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Abstract
This review discusses recent shifts in the understanding

of colorectal cancer as a stem cell based disease, based

on findings that tie patient prognosis to the presence of

cancer stem cells in colorectal tumors. Currently no

drugs specifically target CSCs in colorectal tumors.

However, recent advances in the culturing of colorectal

stem cells using mammalian organoids, zebrafish, and

Drosophila offer promising avenues for anti-CSC drug

discovery.

Section editor:
Isobelle Draper, Tufts Medical Center, Boston, MA, United
States.

Introduction
This year over 600,000 people worldwide will die of colorectal

cancer (CRC) (http://www.who.int). It is the third most fre-

quently diagnosed and third most deadly cancer in the Uni-

ted States (http://www.cancer.org) [1]. Standard treatment

for CRC shows some efficacy but falls short in terms of

increasing long-term survival. The standard treatment com-

bines surgery, radiation and a regime of three cytotoxic drugs:

the DNA synthesis inhibitor 5-FU, the topoisomerase I inhi-

bitor irinotecan and the platinum-based DNA crosslinking

agent oxalaplatin. To increase long-term survival the stan-

dard treatment is sometimes combined with targeted drugs

that block signaling pathways required by the tumor cells,

such as bevacizumab, which targets the VEGFR pathway, and

cetuximab and panitumumab, which target the epidermal

growth factor receptor (EGFR) pathway [2]. On average these

drugs extend survival on the order of months, not years.

Although the success of these targeted drugs has been limited,

the fact that they prolong life is encouraging and 20 new

pathway specific drugs are in clinical trials [3]. There is

mounting evidence, however, that advances in long-term

survival will also require a new type of targeted drug, one

that specifically kills tumor cells with stem cell properties,

called ‘cancer stem cells’ (CSCs).

The search for anti-CSC drugs is a nascent field and a

controversial one. CSCs have been identified in virtually

every cancer studied, but there have been little data to back

up their therapeutic relevance [4,5]. However, three papers

now link CSC gene signatures in CRCs to patient survival [6–

8]. While the biology underlying this relationship is not fully

understood, the fact that CSC gene signatures predict patient

outcome weighs heavily in favor of CSC therapeutic rele-

vance. This review highlights recent papers that bring the

discussion of CSCs closer to therapeutic applications, and

discusses the potential of model systems – organoids, fish and

flies – to identify anti-CSC drugs.
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The CSC controversy
The CSC hypothesis posits that tumor growth and tumor

recurrence are fueled by cells with stem cell characteristics,

endowing them with the ability to make more copies of

themselves and to give rise to all the differentiated cells of

the tumor [9]. Support for this hypothesis has hinged on the

xenograft assay, which tests the ability of human cells to

initiate tumors when transplanted into mice. Typically, only

a fraction of cells within a tumor can initiate tumors in this

assay. These ‘tumor-initiating cells’ are also referred to as

CSCs because they tend to give rise to tumors with the same

cellular diversity and architecture of the parental tumor,

reminiscent of the ability of normal stem cells to give rise

to the diversity of cell types in a tissue. The xenograft assay

thus distinguishes CSCs, the cells with the capacity to rein-

itiate tumors from the remaining ‘bulk cells’ of the tumor,

which are by comparison inert.

The distinction of CSCs from bulk cells has generated

widespread interest and scrutiny because of its radical ther-

apeutic implication, namely that chemotherapeutics that

shrink or ‘debulk’ tumors, will remain prone to the problem

of tumor recurrence, whereas chemotherapeutics that target

CSCs (typically a small population of cells), may be able to

permanently eradicate tumors [10,11]. The controversy rests

in whether the CSCs identified by the xenograft assay are

meaningfully distinct from the bulk cells as to warrant a

search for novel therapeutics that can target CSCs.

The debate about CSCs is really a debate over the reliability

of the xenograft assay. The assay has been used to identify

CSCs across many tumors including breast, brain and CRCs

[12]. Indeed, it is the gold standard by which CSCs are defined

[13]. However, the xenograft assay challenges cells to do

much more than initiate tumors, and may therefore lead

to the classification of cells as CSCs or bulk cells for reasons

that have nothing to do with tumorigenicity. For example, in

challenging human tumor cells to take root not merely at a

different location from the parental tumor, but in a different

species, the assay tests the ability of human cells to survive

outside of humans. The ability of human tumor cells to thrive

or not thrive when transplanted into a mouse might therefore

reflect differences in their dependence on human-specific

growth conditions rather than differences in their tumori-

genicity [14].

Another confounding problem with xenografting human

tumor cells to mouse hosts is that the ability of a cell to

initiate a tumor is contingent not only on the cell, but also on

the mouse. This ‘mouse effect’ can have a huge impact as

demonstrated by Quintana et al. [15] who tested human

melanoma cells in two mouse strains: the sick NOD/SCID

strain (non-obese diabetic/severe combined immunodefi-

ciency), and the even sicker NOD/SCID IL2rg!/! strain (inter-

leukin-2 receptor gamma chain null). In the NOD/SCID strain

only 1 in a million melanoma cells were found to reinitiate

tumors, leading to the conclusion that melanoma CSCs are

rare. However, in the NOD/SCID IL2rg!/! strain as many as

one in three cells reinitiated tumors, revealing that mela-

noma CSCs are actually quite common. These results demon-

strate that in some instances the mouse effect obscures the

ability to detect CSCs, leading to the conclusion that CSCs

may not be as rare as originally argued. However, this pos-

sibility does not negate the existence of CSCs as a class of

cancer cells worthy of therapeutic consideration.

While studies such as the one by Quintana et al. [15] clearly

demonstrate that the xenograft assay is flawed, this does not

mean that the CSC hypothesis itself is flawed. Indeed the fact

that human tumor cells can initiate tumors in xenograft

assays confirms that tumor cells with stem cell properties

exist. The critical question should not revolve around the

strengths and flaws of the xenograft assay, but instead should

ask what relation, if any, do CSCs have on outcome of human

cancers?

Until recently, this has been surprisingly difficult to answer

because CSCs are hard to isolate. For example, the CSCs

identified by xenograft assays are not typically isolated as

pure populations of cells. Instead, CSCs have been identified

as cells that become enriched within populations of tumors

cells sorted by their expression of cell surface proteins. For

example, colorectal CSCs have been enriched by sorting

tumor cells on the basis of expression of CD133 [16,17]

and CD44 [18]. In some instances, individual colorectal CSCs

have been identified in CD44 populations based on their

ability to initiate tumors as single cells in xenograft assays

[19]. However, no definitive CSC-specific markers were iden-

tified by these experiments, thus precluding further purifica-

tion and study of CSCs. Interestingly, the breakthrough

linking stemness to cancer cells has come from a better

understanding of normal stem cells rather than the CSCs

identified by xenograft assays. This has been pioneered in the

understanding of CRCs, the subject of this review, and is

likely to apply to cancers generally.

Gene expression signatures of intestinal stem cells
bulk up the CSC hypothesis
In 2007 and 2008, a variety of intestinal stem cell (ISC)

specific markers were identified [20], leading to the unequi-

vocal identification of two distinct classes of stem cells: a

rapidly cycling population of Lgr5-expressing cells located at

the crypt base [21] and a quiescent population of Bmi1-

expressing cells located at the +4 position relative to the

crypt base cells [22] reviewed by Li and Clevers [23]

(Fig. 1). Lgr5 encodes a G-coupled protein receptor that

promotes Wnt signaling by binding the Wnt agonist R-spon-

din [24]. It is uniquely expressed by the rapidly cycling stem

cells, but is dispensable for Lgr5 stem cell self-renewal and

differentiation [24]. Bmi1 is a member of the Polycomb

Repressive Complex 1 (PRC1); it is expressed in stem cells
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in several tissues [25] and within the gut it is expressed in the

quiescent +4 stem cells.

By in vivo lineage tracing, using the promoters of Lgr5 and

Bmi1 to drive the expression of stable reporters, the Lgr5 and

Bmi1 cell populations were shown to give rise to all the

differentiated cell types in the intestine: the absorptive enter-

ocytes and the three secretory lineages: goblet cells which

secrete mucous, enteroendocrine cells which secrete hor-

mones; and paneth cells which secrete innate immunity

proteins such as defensins, as well as ligands for the Wnt,

Notch, and EGFR pathways [26,27] (Fig. 1). Additionally,

recent experiments have shown that Lgr5 and Bmi1 cells

can each directly give rise to all of the differentiated cell

lineages independently of one another [28–30].

The link between stemness and CRC was made by three

independent groups who looked specifically at the gene

expression signatures of Lgr5 stem cells. They found that

gene expression signatures associated with Lgr5 stem cells

were enriched in advanced human CRCs [6–8]. Each group

arrived at Lgr5 stem cell expression signatures differently,

using either healthy mouse ISCs [6], healthy human ISCs [8],

or human adenoma (early tumor) ISCs [7,8]. Yet each came to

the same conclusion: based on comparisons with hundreds of

publicly available colorectal tumor expression profiles they

found that patient prognosis could be predicted based on

how well the patients’ tumors matched Lgr5 expression

signatures. In each case, tumors with Lgr5-like expression

signatures tended to be more deadly than those lacking the

signature.

Merlos-Suárez et al. [6] found that tumors enriched with

mouse ISC derived Lgr5 signatures were 10! more likely to

recur than tumors lacking enrichment of this signature. In

response to criticism that the signature was from a mouse,

they ‘humanized’ the signature by keeping only those genes

that had been previously shown to be expressed in human

crypt tissue samples [31]. The humanized Lgr5 signature

likewise had prognostic power; however, it was no greater

than the complete mouse-derived signature, thus confirming

the results and utility of the original mouse signature. Con-

sistent with these results, de Sousa et al. [7] found that an

Lgr5-like signature derived from primary cultures of human

CSC spheroid cells could be used to predict the likelihood of

tumor recurrence using the same dataset as Merlos-Suárez

et al., as well as a set of 90 CRC stage II patients that they

followed from their own institute. A slightly different

approach was taken by Dalerbra et al. [8], in which they used

single cell PCR to define ‘bottom of the crypt’ Lgr5 associated

signatures of immature cells and ‘top of the crypt’ associated

signatures of differentiated cells in human healthy colon and

adenomas. Interestingly, they found that a two-gene classifier

that specifically excludes Lgr5 associated signatures was suf-

ficient to predict the likelihood of tumor recurrence in a set of

over 1500 tumor samples. Each of the three studies arrived at

the same conclusion: predictions based on the Lgr5 signature

(or lack of it) provided better prognostics than the long-

standing practice of staging tumors with the cell morpholo-

gical standards set forth by the American Joint Committee on

Cancer (http://www.cancerstaging.org).

The fact that three groups working with different sources of

Lgr5 related signatures and hundreds of different tumor

expression profiles found that Lgr5 gene signatures correlate

with tumorigenicity, indicates that tumor cells with Lgr5

related signatures are therapeutically relevant. The next step

will be to understand what it is about the biology of Lgr5

related cells that makes them especially tumorigenic.

The most obvious explanation is that because Lgr5 related
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Figure 1. Mammalian intestinal architecture and cell types. The intestine is a single layered epithelium that folds into a characteristic crypt-villus
architecture. The intestine is maintained by two populations of stem cells, the daily cycling Lgr5 stem cells at the crypt base and the more slowly cycling Bmi1
stem cells at the +4 position along the crypt-villus axis. The stem cells give rise to each other as well as to transient amplifying progenitor cells that terminally
differentiate into paneth cells, goblet cells, enteroendocrine cells (EE), and enterocytes (EC). The paneth cells secrete essential niche signals.
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signatures are derived from bona fide stem cells, tumor cells

expressing Lgr5 related signatures have stem-like features,

making them the most deadly cells within the tumor, as

predicted by the CSC hypothesis.

However, another possibility has been raised by de Sousa

et al. [7], who argue that the Lgr5 signatures within tumors are

incomplete representations of the Lgr5 signatures of bona fide

stem cells, thus raising the possibility that the deadly tumor

cells might not be stem-like at all. They argue that the tumor

Lgr5 signature has more in common with ‘de-differentiated

cells’ than the stem cells from which the signature was

derived. However, the possible identities of Lgr5 tumor cells,

as either stem-like or ‘de-differentiated,’ are not mutually

exclusive and will be resolved by a deeper understanding

of how the genes in the Lgr5 signature relate to stemness.

As a case in point, two of the genes missing from the tumor

Lgr5 signature are Lgr5 itself and Axin, both expressed down-

stream of the Wnt pathway [20]. Since the Wnt pathway is

essential for stem cell maintenance, the lack of expression of

some Wnt target genes in tumor Lgr5 cells might suggest that

they are missing key elements of stemness. However, because

the Wnt pathway drives the expression of several target genes

in ISCs [20], the lack of expression of some targets is not

equivalent to the lack of Wnt signaling. For example, Lgr5,

the first Wnt target gene found to definitively mark the crypt

base stem cells, is not required for stem cell maintenance

[24,32]. Thus, the lack of expression of Lgr5 in tumor ‘Lgr5

cell’ signatures is unlikely to impact the stemness of those

cells. The crypt base stem cells are called Lgr5 cells for

historical reasons, because they express Lgr5, not because

they require Lgr5.

Moreover, some genes that are important for the stemness

of normal stem cells may not be required in the context of the

altered genetics of tumorigenic stem cells. Axin, another Wnt

target missing from tumor Lgr5 signatures, is a perfect exam-

ple of this: in normal ISCs Axin forms a complex with

adenomatous polyposis coli (APC) to inhibit the Wnt path-

way. The complex shuttles the Wnt transcriptional activator,

b-catenin to the proteasome. However, in the majority of

CRCs, APC is no longer present or active. Because Axin does

not appear to be sufficient to suppress b-catenin alone, its

absence or presence in the majority of CRCs is probably

obsolete. Thus while Axin is an integral part of the normal

ISC signature, it does not appear to be an essential compo-

nent of the CSC signature.

In summary, although Lgr5 and Axin are expressed in bona

fide ISCs, the absence of these genes in the Lgr5 tumor

signature likely has no impact on the stemness or biology

of these cells. Thus, while the exact ‘stemness’ of Lgr5 related

tumor cells remains to be determined, the fact that the

signature is from Lgr5 stem cells suggests that studying the

biology of Lgr5 stem cells will contribute to the development

of effective cancer therapeutics.

Two stem cell populations in the intestine may give
rise to different classes of CSCs
In addition to the fast cycling Lgr5 stem cells, the intestine is

also maintained by a population of slow cycling cells at the +4

position of the crypt, marked by the expression of Bmi1

[22,30,33], telomerase reverse transcriptase (mTERT) [29],

and Hopx [28]. Since the cells at the +4 position are rarely

seen co-expressing all three of these markers at the same time,

it is unclear if slow cycling stem cells at the +4 position are

functionally distinct from one another [34]. However,

because there are no data indicating that the +4 cells are

functionally different from each other, they are often referred

to by the founding marker of the +4 population, Bmi1.

The slow cycling cells at the +4 position may prove even

more informative than the Lgr5 cell population because they

exhibit hallmarks of CSCs that are specifically associated with

the increased tumorigenicity and drug resistance seen in

advanced stages of cancer [5]. For example, they are largely

quiescent [22], a feature associated with the drug resistance of

CSCs. Consistent with this possibility, the slow cycling cells,

but not the faster cycling Lgr5 cells, are radio-resistant

[29,33]. In addition, they express high levels of mTERT, an

enzyme associated with the long-term survival of stem cells,

and presumably the indefinite growth of CSCs. Given these

similarities with CSCs, it will be interesting to compare the

gene expression signature(s) of slow cycling stem cells with

that of the Lgr5 stem cells and to determine their respective

prognostic power.

Just as the normal intestine is maintained by two (or more)

distinct populations of stem cells, CRCs are likely to be

maintained by multiple types of CSCs, each constituting

different fractions of the population and each providing

different prognostic power.

Models to identify anti-CSC drugs for CRC
Based on biology of stem cells, it should be possible to

eliminate CSCs by two distinct approaches: one is to block

stem cell maintenance and the other is to induce stem cell

differentiation. Stem cell maintenance can be blocked in the

intestine by interfering with either the Wnt or Notch signal-

ing pathways [35,36]. Of these pathways, the Wnt pathway

has been a major focus for colorectal therapeutics because it is

hyperactivated in over 85% of colorectal tumors [37].

Although mutations in the Notch pathway are not com-

monly associated with CRCs, blocking the Notch pathway

is also effective at stopping the progression Wnt-induced

adenoma models [38]. Moreover, inhibition of the Notch

pathway not only blocks stem cell proliferation but also

converts all the progenitor cells (called transient amplifying

cells) into terminally differentiated goblet cells.

Thus, one method with which to identify CSC therapeutics

is to design drug screens to target the Wnt and Notch signal-

ing pathways. Indeed two recent studies independently
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identified small molecules that suppress activating mutations

in the Wnt pathway by stabilizing Axin, an endogenous

repressor of the Wnt pathway [39,40]. Likewise a class of

inhibitors of the Notch pathway called gamma-secretase

inhibitors have been shown to effectively block stem cell

maintenance and to force the differentiation of progenitor

cells in murine models of intestinal adenoma [38] and a

related cancer, metaplastic Barrett’s esophagus [41].

While the effects of chemically blocking the Wnt and

Notch pathways are exciting in their own right, they also

point to the feasibility of conducting more ambitious

‘unbiased screens’ to capture any small molecule, regardless

of the specific pathway it might affect, for its ability to impact

stem cell maintenance and/or differentiation. However, thus

far there have been only a handful of unbiased anti-CSC

screens reported for the entire CSC field [42,43] and none

involve intestinal CSCs. The major hurdle to developing such

screens has been finding methods to culture stem cells. This is

a challenge because stem cells, perhaps more than any other

cell type, depend on interactions with their microenviron-

ment or niche [44]. One method to overcome this problem is

to develop culturing conditions that can mimic the complex-

ity of the niche. Yet another method is to circumvent the

niche problem altogether by screening in whole animals.

The remaining sections of this review discuss three emer-

ging model systems that are likely to provide new opportu-

nities to screen for drugs that can block the growth of

colorectal CSCs: organoids, zebrafish and fruit flies. Orga-

noids are ex vivo ‘mini-guts’ that can be cultured long-term

directly from mice [45] or grown from individual ISCs [46]

using culture conditions that mimic ISC niche signals. Zebra-

fish larvae and fruit flies by contrast provide in vivo ‘mini-

guts,’ which exhibit many features in common with their

mammalian counterparts. To date none of these systems have

been used for anti-CSC drug screens. However, recent

advances indicate that each system could evolve into new

screening paradigms for the discovery of anti-CSC drugs for

CRC.

Organoids: 3-dimensional mini-guts in a dish
In 2009 two groundbreaking papers were published showing

that ISCs can be maintained for long periods lasting from

months to over a year within ex vivo mini-gut or organoid

structures [45,46]. Ootani et al. cultured minced pieces of gut

with myofibroblasts, cells that constitute part of the niche,

whereas Sato et al. cultured single Lgr5 stem cells with growth

factors they had identified in the niche. Both methods led to

the development of self-renewing organoids that contained

the full complement of cells of the intestinal tract.

The resulting organoids were found to resemble both the

morphology and functionality of the normal intestine.

For example, organoids grow as a single layer of cells that

folds into the basic crypt-villus-architecture of the normal

intestine (Fig. 2). Additionally, recent work by the Watanabe

laboratory (2012) [47] showed that organoids retain the

functionality of the intestine when transplanted back into

test animals. This was demonstrated by elegant transplanta-

tion experiments showing that GFP-labeled organoids can

replace damaged colonic tissue when transplanted into

colons of mice that had been treated with the colitis inducing

chemical dextran sodium sulfate (DSS) [47]. Together these

experiments demonstrate that stem cells cultured within

organoids retain the capacity for stem cell self-renewal and

differentiation.

The initial establishment of organoids quickly led to a series

of papers describing methods to culture organoids from

a variety of intestinal samples. A slew of ligands, small mole-

cules, and extracellular matrices have been used, including:
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Figure 2. Intestinal stem cell niche. The mammalian niche includes
paneth cells, surrounding visceral muscles and basal lamina. Paneth
cells express the Notch ligand, DLL4 and secrete essential ligands
including: WNT3, WNT11, EGF and TGFa. The organoid niche is
supplied exogenously and includes several but not all of the paneth
ligands, plus a host of other ligands and small molecules. The
Drosophila niche includes many of the same ligands that are supplied by
paneth cells in mammals, including the Notch ligand DELTA, which is
expressed on the surface of the ISCs (intestinal stem cells), and WNT
and EGF homologs that are secreted by the surrounding visceral
muscle.
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EGF, WNT3A, R-SPONDIN, NOGGIN, hepatocyte growth fac-

tor, nicotinamide, gastrin, a p38 inhibitor, an Alk4/5/7 inhi-

bitor, as well as laminin-enriched matrigel, BSA and collagen

(Fig. 2). Using combinations of these factors, organoids can be

cultured from mouse stomach small intestine and large intes-

tine [45–49], as well as from healthy human colon cells and

CRCs [47,49,50]. Moreover, organoids can be initiated not

only from rapidly cycling Lgr5 stem cells but also from slowly

cycling Bmi1 stem cells [28,30,33]. The ability to create orga-

noids from so many different sources of stem cells opens the

possibility of a wide range of chemical screens to address

specific biology of different kinds of intestinal cancers.

Given that stem cells both self-renew and differentiate

within organoid cultures, it is conceivable to use these cul-

tures to screen drugs that affect maintenance and/or differ-

entiation. Indeed, it has been found that the stem cells in

organoids respond to Wnt and Notch inhibitors in the same

way as they do in vivo. For example, interfering with the Wnt

pathway by addition of the secreted inhibitor Dickkopf-1

results in loss of stem cell maintenance, resulting in loss of

the organoids. Conversely augmenting Wnt signaling with

high doses of either the Wnt agonist R-spondin, or Wnt3A

itself, leads to hyper-proliferation of stem cells [45,49]. Stem

cell differentiation in organoids is also sensitive to chemical

perturbations. For example, treating organoids with a drug

that blocks the Notch pathway, the gamma-secretase inhi-

bitor dibenzazepine, drives the differentiation of progenitor

cells into goblet cells [45,49]. These experiments thus estab-

lish the ‘druggability’ of organoids.

Translating the druggability of organoids into large-scale

screens is clearly on the horizon but will require optimization

of organoid culturing conditions. For example, the frequency

at which organoids are formed in each culture, called the

‘plating efficiency,’ tends to be under 10%, although there

has been recent improvement by co-culturing Lgr5 cells with

paneth cells [51]. In addition, the types of organoids that

form have not been standardized, making it difficult to

develop standardized assays and comparisons between assays

[52]. Thus increasing the frequency and consistency of orga-

noids will greatly increase the feasibility of chemical screens.

Given the pace with which organoid technology has grown, it

will not be long before organoids are employed in large-scale

screens for anti-CSC drugs.

Whole-animal screens
A complementary approach to using cultured cells for drug

screening is to use whole animal models. Whole animal

models are appealing because they retain the physiology

of the stem cell niche, which is essential to the maintenance

and differentiation of stem cells. Because the niche exists

within a milieu of many cell types and signals, both local and

systemic, it is virtually impossible to fully recapitulate it in

vitro. For example the ingredients list for growing organoid

cultures lacks instructive ligands that are present in the in

vivo niche, but are hard to supplement exogenously, such as

tumor necrosis growth factor-alpha and the Notch ligand

Delta-like4, DLL4 [27] (Fig. 2). However, even if it were

possible to provide all the niche ligands exogenously the

approach would remain problematic because it would pre-

clude the ability to discover drugs that interfere with niche

signal production. These drawbacks to culturing stem cells in

vitro can be avoided by working with whole animal models,

such as zebrafish, distinguished for its adaptability to whole

animal chemical screens, and Drosophila, distinguished for

its amenability to genetic dissection of pathways and cell

lineages. Both of these organisms possess excellent models of

the mammalian intestine (as described below) and are there-

fore excellent candidates for the development of unbiased

whole animal chemical screens.

On a gross anatomical level the intestinal architecture

differs between mammals, fish and fruit flies: in the mouse

small intestine, the epithelium folds into the characteristic

crypt-villus architecture, in zebrafish it folds into villus struc-

tures but not crypts, and in Drosophila the epithelium exists as

a tube with no villi or crypts. However, despite their structural

differences, the intestines of Drosophila, zebrafish and mam-

mals are composed of similar cell types [53–57]. Broadly, the

intestines in each are maintained by proliferative cells that

give rise to two types of post-mitotic cell types: (1) absorptive

cells called enterocytes (ECs) that have a characteristic brush

border conserved from flies to mammals and (2) secretory

cells which include paneth cells (mammalian specific), goblet

cells (vertebrate specific), and enteroendocrine cells (con-

served from flies to mammals) (Fig. 1). Thus, the Drosophila

and zebrafish intestines represent stripped down versions of

the mammalian gut, but as detailed below, they retain essen-

tial features of the stem cell biology and niche.

Currently, much more is known about the ISC cells in

Drosophila than in zebrafish, in part because of the more facile

genetics of Drosophila. These studies reveal striking parallels

between Drosophila and mammalian intestines. The ISCs in

Drosophila, like in mammals, were identified by lineage tra-

cing [58], and were found to possess features in common with

both Lgr5 and Bmi1 stem cells. Like mammalian Lgr5 stem

cells they divide once a day to give rise to daughter cells that

either remain as stem cells or that differentiate into evolu-

tionarily conserved intestinal cell types, ECs and secretory

cells [58,59]. Recent papers indicate that in both flies [60] and

mice [51] neutral competition underlies the fate of stem cell

daughter cells to either remain a stem cell or to adopt a

differentiated cell fate. Drosophila ISCs also resemble Bmi1

cells in that they exhibit resistance to cytotoxic agents. This

was demonstrated in Bmi1 cells using gamma-irradiation

[28,29,33] and in Drosophila ISCs with the DNA damaging

agent bleomycin [61]. These studies show that Bmi1 cells

and Drosophila ISCs are not only resistant, but also exhibit
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compensatory growth to replace injured cells in the epithe-

lium, such as Lgr5 cells in mammals and ECs in flies [61,62].

Thus, the Drosophila ISCs resemble behaviors of both the Lgr5

‘everyday cycling stem cells’ as well as Bmi1 ‘reserve stem

cells’ of the mammalian intestine.

Drosophila ISCs are similar to their mammalian counter-

parts, not just on the cellular level but also molecularly. For

example, Apc functions as a tumor suppressor in both flies

and mammals. In flies, Apc loss drives stem cell hyper-pro-

liferation [63], reminiscent of the growth of early adenomas

due to loss of Apc heterozygosity in mammals [37]. Likewise,

as in mammals, Notch is required for the specification of ECs.

In the absence of Notch, differentiation of daughter cells is

diverted from the EC fate to secretory fates: goblet cells in

mammals and enteroendocrine cells in Drosophila [58,59].

Interestingly, the role of Notch as a cell fate determinant may

be easier to track in Drosophila than in mammals because it is

required specifically for differentiation, whereas in mammals,

Notch is required not only for differentiation but also for

stem cell maintenance. Thus, in the absence of Notch, the

stem cell lineage in mammals is lost altogether, whereas in

Drosophila the stem cells continue dividing without differ-

entiating, resulting in stem cell ‘tumors.’ These parallels, both

molecular and cellular, indicate that the results of screens in

Drosophila can have direct bearing on our understanding of

the physiology of mammalian ISCs.

Although the genetics of the intestinal lineage are not as

well defined in zebrafish, the zebrafish intestine clearly exhi-

bits features in common with the mammalian intestine

including reliance on Wnt and Notch signaling. For example,

loss of Apc heterozygosity leads to spontaneously forming

adenomas [64], and loss of Notch signaling drives daughter

cells to differentiate into goblet and other secretory cell fates

[65].

While much of the biology of the ISCs is conserved

between Drosophila, zebrafish and mammals, the paneth cells

that constitute the mammalian niche [27] are absent in

Drosophila and zebrafish. However, although the paneth cells

are missing, key ligands that are expressed from the paneth

niche in mammals have been identified in the microenvir-

onment of Drosophila ISCs (Fig. 2). For example, in mammals

the paneth cells secrete WNT, DELTA and EGF, and in Dro-

sophila these same three signals exist in the niche milieu:

WNT and EGF ligands are supplied by the surrounding visc-

eral muscle [66,67] and DELTA is expressed on the stem cell

itself [68]. Thus, screens in Drosophila and by extension

zebrafish, have the ability to identify drugs that interfere

with niche signal production and reception.

Similarities between the cellular make up and genetics of

Drosophila and zebrafish ISCs with mammalian ISCs indicate

that both would be good models for whole animal chemical

screens. In the case of zebrafish, screening conditions

are already well established for embryos and larvae [69].

However, to take full advantage of these features it will be

necessary to develop ISC tumor models with higher pene-

trance. For example, the zebrafish equivalent of Apcmin mice

acquires spontaneous adenomas in only 11% of the fish

examined [64]. Similarly conditional over-expression of a

transgenic human KRAS oncogene exhibited low penetrance,

leading to tumors in only one-third of the examined fish.

These technical problems will likely be overcome with

improvements in transgene expression, leading to robust,

highly screenable in vivo models of colorectal CSCs.

To date no large-scale chemical screens have been reported

using adult Drosophila. However, in theory it should be

possible to perform such screens because drugs can be mixed

with fly food and fed to flies by a variety of techniques [70].

Indeed, some small molecules have been shown to affect

the proliferation and differentiation of Drosophila ISCs.

For example, Ohlstein and Spradling [58] showed that in

feeding adults the Notch gamma-secretase inhibitor (DAPT)

difluorophenylacetyl-alanyl-phenylglycine-t-butyl-ester

phenocopied the genetic loss of Notch in ISCs, resulting in

an increase of enteroendocrine cells at the expense of main-

taining ECs, as well as the development of ISC ‘tumors’.

Similarly, Amcheslavsky et al. [61] showed that feeding adult

flies bleomycin and DSS produced drastic effects in the

intestinal epithelium, leading to damage of the ECs and

compensatory proliferation of the ISCs. These results are

exciting because they demonstrate that the fly intestine

can be used to identify and study the effects of drugs on

both ISCs as well the ECs, a major constituent of the stem cell

microenvironment.

Screening for drugs that block colorectal CSCs may soon be

possible using organoids, zebrafish and Drosophila. Each sys-

tem contributes unique advantages that complement the

others. Organoids can be derived from human intestine

and will probably be the model of choice for large-scale

screens, as well as for personalized medicine using tissue

directly from patients. However, because organoids rely on

an artificial niche, screens with zebrafish and Drosophila will

provide an opportunity to screen both stem cells and niche

cells under more physiologically balanced conditions. Zebra-

fish embryos and larvae are already primed for large-scale

screening, whereas screens in Drosophila adults will require a

number of innovations.

Concluding remarks
Recent papers [6–8] establish the therapeutic relevance of

CSC, showing that stem cell gene signatures can be used as

a prognostic to predict the outcome of different CRCs. These

findings will hopefully steer the discussion of colorectal CSCs

away from arguments about the semantics of stemness to the

biology of stemness that underlies the prognostic power of

stem cell gene signatures. New advances in the study of ISCs

in organoids, zebrafish and fruit flies are greatly advancing
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our understanding of the biology of CSCs and should pave

the way to novel CSC drug discovery.

Acknowledgements
I thank Ralph Neumüller, Joppe Nieuwenhuis, Samantha

Dettorre and Laura Quilter for discussions and critical com-

ments on the manuscript, and Rebecca Spencer for teaching

me how to illustrate in illustrator.

References
1 Siegel, R. et al. (2012) Cancer statistics, 2012. CA Cancer J. Clin. 62,

10–29

2 Kohne, C.H. and Lenz, H.J. (2009) Chemotherapy with targeted agents for

the treatment of metastatic colorectal cancer. Oncologist 14, 478–488

3 Hollande, F. et al. (2010) The long road to colorectal cancer therapy:

searching for the right signals. Drug Resist. Updat. 13, 44–56

4 Davies, E.J. et al. (2011) Origin and maintenance of the intestinal cancer

stem cell. Mol. Carcinog. 50, 254–263

5 Clevers, H. (2011) The cancer stem cell: premises, promises and challenges.

Nat. Med. 17, 313–319

6 Merlos-Suarez, A. et al. (2011) The intestinal stem cell signature identifies

colorectal cancer stem cells and predicts disease relapse. Cell Stem Cell 8,

511–524

7 de Sousa, E.M.F. et al. (2011) Methylation of cancer-stem-cell-associated

Wnt target genes predicts poor prognosis in colorectal cancer patients. Cell

Stem Cell 9, 476–485

8 Dalerba, P. et al. (2011) Single-cell dissection of transcriptional

heterogeneity in human colon tumors. Nat. Biotechnol. 29, 1120–1127

9 Vries, R.G. et al. (2010) Stem cells and cancer of the stomach and intestine.

Mol. Oncol. 4, 373–384

10 Diehn, M. et al. (2009) Therapeutic implications of the cancer stem cell

hypothesis. Semin. Radiat. Oncol. 19, 78–86

11 Park, C.Y. et al. (2009) Cancer stem cell-directed therapies: recent data

from the laboratory and clinic. Mol. Ther. 17, 219–230

12 Ailles, L.E. and Weissman, I.L. (2007) Cancer stem cells in solid tumors.

Curr. Opin. Biotechnol. 18, 460–466

13 Clarke, M.F. et al. (2006) Cancer stem cells – perspectives on current status

and future directions: AACR Workshop on cancer stem cells. Cancer Res.

66, 9339–9344

14 Hill, R.P. and Perris, R. (2007) Destemming’ cancer stem cells. J. Natl.

Cancer Inst. 99, 1435–1440

15 Quintana, E. et al. (2008) Efficient tumour formation by single human

melanoma cells. Nature 456, 593–598

16 O’Brien, C.A. et al. (2007) A human colon cancer cell capable of initiating

tumour growth in immunodeficient mice. Nature 445, 106–110

17 Ricci-Vitiani, L. et al. (2007) Identification and expansion of human colon-

cancer-initiating cells. Nature 445, 111–115

18 Dalerba, P. et al. (2007) Phenotypic characterization of human colorectal

cancer stem cells. Proc. Natl. Acad. Sci. U. S. A. 104, 10158–10163

19 Vermeulen, L. et al. (2008) Single-cell cloning of colon cancer stem cells

reveals a multi-lineage differentiation capacity. Proc. Natl. Acad. Sci. U. S. A.

105, 13427–13432

20 Van der Flier, L.G. et al. (2007) The intestinal Wnt/TCF signature.

Gastroenterology 132, 628–632

21 Barker, N. et al. (2007) Identification of stem cells in small intestine and

colon by marker gene Lgr5. Nature 449, 1003–1007

22 Sangiorgi, E. and Capecchi, M.R. (2008) Bmi1 is expressed in vivo in

intestinal stem cells. Nat. Genet. 40, 915–920

23 Li, L. and Clevers, H. (2010) Coexistence of quiescent and active adult

stem cells in mammals. Science 327, 542–545

24 de Lau, W. et al. (2011) Lgr5 homologues associate with Wnt receptors and

mediate R-spondin signalling. Nature 476, 293–297

25 Cao, L. et al. (2011) BMI1 as a novel target for drug discovery in cancer. J.

Cell. Biochem. 112, 2729–2741

26 van der Flier, L.G. and Clevers, H. (2009) Stem cells, self-renewal, and

differentiation in the intestinal epithelium. Annu. Rev. Physiol. 71, 241–260

27 Sato, T. et al. (2011) Paneth cells constitute the niche for Lgr5 stem cells in

intestinal crypts. Nature 469, 415–418

28 Takeda, N. et al. (2011) Interconversion between intestinal stem cell

populations in distinct niches. Science 334, 1420–1424

29 Montgomery, R.K. et al. (2011) Mouse telomerase reverse transcriptase

(mTert) expression marks slowly cycling intestinal stem cells. Proc. Natl.

Acad. Sci. U. S. A. 108, 179–184

30 Tian, H. et al. (2011) A reserve stem cell population in small intestine

renders Lgr5-positive cells dispensable. Nature 478, 255–259

31 Kosinski, C. et al. (2007) Gene expression patterns of human colon tops

and basal crypts and BMP antagonists as intestinal stem cell niche factors.

Proc. Natl. Acad. Sci. U. S. A. 104, 15418–15423

32 Mustata, R.C. et al. (2011) Lgr4 is required for Paneth cell differentiation

and maintenance of intestinal stem cells ex vivo. EMBO Rep. 12, 558–564

33 Yan, K.S. et al. (2012) The intestinal stem cell markers Bmi1 and Lgr5

identify two functionally distinct populations. Proc. Natl. Acad. Sci. U. S. A.

109, 466–471

34 Carlone, D.L. and Breault, D.T. (2012) Tales from the crypt: the expanding

role of slow cycling intestinal stem cells. Cell Stem Cell 10, 2–4

35 van Es, J.H. and Clevers, H. (2005) Notch and Wnt inhibitors as potential

new drugs for intestinal neoplastic disease. Trends Mol. Med. 11, 496–502

36 Nakamura, T. et al. (2007) Crosstalk between Wnt and Notch signaling in

intestinal epithelial cell fate decision. J. Gastroenterol. 42, 705–710

37 Fearon, E.R. and Vogelstein, B. (1990) A genetic model for colorectal

tumorigenesis. Cell 61, 759–767

38 van Es, J.H. et al. (2005) Notch/gamma-secretase inhibition turns

proliferative cells in intestinal crypts and adenomas into goblet cells.

Nature 435, 959–963

39 Chen, B. et al. (2009) Small molecule-mediated disruption of Wnt-dependent

signaling in tissue regeneration and cancer. Nat. Chem. Biol. 5, 100–107

40 Huang, S.M. et al. (2009) Tankyrase inhibition stabilizes axin and

antagonizes Wnt signalling. Nature 461, 614–620

41 Menke, V. et al. (2010) Conversion of metaplastic Barrett’s epithelium into

post-mitotic goblet cells by gamma-secretase inhibition. Dis. Model. Mech.

3, 104–110

42 Gupta, P.B. et al. (2009) Identification of selective inhibitors of cancer stem

cells by high-throughput screening. Cell 138, 645–659

43 Hirsch, H.A. et al. (2009) Metformin selectively targets cancer stem cells,

and acts together with chemotherapy to block tumor growth and prolong

remission. Cancer Res. 69, 7507–7511

44 Lander, A.D. et al. (2012) What does the concept of the stem cell niche

really mean today? BMC Biol. 10, 19

45 Ootani, A. et al. (2009) Sustained in vitro intestinal epithelial culture within

a Wnt-dependent stem cell niche. Nat. Med. 15, 701–706

46 Sato, T. et al. (2009) Single Lgr5 stem cells build crypt-villus structures in

vitro without a mesenchymal niche. Nature 459, 262–265

47 Yui, S. et al. (2012) Functional engraftment of colon epithelium expanded

in vitro from a single adult Lgr5(+) stem cell. Nat. Med. 18, 618–623

48 Barker, N. et al. (2010) Lgr5(+ve) stem cells drive self-renewal in the

stomach and build long-lived gastric units in vitro. Cell Stem Cell 6, 25–36

49 Sato, T. et al. (2011) Long-term expansion of epithelial organoids from

human colon, adenoma, adenocarcinoma, and Barrett’s epithelium.

Gastroenterology 141, 1762–1772

50 Jung, P. et al. (2011) Isolation and in vitro expansion of human colonic

stem cells. Nat. Med. 17, 1225–1227

51 Snippert, H.J. et al. (2010) Intestinal crypt homeostasis results from neutral

competition between symmetrically dividing Lgr5 stem cells. Cell 143,

134–144

52 Stelzner, M. et al. NIH intestinal stem cell consortium (2012) A

nomenclature for intestinal in vitro cultures. Am. J. Physiol. Gastrointest.

Liver. Physiol. 302, G1359–G1363

53 Faro, A. et al. (2009) Fishing for intestinal cancer models: unraveling

gastrointestinal homeostasis and tumorigenesis in zebrafish. Zebrafish 6,

361–376

54 Casali, A. and Batlle, E. (2009) Intestinal stem cells in mammals and

Drosophila. Cell Stem Cell 4, 124–127

Drug Discovery Today: Technologies | Model organisms as in vivo screens for promising therapeutic compounds Vol. 10, No. 1 2013

e80 www.drugdiscoverytoday.com



55 Biteau, B. et al. (2011) Maintaining tissue homeostasis: dynamic control of

somatic stem cell activity. Cell Stem Cell 9, 402–411

56 Jiang, H. and Edgar, B.A. (2011) Intestinal stem cells in the adult Drosophila

midgut. Exp. Cell Res. 317, 2780–2788

57 Takashima, S. and Hartenstein, V. (2012) Genetic control of intestinal

stem cell specification and development: a comparative view. Stem Cell

Rev. 8, 597–608

58 Ohlstein, B. and Spradling, A. (2006) The adult Drosophila posterior

midgut is maintained by pluripotent stem cells. Nature 439, 470–474

59 Micchelli, C.A. and Perrimon, N. (2006) Evidence that stem cells reside in

the adult Drosophila midgut epithelium. Nature 439, 475–479

60 O’Brien, L.E. et al. (2011) Altered modes of stem cell division drive adaptive

intestinal growth. Cell 147, 603–614

61 Amcheslavsky, A. et al. (2009) Tissue damage-induced intestinal stem cell

division in Drosophila. Cell Stem Cell 4, 49–61

62 Jiang, H. et al. (2009) Cytokine/Jak/Stat signaling mediates regeneration

and homeostasis in the Drosophila midgut. Cell 137, 1343–1355

63 Lee, W.C. et al. (2009) Adenomatous polyposis coli regulates Drosophila

intestinal stem cell proliferation. Development 136, 2255–2264

64 Haramis, A.P. et al. (2006) Adenomatous polyposis coli-deficient zebrafish

are susceptible to digestive tract neoplasia. EMBO Rep. 7, 444–449

65 Crosnier, C. et al. (2005) Delta-Notch signalling controls commitment to a

secretory fate in the zebrafish intestine. Development 132, 1093–1104

66 Lin, G. et al. (2008) Paracrine Wingless signalling controls self-renewal of

Drosophila intestinal stem cells. Nature 455, 1119–1123

67 Biteau, B. and Jasper, H. (2011) EGF signaling regulates the proliferation of

intestinal stem cells in Drosophila. Development 138, 1045–1055

68 Ohlstein, B. and Spradling, A. (2007) Multipotent Drosophila intestinal

stem cells specify daughter cell fates by differential notch signaling. Science

315, 988–992

69 Tan, J.L. and Zon, L.I. (2011) Chemical screening in zebrafish for novel

biological and therapeutic discovery. Methods Cell Biol. 105, 493–516

70 Yedvobnick, B. and Moberg, K. (2010) Linking model systems to cancer

therapeutics: the case of mastermind. Dis. Model. Mech. 3, 540–544

Vol. 10, No. 1 2013 Drug Discovery Today: Technologies | Model organisms as in vivo screens for promising therapeutic compounds

www.drugdiscoverytoday.com e81


	University of Massachusetts - Amherst
	January 2013
	Modeling colorectal cancer as a 3-dimensional disease in a dish: the case for drug screening using organoids, zebrafish, and fruit flies

