsied lesion in more than 80% of patients treated with
irinotecan-based therapies without misclassifying patients who could have treatment benefits
(Ooft & Weeber, 2019). However, the PDOs failed to predict the outcome for treatment with
5-fluorouracil plus oxaliplatin, suggesting that the prediction was specific to irinotecan-
based chemotherapy (Ooft & Weeber, 2019). Moreover, a rectal cancer organoid platform
was used to study individual responses to chemoradiation (Ganesh, Wu, O’Rourke, &
Szeglin, 2019); the latter were generated from primary, metastatic, and recurrent tumors (7=
65) and subsequently used to assess the responses of individuals to chemoradiation. The
response of tumoroids to clinically relevant chemotherapy and radiation treatment were
heterogeneous but correlated with the clinical responses noted in individual patients’ tumors
(Ganesh et al., 2019). Taken together, all these studies generally agree that PDOs
recapitulate the patient tumor phenotype and genotype, and therefore, they are ideal models
for enhancing both precision and personalization in CRC treatment.

Impact of CRC organoids on clinical trials

Vlachogiannis and colleagues carried out phase I/11 clinical trials to evaluate the clinical
value of PDOs collected from metastatic, heavily pretreated CRC and gastroesophageal
cancer patients (7= 71) in the evaluation of the treatment response (Vlachogiannis et al.,
2018). Using 3D screening assays and 55 agents under assessment in phase I-I11 clinical
trials or already clinically acceptable standard of care, the drug responses in cancer
organoids mirrored the clinical response in the corresponding patients with 100% sensitivity
and 93% specificity. These results provide proof-of-concept that PDOs can recapitulate
patient responses in the clinic and may become crucial pre-clinical models for early phase
clinical trials and for personalizing therapeutics in the clinic (Vlachogiannis et al., 2018).
Another study done by Yao and colleagues used PDOs to predict chemoradiation responses
in locally advanced rectal cancer (LARC) patients treated with neoadjuvant chemoradiation
who were enrolled in a concomitant phase 111 clinical trial (Yao et al., 2020). The
chemoradiation responses in patients showed 84.43% accuracy, 78.01% sensitivity, and
91.97% specificity, compared to the responses in PDOs, indicating that the PDOs predict
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LARC patient responses in the clinic and could be a helpful prognostic tool in the
personalization of management for rectal cancer (Yao et al., 2020).

7. Current challenges in the organoid model

Although the organoid model is a relevant system that physiologically mimics the /in vivo
environment, some challenges are still associated with this system. Standalone, the organoid
model lacks the multicellular nature of the tumor microenvironment, such as the tumor-
stromal fibroblasts, vascular endothelial cells, immune cells, and microbial factors. To
overcome this challenge, coculture techniques have been developed, featuring immune cells
(Finnberg et al., 2017; Neal et al., 2018), and/or fibroblasts (Ohlund, Handly-Santana, Biffi,
Elyada, & Almeida, 2017). However, the coculture of the organoids with multiple elements
at the same time to mimic the tumor microenvironment remains challenging. Also, the
success rate for organoid development from metastatic CRC or from patients undergoing
therapy is low, probably due to the low amount of live stem cells found in these biopsies.
Besides, fresh biopsies are sometimes not available. Even when tissues are available,
organoid biobanking may not be as cost effective in most laboratories unless they have the
necessary infrastructure, dedicated funding and expertise that is found only in a handful
research laboratories around the world (Drost & Clevers, 2018; Ji & Wu, 2020). In addition,
some components in the organoid media such as matrigel and fetal calf serum may affect the
experimental readouts, for example, in the setting of drug screening (Drost & Clevers, 2018;
Ji & Wu, 2020). Researchers have tried to solve this problem by replacing matrigel with
synthetic matrices that support the growth of mouse and human intestinal organoids without
interference in the experiment results (Gjorevski et al., 2016). Also, researchers have tried to
use serum-free W/ T media by replacing fetal calf serum with water-soluble ligands for
Frizzled/low-density lipoprotein receptor-related protein 5 (LRP5) or LRP6 heterodimerizes
that act as surrogate WNT agonists and can support the growth of many humanoid organoids
(Janda et al., 2017). Alternatively, stabilization of WNT protein, using phospholipids and
cholesterol, enables the serum-free culture of human organ stem cells (Tiysuz et al., 2017).
Also, adequate characterization of each PDO, including whole-exome sequencing, copy
number assessment, RNA sequencing, and drug sensitivity tests, is highly recommended for
achieving assay specificity, sensitivity, and reproducibility (Ji & Wu, 2020).

8. The next-generation CRC organoids

The traditional 3D culture method for growing 3D organoids depends on the addition of
growth factors and extracellular matrix. However, the existing culture systems have reduced
the capacity to recapitulate the complex and dynamic microenvironment of a developing
organ and organogenesis. Therefore, stem cell researchers, bioengineers, and physicists have
collaboratively developed advanced /n vitro technologies for organoid research such as
organ-on-a-chip and 3D bioprinting of organoid culture system that combine dimensionality
and multicellularity with physical forces (Clevers, 2017; Fan, Demirci, & Chen, 2019; Park,
Georgescu, & Huh, 2019).
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Organs-on-a-chip is microfabricated cell culture device designed to model the functional
units of human organs /n vitro (Bhatia & Ingber, 2014; Esch, Bahinski, & Huh, 2015). This
chip can be used for the development of organoid models because it overcomes the
challenges associated with the traditional 3D cultures, such as microenvironmental control
(both, physical and chemical), modeling tissue—tissue and multiorgan interactions, and
reducing the variability (Park et al., 2019). These advantages are expanded below:

1.

First, organs-on-a-chip mimics tissues perfused by blood vessels, simulated
through the use of a microfluidic platform, which mimics the vascularization of
organoids and recapitulates the in vivo tumor microenvironment with regard to
nutrient supply, hypoxia, etc. (Hasan, Paul, Memic, & Khademhosseini, 2015;
Kim, Lee, Chung, & Jeon, 2013; Wang et al., 2016).

Second, these chips are associated with mechanically actuatable microengineered
platforms that can generate and apply /n vivo-like mechanical forces to
organoids such as rhythmic contraction of the stomach (Lee et al., 2018).

Third, the application of continuous flow in the chip leads to the expansion of
endothelial progenitors within the organoids; such expansion is critical for the
structural and functional development of several organoid models such as kidney,
pancreas, and the intestines (Homan, Gupta, & Kroll, 2019; Tao et al., 2019;
Workman et al., 2018).

Fourth, organs-on-a-chip provides an automated digital microfluidic platform
with an array of electrodes that enables the automated culture of 3D organoid in
media droplets, which provides a producible and precise method and reduces the
variability compared to the traditional 3D culture system (Au, Chamberlain,
Mahesh, Sefton, & Wheeler, 2014; Yin et al., 2016). Moreover, some culture
platforms, especially for multiorgan culture, include biosensing elements to
permit continuous screening of organoids behavior that will minimize the
variability. For example, a multiorgan-on-a-chip device integrated with multi-
sensors for long-term monitoring of cardiac, liver organoids, and primary hepatic
spheroids during drug treatment (Zhang, Aleman, Shin, & Kilic, 2017).

Fifth, the organs-on-a-chip platform also enables the coculture of different cell/
tissue types and organs, e.g., a vascularized liver organoid-on-a-chip is a
multicompartment microdevice in which hepatic cells are cocultured with human
endothelial cells in an ECM hydrogel (Jin et al., 2018). Jin and colleagues used a
microfluidic array to coculture stem cell-derived liver, intestinal, and stomach
organoids that were maintained in separate compartments but were
communicated via rocker-induced media flow between culture chambers (Jin et
al., 2018). This multi-organ model was used to study the complex biology and
enterohepatic circulation of bile acids (Jin et al., 2018). Similarly, Skardal and
colleagues developed microengineered heart-lung-liver model to reveal how
cardiotoxicity of bleomycin is mediated due to the cytokine-associated cross-talk
between the lung and the heart tissues (Skardal et al., 2017). In another study, a
multiorgan microfluidic chip comprised of four organs, lung, brain, liver, and
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bone was developed to study the metastasis of primary lung cancer (Xu et al.,
2016).

Due to the previously mentioned advantages, brain and/or liver-on-a-chip are promising
tools as a preclinical model for drug screening and discovery (Wang et al., 2018; Zhu et al.,
2017). Also, organoids-on-a-chip can be used for the generation of patient- and population-
specific disease models, which mimics the disease phenotypes /n vivo and hence an
excellent tool for personalized medicine (Clevers, 2017). Besides, organoids-on-a-chip can
be used in regenerative medicine through the transplanting /in vitro expanded organoids into
animals to repair damaged organs (Nakamura & Sato, 2018).

8.2 3D-bioprinting of organoid culture

3D bioprinting is a biofabrication process that generates biological components, including
ECM scaffolds, cells, and growth factors in 3D (Horvath et al., 2015; Wu et al., 2016). This
technology closely mimics the human 7 vivo microenvironment and has the advantages of
being high-precision, high-accuracy, and high-throughput (Knowlton, Yenilmez, & Tasoglu,
2016; Peng, Unutmaz, & Ozbolat, 2016). The standard 3D organoid culture method depends
on the manual mixing of cells with ECM substrates in certain ratios before gelling or
manually laying the cells on the preformed ECM gel, which could lead to a different size,
morphology, distribution, and cell types within the formed organoids (Reid et al., 2016;
Yonemura, 2014). Such variation could affect the results of experiments and/or make
experiments uninterpretable, or findings irreproducible (Reid, Mollica, Bruno, & Sachs,
2018; Reid et al., 2016; Yonemura, 2014). 3D bioprinting technology overcomes this
limitation in the traditional 3D culture method through the use of a computer-aided process
that precisely allows the deposition of the cells layer-by-layer in the organoids to confirm the
experimental consistency (Zhou et al., 2013). Reid and colleagues successfully adapted a
low-cost 3D-printer for precise cell placement and used this system for printing human
induced pluripotent stem cells (hiPSCs) within 3D hydrogels (Reid et al., 2016). This system
was subsequently used to generate large 3D mammary organoids in hydrogels (Reid et al.,
2018). This printer was later used as a platform for mechanistic analysis of tumoroids and
chimeric mammary organoids to study the microenvironmental control of breast cancer
(Reid & Palmer, 2019). In the context of CRCs, Rios de la Rosa and colleagues developed
and validated a biofabrication method to model the early-stage CRC tumor monitoring two
biomarkers (CD44 and HIF-1a) (Rios de la Rosa, Wubetu, Tirelli, & Tirella, 2018). Using
alginate hydrogels and HCT-116 cells, they successfully biofabricated the 3D model and
monitored two biomarkers (CD44 and HIF-1a) during tumor development. This model
mimics the tumor environment and closely represents the heterogeneous tumor mass and has
distinct advantages over the traditional 3D culture system such as spheroid and monolayer.
Therefore, this high throughput 3D system is a promising tool for preclinical drug testing in
CRC (Rios de la Rosa et al., 2018).

9. Conclusion

Patient-derived organoids have immense applications in CRC research as they retain the
molecular, cellular, and histological complexity and genetic heterogeneity of the individual
patients after long-term culture and can be used for the personalizing optimal treatment
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strategies. Technological advancement in organoid-based studies, especially those that allow
their use in the high throughput format, with higher reproducibility, and quality control is
expected to spur more accurate modeling of disease, organ replacement and drug testing.
Approximately 15% of oncology drugs proceed from Phase | to FDA approval (DiMasi,
Reichert, Feldman, & Malins, 2013; Hay, Thomas, Craighead, Economides, & Rosenthal,
2014). The success rate may improve if we can include pre-clinical human models, e.g.,
patient-specific organoids with cutting edge organ-on-a-chip and 3D bioprinting models
before the candidate drugs enter Phase I. The addition of all the necessary cell types and the
microbiome population of the same patient will open new avenues in the detection,
measurement, tracking of and tackling (through therapeutics) the risk of CRC initiation and
progression. Breakthroughs in cancer research in the coming years are expected to include
the development of novel treatment strategies that program either the tumor cell, or its
environment, or the host immune system and/or some combination of them all; organoids
are bound to be big players in that journey. Their use is expected to help maintain our focus
on what is relevant and real in humans, and thereby improve precision in patient care.
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Fig. 1.

Tr?e limitless potential of colorectal organoids. Organoids can be generated from virtually all
colon tissues representing diverse pathophysiologic states of the colon (A), e.g., normal
healthy mucosa and pre-neoplastic states such as diverse types of colon polyps (e.g., tubular,
villous and serrated adenomas) (top), colorectal cancers (middle), and finally, inflammatory
conditions, e.g., inflammatory bowel diseases (IBD), checkpoint colitis, etc., as long as the
tissue can be preserved to serve as a source of adult stem cells. (B) Schematic outlines key
steps in the process of organoid generation. Briefly, fresh tissue or viable frozen tissue is
dissociated via enzymatic and mechanical methods to release the stem cells. Dissociated
cells are subsequently embedded within the extracellular matrix (Matrigel). Under the right
growth conditions, which includes a delicate ratio of growth factors (WNT, R-spondin and
Noggin), 3D organoids are formed, which contain all cell types normally found in the
colonic epithelium. These adult stem-cell-derived organoids can be passaged, expanded and
biobanked. (C) The organoid model system can be exploited for several applications such as
multiparametric analysis, genetic manipulation, drug and biomarker discovery and for
carrying out phase “0” clinical trials in humans to assess not just drug toxicity/safety but
also efficacy.
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Fig. 2.
Building multi-dimensional organoids that emulate the complexity of the gut. Schematic

displays the isogenic cell components derived from the same patient that can be used to
build multidimensional organoid-based CRC models. Blood and tumor tissue collected from
the same patient (A) can be used as a source of immune cells (B, top) or tumor organoids
and tumor-associated stromal cells (B, bottom). Coculture models can then be assembled to
preserve the physiologic orientation of tissue (i.e., basolateral side of the tumor epithelium
facing stroma and immune cells; see C). Complexity can be further increased with the
addition of fecal microbes from the same patient. Although not shown here, components of
the enteric nervous system can also be incorporated into the coculture where desired. Such
an understanding-by-modeling approach is critical to creating wholesome models for testing
drug efficacy or for testing fundamental research hypotheses in the setting of complex cell

types.
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Fig. 3.

Patient-derived organoids can enable an objective assessment of the relative contributions of
host genetics and microbes toward CRC initiation, reveal the potential use of microbes as
therapeutics. Schematic displays how patient-derived organoids (PDOs) from uninvolved
normal mucosal biopsies and involved adenomatous regions of colons representing diverse
CRC syndromes (A), e.g., Familial adenomatous polyposis (FAP), Lynch or Hereditary
nonpolyposis colorectal cancer (HNPCC), Peutz-Jeghers syndrome (PJS), Juvenile polyposis
syndrome (JPS) of known genotypes can be used to represent host contributions in organoid-
microbe coculture models in panel (B). PDOs can also help interrogate and assess the impact
of both harmful and beneficial gut microbes (C). Fecal microbes collected from high-risk
patients with CRCs/excessive polyposis (C, top) can be cultured using aerobic or anaerobic
conditions (B, top) prior to use in coculture studies with normal PDOs. Bacterial strains
associated with CRCs (C, middle) can similarly be used in cocultures with PDOs with
known genotypes. Pre- and probiotics and engineered microbes (C, bottom) can be similarly
tested for their beneficial effects on PDOs. In each coculture model, the PDOs can be
objectively assessed in an unbiased way using “omics”- and computational approaches (B,
middle) to measure the impact of host genetics, microbes, individually and when combined.
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Composition of the culture media required from the growth of healthy and CRC colon organoid.

Component
required for
organoid culture

Function

References

Whnt » Important for crypt proliferation Kim et al. (2005) and Pinto,
Gregorieff, Begthel, and Clevers
(2003)
R-spondins » Upregulate the WNT signaling pathway through a specific effect on the Lgr de Lau et al. (2011)
receptors driving the crypt hyperplasia /n vivo
Noggin « Inhibitor for bone morphogenetic protein (BMP) signaling pathway Haramis et al. (2004)

» Helps in the expansion of crypt numbers

Epidermal growth
factor (EGF)

« Important for stem cell proliferation and inhibit apoptosis

Dignass and Sturm (2001)

Rho-kinase inhibitor
Y-27632

 Inhibits anoikis in isolated embryonic stem cells
» Decreases cell death

Watanabe et al. (2007)

Notch-agonistic
peptide

« Notch/gamma-secretase inhibition turns proliferative cells in intestinal
crypts and adenomas into goblet cells

Li et al. (1998) and van Es et al.
(2005)

Extracellular Matrix
(Matrigel)

* Rich with laminin (al and a2)
« Support the intestinal epithelial growth through laminin enrichment at the
crypt base

Sasaki, Giltay, Talts, Timpl, and
Talts (2002)

Nicotinamide « Inhibitors to ROCK Kkinase Jung et al. (2011), Meng et al.
e Promotes Cell Survival and Differentiation (2018), and Sato et al. (2011)
* Required for long-term growth of human derived organoids and organoids
from CRC patients, mouse APC-deficient adenomas, and Barrett’s esophagus
A83-01 » Potent inhibitor of activin receptor-like kinase (ALK) including ALK5 (type  Jung et al. (2011), Sato et al. (2011),
| transforming growth factor- receptor), ALK4 (type IB activin receptor), and and Wu et al. (2017)
ALK?7 (type | NODAL receptor)
* Inhibits 7GF-B-induced epithelial-to-mesenchymal transition
» Allow long-term culture of organoid from CRC patients and APC deficient
adenoma
SB202190  Inhibits p38 of mitogen-activated protein kinase (MAPK) Frey, Dise, Edelblum, and Polk,
« Decreases the degradation of EGF receptor (2006), Jung et al. (2011), and Sato
* Increase plating efficiency and allows long-term culture of organoid from etal. (2011)
CRC patients and APC deficient adenoma
Gastrin « Not always required Jung et al. (2011) and Sato etal.

 Increase the culture efficiency

(2011)

Adv Cancer Res. Author manuscript; available in PMC 2022 March 26.



	Abstract
	Introduction
	Challenges in modeling CRC initiation and progression
	Complex etiopathology
	Molecular subtypes
	Lacking models for intermediate (pre-neoplastic) lesions

	Conventional CRC models
	2D monolayers of CRC cell lines
	3D tumor spheroids of CRC cell lines
	Animal models

	The development of patient-derived colorectal organoids as 3D models for studying CRCs
	Standardized methodologies for culturing 3D organoids, enhancing reproducibility
	Generation of a living organoid biobank from CRC patients

	The coculture models with CRC organoids and its benefits in CRC research
	Coculture of CRC organoids with the immune cells
	Organoid models to assess the contribution of microbes in cancer initiation and progression

	The advantage of the organoid model in the CRC research
	Models to interrogate the precise contributions of host genetics and microbes in CRC initiation and propagation
	Genome editing and genetic cancer modeling in organoids
	CRC organoids as platforms for drug screening
	Organoids aid in personalizing anti-cancer therapies
	Impact of CRC organoids on clinical trials

	Current challenges in the organoid model
	The next-generation CRC organoids
	Organ-on-a-chip
	3D-bioprinting of organoid culture

	Conclusion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Table 1

