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COMPREHENSIVE REVIEW

Intestinal Epithelial Cells In Vitro

Dharam P. Chopra,' Alan A. Dombkowski,' Paul M. Stemmer,' and Graham C. Parker?

Recent advances in the biology of stem cells has resulted in significant interest in the development of normal
epithelial cell lines from the intestinal mucosa, both to exploit the therapeutic potential of stem cells in tissue
regeneration and to develop treatment models of degenerative disorders of the digestive tract. However, the dif-
ficulty of propagating cell lines of normal intestinal epithelium has impeded research into the molecular mecha-
nisms underlying differentiation of stem/progenitor cells into the various intestinal lineages. Several short-term
organ/organoid and epithelial cell culture models have been described. There is a dearth of long-term epithelial
and/or stem cell cultures of intestine. With an expanding role of stem cells in the treatment of degenerative
disorders, there is a critical need for additional efforts to develop in vitro models of stem/progenitor epithelial
cells of intestine. The objective of this review is to recapitulate the current status of technologies and knowledge
for in vitro propagation of intestinal epithelial cells, markers of the intestinal stem cells, and gene and protein

expression profiles of the intestinal cellular differentiation.

Introduction

HE MUCOSA OF THE intestine absorbs essential nutrients

from the lumen for the body and produces mucous and
cytokines with protective and signaling characteristics. The
two intestinal segments—small and large (colon) intestine—
exhibit differences, with regard to disease processes as well
as susceptibility to environmental factors including carcino-
gens. Small intestinal cells appear highly resistant to injury
and if damaged undergo rapid apoptosis and are sloughed
off into the lumen. However, replicating cells in the colon
may undergo mutations after damage by toxic agents result-
ing in carcinogenesis. The high incidence of colon cancer has
engendered considerable effort to develop in vitro models of
colon epithelial cells [1-7] that have contributed to the cur-
rent knowledge of mechanisms involved in colon cancer as
well as normal colonic growth and differentiation. In con-
trast, there have been far fewer studies of small intestine.
There is a lack of suitable in vitro models for long-term cul-
tures, although several studies have described primary and
short-term cultures [8-10].

As a result of recent advances in identification and cul-
ture of putative stem cells, interest in in vitro models of
intestinal epithelial cells has been rejuvenated. In particular,
there is considerable interest in the regenerative potential
of intestinal stem/progenitor cells that populate the tissue.
These efforts can contribute to the treatment of degenerative

diseases such as colitis, inflammatory bowel disease, intes-
tinal infections, and radiation injury [11-13]. Furthermore,
identification of factors and pathways involved in controlled
differentiation of stem/progenitor cells into tissue-specific
lineages is expected to contribute immensely to effective
clinical protocols.

Intestinal epithelium cellular replication and differentia-
tion show spatial boundaries characterized by distinct phe-
notypes [12,14]. The small intestinal epithelium consists of
villi extending into the lumen. The epithelium is composed
mainly of terminally differentiated mucous and absorptive
cells, with crypts located at the base of villi where replicat-
ing cells including putative stem cells are residents [15,16].
Stem cells constitute the replication units of villi. The daugh-
ter cells migrate mainly upward into villi and differentiate
into mucous goblet, absorptive, and endocrine cells. The
paneth cells—that also reportedly originate from the stem
cells migrate below the replicative units—secrete antimicro-
bial peptides, that is lysozymes and certain growth factors
[17]. The colonic mucosa is essentially similar to small intes-
tine except that it does not have villi and paneth cells.

Studies to identify and characterize intestinal stem cells
are hampered by the lack of definitive markers for these
populations, although investigators have recently identi-
fied an array of candidate genes. For example, genes such as
EphB2 and EphB3 [18], CD44 [19], Fgfr3 [20], and Sox9 [21] are
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expressed in crypt cells, but not in villi. In contrast, expres-
sion of Hesl increases progressively from villi downward to
the stem cell zone [22]. Analysis of the Wnt and Notch sig-
naling pathways associated with development and cell repli-
cation have identified Musashil as a possible marker as this
is expressed mainly in crypt base cells [22-24]. Recent work
by Barker et al. [25] has identified a leucine-rich orphan G
protein-coupled receptor, Lgr5/GPR49, a putative stem cell
marker, which is expressed mainly in mouse small intestine
stem cells. However, additional characterization is pertinent
because these genes are broadly expressed in other actively
replicating cells. Therefore, there is a critical need to estab-
lish in vitro models of stem/progenitor cells of intestinal ep-
ithelial mucosa.

Several earlier studies demonstrated long-term propa-
gation of primary epithelial cell cultures from rodent and
human colon [1,3,4,6,7]. Some showed long-term replica-
tion potential and functional differentiation, suggesting
that the cultures may have contained stem cell populations,
although such characterization was not performed. More
recently, intestinal epithelial cells expressing certain stem
cell markers have been described, but the cells failed to
develop into cell lines and died after 3—4 passages [26-28].
The difficulty in producing stable cell lines likely relates to
imperfect knowledge of tissue dissociation methods, cul-
ture conditions, and inclusion of appropriate growth factor
supplements. Epithelial cell lines derived from intestinal
mucosa should be invaluable for elucidating appropriate
regulation of growth and differentiation. In addition, such
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culture models are highly desirable for biomedical and clin-
ical applications such as toxicity testing, drug development,
and transplantation. This review recapitulates current sta-
tus of in vitro propagation and maintenance of cells derived
from intestinal epithelium including methods for isolation,
culture, and characterization.

In Vitro Maintenance of Intestinal Mucosa
Organ culture

During the past 40 years, in vitro methods applied to
investigate structure and function of intestinal mucosa
include explant/organ culture and isolation and culture
of epithelial cells using chelating agents and proteolytic
enzymes (Fig. 1). Occasionally, these methods are combined
with flow cytometry or differential centrifugation to isolate
different epithelial cell types. Organ culture was the original
approach for studying physiological activities of intestinal
lineage outside of an organism. Small (1-4 mm?) intestinal
explants from fetal tissues of various species can be main-
tained with normal tissue organization for up to 3 weeks,
allowing investigation of growth, differentiation, and ion
transport across the epithelium [29-33]. In contrast, adult
intestinal mucosa in organ culture shows degeneration after
about 48 h [34]. Subsequently, it was observed that adult epi-
thelial mucosa regenerated and remained viable for several
weeks [35,36]. Minced fragments of neonatal and adult intes-
tine embedded in collagen gel have been cultured in three-
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INTESTINAL EPITHELIAL CELLS IN VITRO

dimensional organization at air-liquid interphase [37]. The
viability and replication of the organoids were enhanced by
treatment with Wnt agonist adenovirus RSpol-Fc fusion pro-
tein and the cultures could be maintained for up to 28 days
after which the viability was reduced. Without the treatment
with adenovirus RSpol-Fc fusion protein, the viability was
restricted to 7-10 days. Organ culture techniques, however,
have limited appeal in biological applications because these
do not allow studies on specific epithelial lineage differen-
tiation and carcinogenesis independent of other cells. Using
an explant outgrowth procedure, epithelial cell populations
from several human tissues (eg, prostate, bronchus, and
salivary gland) have been generated [38—40]. Small tissue
explants are held in a dish by a plasma clot and cultured in
a suitable medium. After 6-7 days, outgrowths consisting of
replicating epithelial cells are formed around the explants
that enlarge to 10 mm in diameter. The explants are then
removed and the outgrowths passaged to generate epithelial
cell lines. However, the explant outgrowth procedure has not
worked well for intestinal mucosa. Possible reasons for the
difficulty include a more stringent requirement of the cells
for extracellular matrix components and certain growth fac-
tors not yet defined.

Tissue dissociation

The most frequently used approaches to propagate pri-
mary cultures and cell lines apply tissue dissociation tech-
niques using chelating agents and/or proteolytic enzymes.
Ethylenediaminetetraacetic acid (EDTA) is a widely used
chelating agent for the dissociation and culture of intestinal
epithelial cells (Fig. 1). The concentration of EDTA, incuba-
tion temperature, and time required for optimal dissociation
vary for different tissues [41]. However, when this technique
was applied to intestinal epithelia the dissociated cells failed
to attach to plastic culture substrate and rapidly degener-
ated [6,42]. This failure is ostensibly due to the treatment
of tissues with EDTA in divalent ion-free medium, which
disrupts the functions of extracellular matrix molecules,
that is, integrins and cadherins [43,44], thereby preventing
attachment of cells and inducing apoptosis. Rapidly plating
the chelated cells on suitable substrates including collagen
matrix or fibroblast feeder layers can prevent apoptosis and
allow cells to replicate [45,46]. Isolated mouse crypts con-
taining Lgr5-positive stem cells when propagated in lami-
nin-rich matrigel replicated actively to produce additional
crypts exhibiting cell lineage differentiation analogous to
a crypt/villus structure [37]. Such organoids could be me-
chanically dissociated and subcultured to yield new crypt/
villus structures. Furthermore, these organoids could also
be generated from a single Lgr5-positive stem cell indicating
that the crypt/villus structure is self-organizing and can be
produced from a single stem cell and in the absence of any
nonepithelial components [37].

To overcome these limitations of EDTA, proteolytic
enzymes such as trypsin and collagenase have been applied
for dissociation of intestinal epithelial cells. Enzymatic
digestion of tissues allows retention of significant amounts
of the extracellular matrix components improving attach-
ment and survival of epithelial cells. One of us, DC, has used
trypsin and collagenase for isolation of epithelial cells from
the colon of suckling rat [2] and human fetus [4]. The iso-
lated cells attached readily to plastic substrate and yielded
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epithelial cell lines, which retained many phenotypes of the
colon cells. Trypsin was also employed to isolate various
types of colonocytes (ie, proliferative, mucous, and absorp-
tive) according to their location along the villus—crypt axis,
by repeated time dissociation of colonic mucosa of adult rat
[47]. Quaroni et al. also used collagenase to isolate and cul-
ture epithelial cells from small intestine of rat [8] and pig [9].
Gibson et al. [48] employed a combination of collagenase and
dispase to dissociate colonic mucosa, although the isolated
crypts could not be propagated to yield cell lines. One of the
major difficulties encountered in isolating replicative cells
from intestine is the presence of mucus and DNA released
from damaged nuclei that cause clumping of cells and pre-
vent their attachment. DNAse 1 is often used to minimize
cell clumping during dissociation [49]. Recently, collage-
nase and dispase were used to isolate a stem cell population
from mouse jejunum [28]. Despise the diversity of proto-
cols involving enzymatic isolation of epithelial cells for in
vitro propagation, use of trypsin and collagenase predomi-
nates. Trypsin appears to be more efficient in dissociating
the epithelial mucosa, but may cause irreversible damage.
Collagenase is less disruptive, providing clumps of cells and
maintaining some intact intracellular matrix.

Primary and long-term intestinal epithelial cell culture

A variety of culture media, growth supplements, and
substrates have been employed to promote replication of
primary and long-term cultures of intestinal epithelial cells.
Although manipulation of culture conditions may have
some physiological basis, those relating to growth supple-
ments and substrates are selected empirically to achieve
optimal growth and tissue-specific phenotypes. The most
widely used basal media for intestinal epithelium include
MEM [1,2,3,9], DMEM [7,8], and Ham’s F-12 [50]. Siddiqui and
Chopra [4] used 1:1 combination of DMEM and Ham'’s F-12
for culturing human fetal colon epithelial cells. Selection
of one basal medium over another may be made to achieve
stable osmolarity and reduce culture shock. To reduce sig-
nificant alterations in pH during observations, medium is
frequently supplemented with HEPES buffer [24]. An issue
that is acute to intestinal cell culture, in particular to colon
cells, is the avoidance of resident microbial contamination.
The most commonly used concentrations of antibiotics and
antifungal agents are penicillin (100 IU/mL), streptomycin
(100 pg/mL), fungizone (2.5 ng/mL), and/or gentamicin (10
pg/mL). Although the specific effects of antimicrobial agents
on growth and physiology of intestinal cells have not been
reported, inclusion of these agents in culture medium has
successfully prevented contamination and yielded several
primary and long-term cultures [1,2,4,8].

Earlier studies routinely supplemented basal medium
with fetal bovine serum (FBS) to promote cell replication.
Inclusion of FBS was believed to protect primary cells from
osmotic shock, stabilize pH, and provide certain growth
factors, for example, EGF, insulin-like growth factor, and
transforming growth factor. Subsequently, however, it was
reported that FBS at high concentrations (10%-20%) inhib-
ited epithelial cell replication due to TGF-B in the serum [51].
Chopra and Yeh [3] examined the effects of different con-
centrations of FBS on suckling rat colon epithelial cells and
demonstrated that FBS at lower concentrations (2.5%) pro-
moted replication, while higher concentrations (10%-15%)
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inhibited cell replication. Similar results were reported by
Fukamachi [50] for rat fetal intestinal primary epithelial
cultures. Consequently, when included in medium, FBS is
usually heat-inactivated (56°C for 30 min) to destroy the
growth inhibitory factors [52,53]. Inclusion of FBS in basal
medium has other limitations associated with the presence
of unknown components and variations among different
batches of serum. Consequently, in recent years there has
been a considerable effort to design chemically defined
serum-free medium for epithelial cell culture.

Hormones and growth factors are frequently added
to culture media to stimulate cell replication. Such factors
are necessary in serum-free media although a variety of
growth factors are also included in serum-supplemented
media. Most frequently, supplemental factors for intesti-
nal epithelial cells include insulin [4,5,9,53], hydrocortisone
[4,7,54,55], EGF [4,5,53,56], transferrin [4,7,53], and cholera
toxin [4,50]. Supplementing low serum media with insulin
stimulated replication of suckling rat colon [3] and human
fetal colon epithelial cells [5]. The concentrations of the
growth factors used by different investigators vary consid-
erably. Therefore, the optimal concentrations used for each
growth factor must be determined for each combination of
factors for each system. Media conditioned by mesothelial
or epithelial cells have been used to promote attachment
and replication of intestinal cells. Such conditioned media
reportedly enhanced attachment and replication of early
passage suckling rat colon epithelial cells [2]. Odedra et al.
[57] used medium conditioned with mesothelial cells to pro-
mote growth of rat jejunum cells.

Fibroblasts frequently overgrow the desired epithelial
cells, especially in serum-containing media. Different strat-
egies have been used to attempt to eliminate the fibroblasts
from epithelial cultures. Because fibroblasts appear to be
more sensitive than epithelial cells to dissociation by tryp-
sin/EDTA [58], differential trypsinization was applied to pri-
mary cultures of suckling rat colon epithelial cells [2]. This
method, however, was ineffective because both the epithelial
and fibroblast cells showed similar sensitivities to trypsin/
EDTA. An alternative is substituted culture medium with
p-valine instead of L-valine, as fibroblasts lack p-amino acid
oxidase, preventing the utilization of p-valine by fibroblasts
and inhibiting their growth [59]. This metabolic condition
was unsuccessful because substituting p-valine for L-valine
also inhibited the growth of epithelial cells [2]. The epithe-
lial cells were selectively subcultured by the penicylinder
method, which yielded almost pure populations of epithelial
cells [2]. Fibroblast contamination of human colon epithelial
cell cultures was reduced by differential rapid attachment
of fibroblasts and maintaining the epithelial cells in serum-
free medium [60].

Characterization of intestinal epithelial cell cultures

The major objective of intestinal epithelial cell culture has
been the propagation of primary and long-term cultures that
maintain active cellular replication and tissue-specific char-
acteristics. Most published studies have not addressed the
stem cell characteristics of primary or long-term cultures.
The epithelial nature and tissue-specific origin of cultures
from different species are established using structural,
immunocytochemical (IHC), and functional properties
(Fig. 1). Under light microscopy, the intestinal epithelial cells
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have polygonal cobble stone morphology and are intimately
connected with each other [2,4,6-9,61-63]. At the ultrastruc-
tural level, the cells exhibit surface microvilli and are inter-
connected by desmosomes and apical tight junctions. The
cytoplasm contains typical tonofilament bundles, rough en-
doplasmic reticulum, and Golgi complexes [2,4,6-9,61-63].
Immunocytochemical and biochemical analyses have dem-
onstrated that the cells contain cytokeratins, including CK18,
CK19, and E-cadherin [24,6-9,61-63]. Several studies have
also reported functional properties of intestinal cells, in-
cluding the expression of mucopolysaccharides and enzyme
activities, for example, alkaline phosphatase, aminopepti-
dase, maltase, and o-glycosidase [2,8,50,61]. Gene expres-
sion analysis, the utility of which is covered in greater detail
below, has indicated the expression of specific genes associ-
ated with intestinal structural and functional elements [61].
Most epithelial cultures lacked the expression of vimentin,
a characteristic of mesothelial cells. However Rusu et al. [61]
observed the expression of vimentin in bovine jejunum and
colon epithelial cultures, the expression of which increased
progressively with passaging of the cultures. It is also note-
worthy that the functional properties of epithelial cells are
commonly lost in high passage cultures, even though the
cells continue to replicate [2,50,61]. This suggests that the
functional properties observed in primary and low passage
cultures may be due to the presence of differentiated cells
in heterogeneous cell populations that are lost during pas-
saging. A realistic concern is that a cell population may be
derived from target tissue that is highly replicative, but in
the artifactual in vitro situation are functionally estranged
from the tissue of origin.

Gene expression profiling of intestinal cell
differentiation using microarrays

Microarray analysis has become a ubiquitous component
of biomedical research, allowing concurrent measurement
of gene expression events on a genome-wide basis. This
technology has been used with in vitro systems to iden-
tify transcriptional profiles associated with proliferation,
differentiation, and migration of intestinal epithelial cells.
Microarray-based investigations of intestinal cell differen-
tiation in vitro have largely used the Caco-2 human colon
carcinoma cell line. These model of colonic epithelial cell
differentiation are associated with migration along the
crypt-villus axis [64]. At confluence Caco-2 cells undergo
contact-dependent differentiation to small intestine-like
enterocytes, providing a system to study differentiation
toward absorptive cells [65].

Mariadason et al. [66] used cDNA microarrays to charac-
terize gene expression eventsina post-confluence time course
analysis of Caco-2 cells. Over a 21-day period [66], a total of
2,286 genes were identified as differentially expressed out
of 17,280 assayed. Of these, 697 were up-regulated and 1,589
were down-regulated. The analysis revealed expression pat-
terns correlated with cell differentiation marked by down-
regulation of genes involved with cell cycle progression,
DNA synthesis, and protein translation/folding. A decrease
in activity of these biological processes is consistent with the
expected reduction in proliferation associated with differen-
tiating cells. Among the down-regulated genes involved in
cell cycle control were cyclins A, B, B1, D1, D2, E, and F, along
with a number of genes coding for cdc cell division cycle
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proteins and the cyclin-dependent kinases cdk-1 and cdk-2.
Pathways enriched with up-regulated genes included extra-
cellular matrix formation, lipid transport/metabolism, and
xenobiotic metabolism. Phase I drug-metabolizing enzymes
were among the most highly induced genes, including glu-
tathione S-transferases Al-1, A3, and A4, along with sulfo-
transferases and UDP glycosyltransferases.

The authors also observed that down-regulation of com-
ponents of the B-catenin-TCF pathway was correlated with
cell differentiation. The microarray analysis revealed that
c-myc and cyclin D1, both important downstream targets
of this pathway, were decreased in expression during the
progression toward differentiation. This observation is con-
sistent with the proposed involvement of these genes in con-
trolling proliferation and differentiation of intestinal cells,
including work demonstrating that TCF4 signaling is essen-
tial to the regulation of crypt stem cells in the small intestine
[67-69].

A similar study was published shortly after the
Mariadason report that used the brush border expressing
subclone of Caco-2 cells [70]. Affymetrix oligonucleotide
arrays were used to characterize gene expression changes
in proliferating, post-proliferative, undifferentiated, and
differentiated cells. A total of 1,150 genes were identified
as differentially expressed in four independent samples
across a 15-day period out of a total of 12,363 genes avail-
able on the microarray. The authors noted that 322 of the
differentially expressed genes had previously been identi-
fied by Mariadason et al. [66]. However, gene expression-fold
changes revealed a poor correlation (* = 0.01) between the
two studies. The work by Fleet et al. [70] utilized an oligo-
nucleotide array, providing improved specificity over the
earlier generation of cDNA arrays, along with analysis of
variance (ANOVA) on data from biological replicates.

However, while noting the discrepancy in the expression
ratios observed, the two experiments were actually similar
in terms of the signaling pathways and biological processes
indicated to be associated with intestinal cell differentia-
tion. Both groups reported decreased expression of genes
involved in proliferation, including cyclins B1, D1, and D2.
Other down-regulated processes noted by both groups were
DNA synthesis/repair and protein translation/folding. The
two reports also noted similar pathways enriched in up-
regulated genes, including lipid metabolism and xenobiotic
metabolism. Importantly, both studies reported repression
of genes in the Wnt/B-catenin/TCF pathway associated with
differentiation. Among the downstream targets of this path-
way, c-myc and cyclin D1 were identified as down-regulated
in both the studies.

Subramanian et al. [71] noted that comparisons of differ-
entially expressed genes between similar microarray stud-
ies often result in very weak concordance in the identified
gene lists. This is largely due to the traditional emphasis on
statistical significance of individual genes, rather than on
sets of genes involved in coordinated processes. Subtle gene
expression changes associated with phenotypic differences
may be obscured. However, as noted by the Subramanian
group [71], a small change in expression of numerous genes
in a pathway may have a dramatic biological effect while a
much larger change in expression of a single gene may be
much less important. Hence, Gene Set Enrichment Analysis
(GSEA) considers the cumulative contribution of sets of genes
within a biological process or pathway. For example, data
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from two independent microarray studies were compared
assessing clinical outcome in lung cancer patients [72,73]. Of
the 100 genes best correlated with clinical outcome in each
experiment, only 12 were common to both sets. However,
GSEA analysis revealed excellent consistency when consid-
ering underlying biological processes associated with gene
expression changes. Similarly, the Mariadason et al. [66] and
Fleet et al. [70] studies exhibited good overlap when entire
signaling and metabolic pathways were considered. The
search for reliable markers of intestinal progenitor stem cells
and their differentiation may be improved by consideration
of panels of genes, perhaps having subtle changes in expres-
sion, rather than focusing on highly regulated individual
gene markers. A greater consideration of gene sets will seek
to reveal clustering along activity in a biological pathway,
with less likelihood of being distracted by huge changes in
single genes that may indicate an artifactual response or
false positive.

A more recent gene microarray analysis of Caco-2 cell dif-
ferentiation was performed with samples grown in mono-
layers and taken at 11 time points over a 26-day period [74].
Triplicate samples were obtained at each time point, and five
replicate experiments were performed. Expression profiles
from the Caco-2 time course were also compared to expres-
sion profiles in normal colon and tumor tissue. The Caco-2
samples preceding the day 4 time point clustered tightly
with the colon cancer samples, while later samples clustered
closely with the normal colon samples. At day 4 there was a
marked decrease in expression in numerous genes associ-
ated with cell cycle regulation. The cell cycle genes decreased
in expression as the post-mitotic cells polarized. Similar to
the findings of the Mariadason [66] and Fleet [70] groups, a
decrease in Wnt pathway activity was correlated with dif-
ferentiating cells. Genes previously identified as induced
by TCF4 (including c-myc) had a well-correlated decrease in
expression in the post-mitotic time points. Those genes iden-
tified as TCF4-repressed were induced as a function of time.
Two other Wnt target genes identified in this study were
CD44 and Sox9, both having been implicated in stem cell
regulation. Both genes were expressed at higher levels in
the proliferating Caco-2 cells and their expression decreased
with cell differentiation. In addition to the Wnt pathway, Saaf
et al. [74] identified coordinated gene expression changes in
the Notch, Hedehog, BMP, and FGF pathways.

Velcich et al. [75] used microarrays to demonstrate that
although two subclones of HT29 colon tumor cells (C116E
and C119A) differentiate into different phenotypes, they
exhibit similar gene expression programming during dif-
ferentiation. C116E cells spontaneously differentiated into
mucus-producing goblet cells, while C119A cells attain a
deep-crypt secretory phenotype. cDNA microarrays con-
sisting of 8,063 clones were used to identify 257 differen-
tially expressed genes in the C116E cells and 330 genes in
the C119A cells measured at six time points over a 20-day
period. Velcich et al. [75] observed changes in numerous
cell cycle regulation genes as well as decreased expression
of c-myc correlating with the transition from proliferating
to differentiated cells. The authors noted that while only
115 genes were common to the differentially expressed sets
of the two cell lines, closer examination revealed that the
overall expression profiles in the two clones were strikingly
similar. The differences were substantially quantitative in
terms of absolute levels of expression; only 31 genes showed
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opposite regulation. They concluded that subtle changes in
expression can have a large effect on phenotypic outcome.

Proteomic profiling of intestinal stem cells

The proteome of mouse embryonic stem cells grown
as a pure culture has been determined to a depth of over
5,000 proteins [76] and includes accepted stem cell markers
that are expected to be low abundance proteins. The diffi-
culty in expanding intestinal epithelial cells in culture has
precluded an extensive cataloging of such cells. In order
to identify differences in the proteomes of replicating and
terminally differentiated cells from mouse small intestine,
cells representing the villus and others representing crypts
were isolated and subjected to two-dimensional fluores-
cence difference gel electrophoresis (2D DIGE) [77]. For this
work, the cells were isolated from the crypts and the villi
were labeled with either a Cy-3 or a Cy-5 dye and then mixed
together before separation by 2D electrophoresis. 2D DIGE
allows proteins that are of greater or lesser abundance in the
two samples to be identified by the fluorescent signal from
the spots on the 2D gel. Spots of interest were subjected to
MALDI-MS/MS-based protein identification. Using the 2D
DIGE technique, a total of 46 proteins were identified as
being differentially expressed in the crypts and the villi.
Of those 46 proteins only adenosine deaminase, which was
6.4-fold more abundant in the villi than in the crypts, had
a fold change greater than 2.5. The inability to identify any
proteins that are expressed exclusively in the crypt fraction
may indicate that stem cells represent too small a part of that
cell population to be effectively evaluated, or that the stem
cell-specific proteins are not abundant enough to be identi-
fied after 2D electrophoresis. The inability of 2D electropho-
resis to probe deeply into the proteome is indicated by the
assignment of 93% of all the differentially expressed proteins
being known high-abundance proteins. Application of addi-
tional cell selection techniques, such as laser capture micro-
dissection or cell sorting using intestinal stem cell markers
such as Lgr5, in combination with the most advanced mass
spectrometry techniques, should allow a greater depth of
the intestinal stem cell proteome to be cataloged and new
intestinal stem cell markers to be identified.

Intestinal stem cells

The intestinal mucosa is a unique model for studies on
stem cell biology because proliferative and differentiated
cells occupy relatively distinct regions. The functional cells
(ie, absorptive and mucous goblet) populate the villus and
the replicating cells are localized mainly at the crypt base,
a region that apparently also contains the stem cells. The
putative intestinal stem cell should exhibit extensive prolif-
erative and self-renewal capacity and the ability to produce
the various differentiated cell lineages required to populate
the intestinal tissue [12-15,24,25,78]. Stem cell proliferation
classically occurs by asymmetric mitosis. Thus, one of the
daughter cells retains stem cell properties while the second
becomes a progenitor that continues to divide, migrating
upward into the villus to generate differentiated cell lineages
[79,80]. Until recently, based on DNA retention studies, stem
cells were believed to occupy the +4 columnar cell position
at the crypt base above the paneth cells [81]. Another view
implies that stem cells constitute the small undifferentiated
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cells interdispersed among paneth cells at the crypt base
[16,79]. Barker et al. [25] discovered Lgr5 as an exclusive
stem cell marker in mouse small intestine and colon and
demonstrated that Lgr5-positive replicating columnar stem
cells occupy the crypt base and were different from the +4
columnar cells. Using an inducible Cre knock-in allele and
the Rosa 26-lacZ reporter strain, they further demonstrated
that the Lgr5-positive crypt base cells generated the differ-
entiated intestinal cell lineage [25]. It should, however, be
noted that Lgr5-positive stem cells are not specific to intes-
tine and are present in other tissues. Further, animals lack-
ing the Lgr5 gene develop normal intestinal mucosa but the
deletion is lethal due to other abnormalities [82]. Although
it is possible that other receptors may compensate for Lgr5
in the knockout animals, the role of Lgr5 gene in the main-
tenance and function of stem cells requires further clari-
fication. However, Lgr5 is receiving broad acceptance as a
marker to distinguish stem cells within the intestine from
more mature cell types. More recently, Ascl2 was reported to
be expressed along with Lgr5 in the putative stem cell in the
intestine [83]. Analysis of the various data showed that Ascl2
was expressed uniquely in the stem cells of small intestine
and colon where it appears to regulate stem cell fate.

The RNA-binding protein, Musashil, is another widely
applied stem cell marker apparently required for charac-
teristic asymmetric cell division. Musashil was originally
discovered in sensory organ precursor cells in Drosophila
[84] but the gene is well conserved and Musashil homologs
have been identified in mammals [85]. The gene is highly
expressed in cryptbase cells and also in a few cells above the
paneth cells [24,86,87]. In human colon, Musashil-positive
cells were predominantly located between positions 3 and
4 although some labeled cells were seen up to position 10 in
the crypts. Because Musashil-positive cells are mostly local-
ized in the proliferative stem cell zone, the protein is consid-
ered a pertinent intestinal stem cell marker [87]. However,
others have reported the expression of Musashil to be less
circumscribed, and this protein is perhaps better described
as a marker of intestinal progenitor cells [88].

Cell surface proteins are considered important markers
for cell identification. In intestine, epithelial cells attach to
basement membrane through interaction between integrins
on the epithelial cell surface and collagen, fibronectin, and
laminin in the basement membrane. High expression of
Bl- and a2-integrins has been reported in the proliferative
basal and middle crypt region of colon [89] and small intes-
tine [90]. High expression of a2/Bl-integrins has also been
reported in stem cells of prostate [91,92] and epidermis [93].
Because integrins are expressed on the cell surface, these
proteins may serve as pertinent markers for identifying and
sorting of intestinal stem cells. However, whether the stem
cells will endure the prolonged enzymatic and FACS pro-
cessing and provide viable cells for in vitro propagation is
an empirical question.

Studies of molecular pathways involved in the regulation
of cell replication and differentiation in intestine have con-
tributed to identification of stem cells. Two of the pathways
most extensively explored in this respect are canonical Wnt
B-catenin and Notch signaling, both of which are involved
in development and morphogenesis as well as in tissue
homeostasis (Fig. 2). An essential component of the Wnt
pathway is the cytoplasmic signal transducer B-catenin [94].
The absence of Wnt signals causes phosphorylation of free
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FIG. 2. Summary of Wnt and Notch signaling pathways involved in the regulation of replication and differentiation of
intestinal stem cells. (A) Lack of Wnt signals causes phosphorylation of B-catenin and channels it for proteosomal degrada-
tion via the B-catenin degradation complex. (B) Following Wnt activation, the cytoplasmic protein Disheveled is activated
blocking the activation of B-catenin degradation complex. Unphosphorylated B-catenin then enters the nucleus where it
binds to the transcription factor TCF facilitating the transcription of Wnt target genes. (C) Activation of Notch by interac-
tions with delta/jagged of neighboring cells results in the cleavage of intracellular domain of Notch that translocates to the
nucleus forming a transcriptional complex with CSL and causing the transcription of downstream gene Hes 1, which in turn
activates the transcription of genes involved in cellular differentiation.

cytosolic B-catenin, channeling it for degradation via the
B-catenin destruction complex. The degradation complex
is composed of tumor suppressor adenomatous polyposis
coli (APC) and axin and also casein kinase 1 and glycogen
synthase kinase 3B. After binding to the degradation com-
plex, B-catenin is phosphorylated at Ser45 at the N-terminus
resulting in its ubiquitination and proteosomal degradation.
Consequently within the nucleus, lymphoid enhancer fac-
tor (LEF)/TCF remains bound to corepressor and serves to
repress Wnt target genes [95,96].

Wnt ligand activation by binding to frizzled and low-
density lipoprotein-related protein transmembrane recep-
tors activates the cytoplasmic protein Disheveled, blocking
the activation of B-catenin degradation complex. B-catenin
then enters the nucleus where it binds to LEF/TCF transcrip-
tion factor displacing the corepressor Groucho and facilitat-
ing the transcription of Wnt target genes such as c-myc and
cyclin D1 [94,69]. Experimental manipulations have demon-
strated that the Wnt B-catenin pathway predominantly regu-
lates crypt cell proliferation and maintains stemness and the
undifferentiated state of intestinal stem cells. For instance,
B-catenin deletion rapidly blocks crypt cell replication and
induces functional differentiation. Continuous crypt to vil-
lus migration of the cells subsequently results in crypt disap-
pearance as most differentiated cells enter the villus. On the
other hand, overexpression of B-catenin increased prolifera-
tion, causing crypt expansion and decreasing functional dif-
ferentiation [97,98], possibly caused by expansion of the stem
cell population. It is interesting to note that colorectal can-
cer is accompanied by mutations in APC, a member of Wnt
signaling pathway, resulting in the formation of constitutive

nuclear B-catenin/TCF complexes [99,100]. In intestine, Wnt
signaling activity is restricted to crypt cells, the strongest
expression being located in the putative stem cell zone [97].
Although the Wnt pathway is permissive for proliferation
and stem cell self-renewal, it apparently functions in associ-
ation with other cell cycle regulatory PTEN/PI3K signaling
[101]. For instance, P-PTEN and P-AKT are predominantly
expressed in the replicative stem cell zone and reportedly
affect the transcription of B-catenin, as PTEN inhibition of
AKT restricts the nuclear accumulation of B-catenin [102].
Similarly, activation of Wnt signaling has been reported
in stem cells of other tissues, including epidermis [103],
hematopoietic [104], and neural cells [105] in which the path-
way regulates cell replication and self-renewal.

The Notch signaling pathway is required for maintenance
of the crypt zone in a proliferative undifferentiated state.
However, Notch proteins regulate mainly the development
of intestinal differentiated cell lineage via paracellular inter-
action (Fig. 2). The transmembrane Notch receptor of transi-
tional proliferative cells interacts with the ligand delta and
jagged of adjacent cells resulting in cleavage of intracellular
domain of Notch, which then translocates to the nucleus to
bind to transcription factors and activates the Notch target
gene hairy/enhancer of split (Hesl). Up-regulation of Hesl
results in inhibition of basic helix-loop-helix (bHLH) tran-
scriptional activators such as Math1 and neurogenin3, which
are required for endocrine cell differentiation [106,107].
Mice with Mathl deletion do not develop goblet, paneth,
or enteroendocrine cells and produce only enterocytes in
the small intestine [108]. In contrast, Hesl null mice exhibit
increased development of endocrine and goblet cells [109].
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Further, Hesl is normally restricted to the nonproliferating
villus cells, indicating that the Notch pathway plays a major
role in cell differentiation rather than proliferation.

One essential feature of stem cells is their replicative
capacity. Over the years, several different intestinal cell lines
have been reported from rodent and human tissues. Among
them are cell lines from human fetal [4], adult [1], and neona-
tal colon [2]; rat small intestine [8]; and, dog small intestine
[9]. Although most of these cell lines exhibited apparently
unlimited proliferation, they were not characterized for stem
cell markers. The cell lines were tested for functional pheno-
types and demonstrated to be positive for brush border pro-
teins [2,8] and mucopolysaccharides [2,4]. Even though certain
cell lines showed potential functional markers, they should
now be evaluated for the novel stem cell markers unavailable
when the cell lines were established. Normal epithelial cells
isolated from the human colon of a patient with colon carci-
noma expressed stem cell markers such as B1 integrin when
grown in soft agar [110]. These results should be viewed with
caution because the cells were not tested for lack of tumor
growth in nude mice or for diploid karyotype. Using fluores-
cence-activated cell sorting, putative stem cells were isolated
as a “side population” from the mouse jejunum [28]. The stem
cell-enriched population was positive for Musashil and B1
integrin but the cells could not be cultured, even though they
apparently remained viable for 14 days.

Therefore, at present there is no in vitro model of intesti-
nal stem cells in which to demonstrate differentiation of var-
ious cell lineages. In this respect, it is pertinent to evaluate
the existing intestinal epithelial cell lines for the expression
of stem cell markers and their capacity to differentiate. New
initiatives should be undertaken to develop additional stem
cell lines using the novel markers recently discovered.
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