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Abstract

The three-dimensional (3D) structure of the intestine is a key determinant of differentiation and
function; thus, preserving this architecture is an important consideration for studies of intestinal
homeostasis and disease. Over the past decade, a number of systems for 3D intestinal organoid
cultures have been developed and adapted to model a wide variety of biological phenomenon.

Purpose of this review—We discuss the current state of intestinal and colorectal cancer (CRC)
3D modeling, the most common methods for generating organoid cultures, and how these have
yielded insights into intestinal physiology and tumor biology.

Recent findings—Organoids have been used to model numerous aspects of intestinal
physiology and disease. Recent adaptations have further improved disease modeling and high-
throughput therapeutic screening.

Summary—These studies show intestinal organoid models are a robust, highly tractable system
which maintains many vital features of intestinal tissue, making them a pivotal step forward in the
field of gastroenterology.
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Introduction

A note on

Tissue culture cell lines have proven invaluable to researchers and are readily available,
easily expandable, amenable to genetic modification, and inexpensive to maintain [1].
However, as two-dimensional monolayers, cells lack complex interactions and
microenvironmental cues, leading to morphologies and behaviors that can be vastly different
that those observed /in situ [2, 3]. Interestingly, researchers have noted that moving tissue
culture cells from a 2D to a 3D culture environment and restoring interaction with the
extracellular matrix (ECM) can induce dramatic effects on morphology, gene expression,
differentiation, and metabolism, and thus more accurately model the native tumor state [4].
While these 3D culture techniques improved tumor modeling, it remained difficult to
extrapolate results to non-diseased states since most cell lines are derived from human
tumors. To this end, researchers modified 3D culture methods to allow culture of primary
tissues and thus more accurately recapitulate normal tissue biology. To date, these normal ex
vivo “organoid” models have been developed for a wide array of organ systems, such as the
kidney, breast, and brain [5-7], which have yielded invaluable insight into organ
homeostasis [8, 9].

As the 3D structure of the intestine is a key regulator of differentiation and function, the
ability to preserve architecture, spatial regulation, and cell polarization is crucial for studies
of normal physiology [10]. Yet, long-term culture of intestinal tissue ex vivowas not
described until 2009, when two groups described methods for ex vivo culture in seminal
publications [11, 12]. To-date, these systems have been applied to growth of human- and
mouse-derived intestinal tissues of both normal and malignant origin (Figure 1). In this
review, we discuss the current state of colon and colorectal cancer (CRC) organoid culture
methods and how these have yielded insights into intestinal physiology and tumor biology.
Finally, we look to the future as new methodologies such xenograft growth and high-
throughput screening make CRC tumor-derived organoid models viable candidates for
precision tumor modeling to guide patient therapies.

nomenclature

Since 2009, methods for generating intestinal organoid cultures have been greatly expanded,
with each method yielding cultures with different biologies, experimental strengths, and
limitations. However, as culture varieties increase, the manner in which to describe intestinal
3D cultures has become somewhat ambiguous. In 2012, the Intestinal Stem Cell Consortium
set forth nomenclature guidelines in an attempt to standardize descriptions and more readily
differentiate between types of intestinal cultures [13]. Here, they reserve the term “organoid”
for cultures which contain multiple cell types (particularly mesenchyme), while cultures of
pure epithelial populations were designated as “enteroids” or “colonoids,” if from the small
intestine or colon, respectively. While the terms “enteroid” and “colonoid” are still
commonly used and aid distinction between epithelial cultures of small and large intestine,
the restriction on the term “organoid” has proven somewhat cumbersome. In part, this is
likely due to the fact that the term “organoid” has long been used in other organ systems to
refer to all manners of 3D cultures, regardless of cell composition. Furthermore, the Clevers
group refers to their purely epithelial cultures as organoids in the original 2009 publication,
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and have continued to do so in multiple high-impact publications over the past decade.
Therefore, for the purpose of this review, we will utilize the terms “enteroid” and “colonoid”
where applicable to aid distinction between small and large intestinal epithelial organoids,
with “organoids” being an inclusive term for any type of 3D culture.

Ex vivo methods for culturing normal intestine

While both 2009 methods for generating intestinal organoids relied on ex vivo plating of
harvested intestinal tissue, perhaps the most widely utilized method remains that described
by Sato et al. [12]. Also referred to as the “mini-gut method” or “R-spondin method,” whole
or partial crypts are isolated by exposure to chelating agents and then suspended in a
basement membrane extract (BME) such as Matrigel. Addition of the growth factors R-
spondin (WNT agonist), Noggin (a bone morphogenic protein inhibitor), and epithelial
growth factor (EGF), promote stem cell expansion and cell proliferation. For the murine
small intestine, these relatively simple conditions support robust cultures of pure epithelium
that contain a full complement of common differentiated cell types, display a crypt-villus
axis, and are amenable to serial passaging, expansion, and genetic modification. To date, this
system has allowed successful culture of all segments of the small intestine (i.e., enteroids)
as well as the colon (i.e., colonoids) [14-16]. However, culture conditions differ depending
on the tissue source; colonoids require a higher degree of WNT3A stimulation than
enteroids, and human-derived cultures require additional factors to achieve long term
passage, such as nicotinamide, gastrin, the Alk4/5/7 inhibitor A-8301, and the p38 inhibitor
SB202190 [17, 15]. Interestingly, both enteroid and colonoid cultures can be generated from
single stem cells with minor modifications to growth factor requirements, allowing for
studies of stem cell hierarchy and regenerative capabilities [12, 15, 16]. It is also notable that
adult-derived mouse colonoid cultures are capable of engraftment in colonic epithelium
following epithelial loss, indicating that mini-gut cultures are capable of normal intestinal
function /n vivo [18].

While powerful, a drawback to the mini-gut method is the lack of associated mesenchyme,
which is a central regulator of the stem cell niche and differentiation /n7 vivo. This presents a
need for culture methods that preserve mesenchymal-epithelial interaction, such as the air-
liquid interface (ALI) model developed by the Kuo group and published the same year as the
work by Sato et al. [11]. The ALI method utilizes minced whole intestinal tissue, as opposed
to isolated crypts, which are embedded in a collagen gel and then exposed to air in a
transwell culture dish. Under these conditions isolated intestinal cells first form round, cystic
organoids that progress to differentiated, crypt-like structures at the gel-air interface.
Importantly, stromal cells such as myofibroblasts are readily apparent and closely associate
with the intestinal crypts within the matrix. However, while these cultures contain all
common differentiated cell types in the intestine and can be maintained in culture for over a
year, proliferation is not as robust as the mini-gut model and they are unable to be
propagated, making them less suited to large-scale or high-throughput experiments.
Conversely, others have expanded on mini-gut-type methods by co-culturing with fibroblast
feeder layers or fibroblast-conditioned media to more accurately model stem cell niche
interactions [19-21].

Curr Colorectal Cancer Rep. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Short et al.

Page 4

It is also worth noting that intestinal organoids from primary tissues can be dramatically
different based on whether the intestinal cells are fetal- or adult-derived. For example, in the
ALI model, viability of fetal-derived cultures is higher than those derived from adult mice
[11]. Using mini-gut culture methods, fetal intestine yields a predominantly spheroid
population of undifferentiated intestine, termed fetal enterospheres (FEnS), which may also
contain associated stromal cells [22, 23]. While these cultures are more difficult to use in
studies of adult homeostasis without prior differentiation, fetal-derived mini-gut cultures are
amenable to transplant and engraftment models and readily differentiate /n vivo [23, 18].
Furthermore, exciting developments have been made in intestinal engineering utilizing
multicellular fetal organoid units grown on polymer scaffolds [24]. While organoid units
themselves are not grown ex vivo in this model, implantation into the omentum can yield
functional, fully-developed intestinal tissue capable of rescuing rat models of short bowel
syndrome [25].

Induced intestinal organoids

Established lines of embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs)
have long been used to generate differentiated tissue through timed exposure to growth and
differentiation factors [26]. In 2005 it was shown that exposure to the TGFp-like molecule,
Activin A, directs stem cells to a definitive endodermal fate [27], which later serves as the
basis to generate cells of mature endoderm lineages such as the pancreas and liver [28, 29].
More recently, seminal work by Spence et al. reported intestinal differentiation of
endodermal cultures by concurrent exposure to fibroblast growth factor 4 and WNT3A,
which formed induced human intestinal organoids (iHIOs) [30]. Interestingly, this
differentiation process closely mimics early gut development and produces spheroids with a
closely-associated mesenchymal layer. While early spheroid cultures are primarily
undifferentiated, culture of iHIO spheroids in a mini-gut-like system allow for additional
intestinal maturation and development of stem cell zones and villus-like protrusions after 1—
2 months in culture. However, while these fully differentiated iHIOs can be expanded and
passaged and contain cells of all intestinal lineages, drawbacks include the time necessary
for maturation as well as the lack of ability to differentiate between large and small intestine.

Interestingly, ESC-derived cultures are widely considered to be more similar to fetal tissue
than adult tissue and often express fetal tissue markers [30, 31]. Thus, like the fetal tissue-
derived organoids, one strength of iHIOs is their ability to engraft; in fact, tissue-specific
differentiation models may rely on implantation to promote tissue maturation [32]. iHIOs
implanted into the mouse kidney capsule form mature intestinal epithelium around a central
lumen, with the organoid giving rise to the majority of cells in the implant’s epithelium,
lamina propria, muscularis mucosa, submucosa, and smooth muscle layers [33]. These
organoids are also suitable to intestinal tissue engineering methods (as discussed above), and
seeded organoids have been similarly grown on acellular scaffolds and implanted into the
mouse omentum [34]. Indeed, the future of iHIOs in tissue engineering is bright, and
currently work is underway to expand iHIO models to include other cell types important for
intestinal function in order to generate fully autonomous intestinal tissue [35].
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Novel uses of intestinal organoid models

The ability to preserve structure, cell-cell interactions, and differentiation in organoid
cultures has permitted these methods to be widely adopted for studies of normal intestinal
physiology. As proliferation is constantly maintained by an active stem cell compartment,
intestinal organoid cultures are particularly well-suited for analysis of stem cell biology.
Many of their earliest applications investigated mechanisms of stem cell regulation; for
example, a series of elegant studies illustrated how Paneth cell secretion of WNT3A ligand
maintains stem cell homeostasis [36, 37, 21, 38]. However, intestinal organoid cultures are
not only suited to studies of stem cell biology. Indeed, fully-differentiated enterocytes in
organoid cultures display functional glucose, peptide, and ion transporters, allowing for
studies of nutrient absorption, anion and fluid secretion, and other cellular transport
mechanisms [39-41]. By addition of short chain fatty acids to the culture media of intestinal
mini-guts, researchers have also recently developed protocols to induce the formation of L-
cells, a rare insulin-producing intestinal cell that could not previously be studied /in vitro due
to lack of an appropriate model system [42]. Researchers now have a novel avenue to
investigate L-cell development, function, and dysregulation that may prove highly relevant
to diabetes pathology. Finally, as enteroid and colonoid cultures have a pure epithelial cell
pool without stromal contamination, they are easily adapted to single-cell analysis methods.
In particular, recent work by Grun et al. utilizes enteroids in a single cell RNA-sequencing
approach to thoroughly characterize markers of differentiation, lineage commitment, and
specific cell types, and ultimately identified novel markers for rare cell linages [43].
Together, these studies and others have greatly expanded our understanding of the basic
forces which drive intestinal differentiation and epithelial cell function.

Modeling intestinal disease states

While organoid technology has been widely applied to investigate normal intestinal function,
others have utilized these approaches to study intestinal dysfunction and disease. For
example, a number of studies have focused on cystic fibrosis (CF), a genetic disorder caused
by mutation of the cystic fibrosis transmembrane conductance receptor (CFTR). While CF
most notably affects the lungs, altered fluid and electrolyte homeostasis are also observed in
the intestine. Interestingly, these transport-mediated phenotypes are preserved in rectal-
derived cultures of CFTR mutant mice and human CF patients [39]. Because of this, patient-
derived organoids are currently being utilized to determine individual drug response to
CFTR potentiators and gene therapy-based treatments [44—-46]. In addition to genetic disease
models, organoid modeling has been applied to investigate intestinal injuries, such as
radiation enteritis. These irradiation models involve both organoids generated from
irradiated mice as well as direct organoid irradiation in order to identify modifiers of
sensitivity, intestinal viability, stem cell function, and repair following radiation treatment
[47-49].

Another interesting application of intestinal organoids is modeling bacterial and viral
infections. Indeed, enteroids have been shown to support replication of rotavirus and
norovirus, which provides relevant infection models as well as a means to passage viral
cultures [50-53]. However, infection studies can be complicated by the fact that the apical
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surface, the most common site of bacterial/viral attachment, is not readily accessible with
the most common 3D culture methods. To circumvent this, Wang et al. utilized ALI cultures
to model infection with Clostridium difficile, a common cause of human diarrhea [54].
Others have instead opted to grow enteroids or colonoids as monolayers on transwells,
which disrupts 3D architecture but preserves differentiation, allows polarization and exposes
the apical surface. While this model has proven useful for studies of barrier function,
transcytosis, and cell polarity, it also allows ready infection and detection of attaching and
effacing lesions associated with infection [55, 56]. Conversely, intraluminal injection
methods have been used to directly inoculate into the enteroid lumen, although this is a
much more time consuming model and not amenable to high-throughput applications [57-
59].

One drawback to organoid cultures is the lack of intestinal immune cell populations,
important in both intestinal homeostasis and pathology such as inflammatory bowel disease.
While phenotypes of epithelial-derived cultures from these patients have not yet been
reported, intestinal organoids differentiated from hair follicle stem cells of CD patients
demonstrate no differences in morphology, perhaps due to lack of immune-derived
contributions [60]. However, useful insights have still been made for inflammatory diseases.
The presence of a mesenchyme in iHIOs has made them useful for studies of fibrosis, a
common complication of CD [61]. Furthermore, organoids can be co-cultured with immune
cells such as isolated intraepithelial lymphocytes (IELS) in order to model immune/epithelial
cell interactions that may influence pathology of inflammatory diseases. Indeed, these
models have allowed researchers to observe direct interactions between IELs and intestinal
epithelial cells and how these interactions affect T-cell differentiation, function, and
dynamics [62, 63]. Others have utilized supernatants from immune cell cultures or purified
cytokines to investigate mechanisms of mucosal immunology [64, 65]. Thus, it will be
interesting to see if new modifications of organoid culture methods are developed to
continue to adapt these models to studies of immune biology.

Development of colon cancer models

In the realm of intestinal dysfunction, perhaps the most exciting application of 3D culture
methodology has been as a means to study intestinal tumor biology. While many methods
have been described to-date for generation of tumor cultures, the most straightforward is
likely those that start with normal intestinal organoids from inducible Apcor CinnbI (i.e., B-
catenin) floxed mouse lines. Subsequent delivery of Cre recombinase (or 4-
hydroxytamoxifen to creER-expressing cultures) induces rapid transformation, leading to
cultures resembling human tubular adenomas or undifferentiated spheroid structures in the
ALI and mini-gut models, respectively [66, 67]. After transformation, these murine tumor
cultures do not require exogenous R-spondin as do their normal epithelial counterparts,
allowing researchers to select for pure populations of transformed tissues through growth
factor depletion. Human intestinal organoid cultures can be similarly transformed by
CRISPR/Cas9-mediated genome editing of the APC tumor suppressor gene [68, 69].

The more common method for establishing 3D tumor cultures is enzymatic digestion of
established tumor tissue to generate tumor organoids. Cultures established from these
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methods will be collectively referred to as CRC “tumoroids” for the purpose of this review.
In the method described by Sato et al., tumor tissue of mouse and human origin is subjected
to an enzymatic digestion that generates small tumor fragments, which are then plated in
Matrigel [17]. A similar protocol has been reported by Kondo et al., although cultures are
placed in suspension overnight prior to plating in ECM [70]. In both cases, culture
conditions select for purely epithelial structures of tumor cells which can be propagated in
the matrix. Tumoroids isolated from human CRCs are highly reflective of the primary tumor
and present with a range of patient-specific morphologies and corresponding
histopathological features that are further maintained when xenotransplanted into
immunodeficient mice [70-72]. Tumoroid cultures also show highly variable growth
characteristics that are likely a result of their individual mutational profiles; recent work by
Fujii et al. identifies genotype-specific growth characteristics conferred by specific
mutations [71]. Finally, whole exome sequencing, copy number analysis, and mutational
profiling also support high concordance between the tumoroid and primary tumor, even in
late-passage tumoroid cultures maintained in culture for at least 6 months [71-73]. Together,
these data suggest patient-derived tumoroids can be a powerful platform for investigating the
biology of individual tumors.

Recently, tumoroid banks have been established from a wide array of CRC primary tumors
which are now available to researchers [72]. However, as the majority of these tumors are
early stage, microsatellite stable, and well to moderately differentiated, others have aimed to
expand the available tumoroid lines to include more rare tumor subtypes, advanced tumors,
and metastatic lesions. Indeed, the work by Fujii et al. establishes ideal culture methods
based on patient genotype and reports growth factor modifications that permit culture of rare
tumor subtypes such as sessile serrated adenomas [71]. Additionally, they report optimized
protocols for culture of advanced stage colon and rectal cancers, in which tumor cell
infiltration and adherence to the submucosal connective tissues confounds epithelial cell
isolation by conventional methods. These modifications are then utilized to establish
tumoroids from needle biopsies of diverse metastatic disease sites. Importantly, genetic
analysis of these metastatic lines confirm common driver mutations with the matched
primary tumor, although the metastasis-derived lineages are more invasive in
immunocompromised mice /n vivo[71, 74].

Modeling cancer biology

As 3D tumoroid models recapitulate many biological features of their primary tumor, a
current focus has been analysis of their therapeutic potential. One exciting potential
application of tumoroid technology is the ability to rapidly predict individual patient
response to therapy, as patient-derived tumoroid models were recently found amenable to
high-throughput drug screening assay. Indeed, studies by van de Wetering et al. describe a
robotized screen in which they generated greater than 5,000 measurements of organoid-drug
interactions in 19 tumor organoids and identified correlations between oncogenic mutations
and response to targeted therapy [72]. Others similarly describe high-throughput drug
screening using automated 384-well plates and ATP-based viability assays [75, 76]. In
contrast, the current gold standard of patient tumor modeling remains patient-derived
xenograft (PDX) models, in which fragments of the primary tumor are embedding
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ectopically in immunocompromised mice. There remain many strengths to PDX systems;
for example, a recent study showed a strong correlation between the preclinical xenograft
data and patient response [77]. However, PDX models remain expensive, require weeks to
months for tumor growth, and are not similarly amenable to rapid high-throughput testing of
combinatorial drugs [77]. Thus, tumoroid cultures may fill a unique niche in the therapeutic
pipeline and pre-clinical drug development. While the reliability of ex vivotumoroids to
predict patient response to chemotherapeutics and targeted therapy has not yet been
established, the Skala group recently demonstrated that 3D breast cancer tumor cultures
closely predict xenograft treatment response [78]. It is also worth noting that CRC tumoroids
themselves can be grown as xenografts [70, 72]. Thus, CRC tumoroids remain an intriguing
option for high-throughput drug screening and predicting patient response in a time frame
that will allow for direct clinical translation.

In addition to modeling aspects of individual tumor biology, tumoroids can provide a robust
model for investigating CRC biology in general. Some studies have used these systems to
analyze features that should be ubiquitous in cancers, such as polarity [79], while others
have employed genetic modifications to study the role of particular oncogenes in a manner
reminiscent of studies in 2D cell culture. Broadly, use of genetic approaches in tumoroid
cultures have been described as “bottom-up” and “top-down” methods [80]. In the bottom-
up approach, individual oncogenes are introduced into normal 3D cultures, allowing analysis
of driver mutations without the often-complicated mutagenic backgrounds of 2D cell lines.
To date, these studies have been used to model the classic multi-hit hypothesis for colorectal
carcinogenesis with sequential and/or combinatorial alteration of APC, KRAS, TP53,
SMAD4, and PIK3CA, with additional mutations generating increasingly aggressive
tumoroid cultures [66, 68, 69]. For the top-down approach, additional alterations are added
in the context of an established tumor. Many of these studies have analyzed the effects of
particular genetic alterations observed in human tumors, such mutation of RNF43or
overexpression of miR-483 [81, 66]. Others have investigated particular genes of interest,
such as PROXI1 and B/Min the context of tumor cell survival and apoptosis resistance [82,
83]. Importantly, both bottom-up and top-down modeling approaches can take advantage of
the inherent tractability of the 3D culture system, and 3D culture phenotypes can be
combined with xenograft growth, high-throughput screening methods, drug treatment
response, and metastasis modeling to investigate multiple aspects of tumor progression and
effects on therapeutic efficacy/resistance. Indeed, we anticipate that a growing number of
researchers will opt for 3D tumor culture models over standard cell lines in the coming years
and that additional experimental techniques will be developed for 3D-based culture
platforms.

Limitations of 3D modeling techniques

While only recently adopted by the Gl field, intestinal organoid cultures have proven pivotal
in extending our understanding of normal intestine, intestinal diseases, and colorectal cancer.
However, as with any culture system, there remain inherent drawbacks to organoid
modeling. For example, the quiescent stem cell populations which have described in vivo
may not remain quiescent in culture, as sorted BM1 (+) cells can initiate organoid cultures
despite being rarely active /n vivo without tissue injury [84]. It remains a possibility that
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continuous growth factor stimulation, while yielding the ability to rapidly grow and expand
organoid cultures, also alters intestinal homeostasis in a way consistent with injury and
activates reserve stem cell populations. Perhaps a wider concern is that, while standard
protocols have been published, a high degree of variability can occur in culture methods
which may ultimately influence the results obtained across groups. One such factor is ECM
composition; while Matrigel is the choice most consistent within the field, its composition is
undefined and differs from lot-to-lot, potentially affecting reproducibility. The source of
growth factors and their activity can also be a cause for variation, especially with the
increasing use of undefined conditioned media from WNT3A, R-spondin, and Noggin-
expressing cell lines.

Tumoroid establishment inherently involves sampling a small subset of a much larger tumor.
Therefore, accurate patient-tumor modeling can also be confounded by intratumoral
heterogeneity. As cancer is characterized by genomic instability, a single biopsy from which
the tumoroid is derived is unlikely to reveal the wide range of genetic aberrations present in
an entire tumor [85]. Indeed, in the tumoroid drug screenings completed by van de Wetering
et al., some variation within individual organoid drug response was attributed to tumor
heterogeneity. However, while not all tumor populations will be represented, it is likely that
several subclones are initially present within tumoroid cultures. Unfortunately, these
subclones can be preferentially selected over time, as mixtures of isolated populations of
fluorescently-labeled organoids leads to progressive domination by single populations after
3-4 passages [71]. While tumor growth is similarly fluid /7 vivo, whether the selective
pressures applied in culture select for the same clonal populations as the primary tumor has
yet to be explored.

Conclusions

The goal of extended culture of primary intestinal cells has been a challenge in the field for
decades. However, recent advances in organoid cultures permit study of biological
phenomenon in intestinal cells in the context of normal differentiation and 3D structure.
Here, we have outlined the most common methods of organoid culture for the normal and
malignant intestine and have identified a subset of the recent advances that are made
possible by these approaches. While limitations exist, these cultures offer advantages over
tissue culture cell lines for many questions of basic biology. Furthermore, many in the field
are looking ahead to perfecting high-throughput methods for patient-tumor modeling.
Indeed, in an age of precision cancer therapies, it is now increasingly apparent that we also
need precision cancer modeling. As the field of intestinal organoid cultures and its
techniques are rapidly evolving, we look forward to many exciting and novel applications
for both basic biology and translational research in the years to come.
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Common intestinal organoid models
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Figure 1.
Overview of common methods for intestinal organoid culture
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