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The homeostatic renewal of the intestinal epithelium depends on regulation of proliferation and differentiation of stem/
progenitor cells residing in a specific site, called the ‘stem cell niche.’ Thus, the reconstitution of the microenvironment of
the stem cell niche may allow us to maintain intestinal stem/progenitor cells in culture for a longer period. Although
epidermal growth factor (EGF) is conventionally used as a supplement of intestinal epithelial cell culture, little has been
known regarding a role of EGF signaling in a stem/progenitor cell population. In this study, we attempted to clarify the
role of EGF signaling in intestinal stem/progenitor cells, and to establish a culture system in which these cells could be
maintained with normal differentiation potential. We first examined the expression pattern of EGF and its receptor, EGFR,
and inhibited EGF signaling in mouse intestines. Next, we cultured intestinal cells isolated from mouse and human
intestines in the presence of EGF and analyzed the function of EGF signaling in cultured cells. In both embryonic and
adult mouse intestines, EGFR and EGF were expressed in immature epithelial cells and adjacent fibroblasts, respectively,
and EGF signaling was essential to activate proliferation and inhibit apoptosis of intestinal stem/progenitor cells.
Activation of EGF signaling also stimulated proliferation and suppressed apoptosis, both of which are necessary to
maintain mouse and human intestinal epithelial cells in culture. Moreover, in these cultured epithelial cells, putative
intestinal stem/progenitor cells persisted longer, and gave rise to different types of differentiated intestinal epithelial cells.
We conclude that EGF signaling is indispensable for activation of proliferation and inhibition of unexpected cell death,
not only in the intestinal stem cell niche, but also in culture of primitive intestinal epithelial cells.
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The intestinal epithelium initially develops as a multi-
stratified cell layer of the endoderm, which subsequently
converts into an epithelial monolayer and finally creates a
characteristic architecture composed of villi and crypts.1 Villi
extend into the intestinal lumen, and consist of non-pro-
liferative, terminally differentiated epithelial cells, for ex-
ample, enterocytes, goblet cells, and enteroendocrine cells. In
addition to these cells, differentiated Paneth cells are located
at the crypt base. These four types of epithelial cells co-
ordinately operate in maintaining intestinal function, but
disappear from the epithelium within a week by apoptosis.
Therefore, to provide a continuous source of differentiated

cells, the intestinal epithelium renews rapidly through
vigorous proliferation of intestinal stem cells (ISCs) and
progenitor cells residing in the crypts. This balance of
proliferation and apoptosis is important for the maintenance
of intestinal tissue homeostasis.

A specific microenvironment, called the ‘stem cell niche,’ is
required for self-renewing cell divisions of undifferentiated
cells and a continuous supply of differentiated cells.2 The
function of the niche in the intestinal crypt requires the
presence of extracellular matrix (ECM) and humoral factors
derived from fibroblasts in the mesenchymal tissue sur-
rounding the epithelium and epithelial cells proliferating
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within the crypt.3–6 Both undifferentiated and differentiated
epithelial cells in the intestine adhere to the basement
membrane, which is composed of various ECM components,
by many types of integrins.5,6 Thus, variation of integrins and
ECM components in the villus-crypt axis may be related to
distinctive features of the crypt niche. Signals mediated by
humoral factors, including Wnt, Ephrins, and bone mor-
phogenetic protein (BMP), and their receptors are also
essential in order to regulate the fate of different cell lineages
in the intestine.3 The canonical Wnt pathway activates
proliferation of immature cells in the crypt and maturation
of Paneth cells.7,8 Interaction between Ephrins and their
tyrosine kinase receptors, Eph, whose expression is regulated
through Wnt pathway, controls cell migration patterns
within the crypt and segregates cells along the villus-crypt
axis.9,10 BMP signaling negatively regulates proliferation
of undifferentiated cells in the crypt through suppression
of the Wnt signaling pathway.11,12 However, the expression of
Noggin, an inhibitor of BMP signaling, in epithelial cells and
adjacent fibroblasts within the crypt allows proliferation of
ISCs and progenitor cells.12 Moreover, growth factor receptor
signaling that initiates PtdIns(3,4,5) kinase (PI3K) pathway
induces phosphorylation of Akt and activates proliferation of
immature cells in the crypt, a process that is strictly regulated
by the function of phosphatase and tensin homologue
(PTEN).12,13 The lack of PTEN results in de novo crypt for-
mation because of an excess of ISCs, leading to initiation of
intestinal polyposis.13 Akt induces cell survival and cell cycle
progression through phosphorylation of multiple target
proteins, including b-catenin, an effector of canonical Wnt
signaling.13 Therefore, the cross-talk among Wnt/b-catenin,
BMP, and PTEN/PI3K/Akt signaling is critical for the control
of intestinal tissue homeostasis. In fact, in humans, muta-
tions in adenomatosis polyposis coli (APC: a negative regulator
of Wnt signaling), BMPR1A (a BMP receptor), Smad4 (a
transducer of BMP signaling), and PTEN are responsible for
familial adenomatous polyposis (FAP), juvenile polyposis
syndrome, juvenile intestinal polyposis, and Cowden disease,
respectively.14–17 On the other hand, interactions between
immature epithelial cells in the crypt, mediated by the Notch
signaling pathway, are also important for determination of
cell fate in the intestine.18,19

A method for long-term intestinal epithelial cell culture
has been developed to establish an in vitro model for the
culture of ISCs and progenitor cells.20–22 The establishment
of cell culture system that would allow the maintenance of
viable intestinal cells for a longer period requires a micro-
environment that mimics the stem cell niche in the crypt of
the intestine. Co-culture of intestinal epithelial cells with
fibroblasts reproduces the interaction between these two
types of cells via basement membrane components and the
supply of humoral factors, which mediate cell survival and
proliferation, eventually leading to the maintenance and the
differentiation of epithelial cells in culture.23–24 In the
presence of ECM components and/or humoral factors

responsible for in vivo crypt cell proliferation and survival,
undifferentiated intestinal epithelial cells could be main-
tained in culture in a proliferative state and give rise to
differentiated epithelial cells, even without supporting cells
such as fibroblasts.

Accordingly, we attempted to determine a humoral factor
capable of inducing proliferation and supporting viability of
immature cells residing in the developing epithelia and crypts
of intestines. A previous study demonstrated that the sup-
pression of epidermal growth factor (EGF) signaling in cul-
ture of embryonic intestinal tissues inhibited proliferation of
epithelial cells and increased the number of apoptotic cells in
the epithelia.25 Furthermore, in a mouse model of human
FAP, an inhibitor of the EGF receptor (EGFR) kinase atte-
nuated polyp formation.26 Thus, EGF could be considered as
a possible candidate for the humoral factor that allows
maintenance of viable immature crypt cells in vitro, as well
as in vivo. Indeed, EGF has been conventionally used as a
supplement in culture of intestinal epithelial cells, while little
has been known about a role of EGF signaling in an intestinal
stem/progenitor cell population. In this study, we examined
and clarified the role of EGF in intestinal stem/progenitor
cells and used it to achieve a prolonged monolayer culture of
these cells. Normal intestinal stem/progenitor cells main-
tained in culture could be used not only to study digestive
diseases, but also to screen for the pharmacological effects of
new drugs.

MATERIALS AND METHODS
Cell Culture
Cell suspensions of intestinal tissue were prepared from CD-1
E14.5 fetal mice and 9-week-old adult mice. The tissues were
carefully dissected under the microscope and minced with a
surgical blade. Small pieces of the tissue were then placed in
Hanks’ balanced salt solution (GIBCO BRL) containing
1mmol/l EGTA, and incubated for 10min at 37 1C. After
washing with PBS, tissue fragments were digested by incu-
bating in Hanks’ balanced salt solution containing 5mmol/l
CaCl2 (pH 7.4) and 1mg/ml collagenase (Sigma) for
15–20min at 37 1C. Following exclusion of residual tissues by
filtration, triturated cells were washed in our standard culture
medium (SCM)27 before beginning cell culture. SCM is a
1:1 mixture of Dulbecco’s modified Eagle medium and
F-12, supplemented with 10% fetal bovine serum (FBS),
insulin (1mg/ml), dexamethasone (Dex) (1� 10�7mol/l),
nicotinamide (NAM) (10mmol/l), L-glutamine (2mmol/l),
b-mercaptoethanol (50 mmol/l), penicillin/streptomycin, and
EGF (20 ng/ml) (Sigma). Isolated E14.5 embryonic intestinal
cells were placed in non-adhesive, round-bottom wells of
96-well plates (Nunc, Cat No: 145399) at concentrations of
2–4� 105 cells per well. Aggregates formed by intestinal cells
were then transferred into Petri dishes (6 cm in diameter;
BD Biosciences) and allowed to adhere to the bottom of
dishes in the presence of EGF. For adult mouse intestinal
cells, 1–5� 106 cells were directly plated into Petri dishes
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(6 cm in diameter). Epithelial cell expansion could be
observed when embryonic or adult mouse intestinal cells
were cultured for 43 or 8 months, respectively. If fibro-
blasts still existed and proliferate in culture, cultured cells
should be treated with mono-iodoacetate (4mg/ml) for 3–5 h.
Epithelial cells were finally transferred to tissue-culture
dishes to be maintained in culture for a longer period and
analyzed. For culture of adult human intestinal cells, we
obtained post-isolated cells from Dainippon Sumitomo
Pharma, Japan (Cat No.CS-ABI-519) and cultured them in
attached CS-2.0 serum-free medium or SCM in the presence
of EGF.

Gene Expression Analysis
Reverse-transcription polymerase chain reaction (RT-PCR)
was conducted as described.28–29 Information regarding PCR
primers is presented in Supplementary Tables 1 and 2 and in
our previous papers.27,29,30

Immunostaining
Frozen sections of intestinal tissues were fixed by 4% para-
formaldehyde for 5min at 4 1C. After washing in PBS and
blocking, tissue sections were incubated with primary anti-
bodies against EGFR (Santa Cruz), EGF (Chemicon),
E-cadherin (E-cad) (BD Biosciences), BrdU (Amersham),
and cleaved caspase-3 (Cell signaling). Paraffin sections were
deparaffinized and rehydrated, and antigen retrieval was
performed by microwaving slides in 0.01M citrate buffer
(pH 6). After washing and blocking, these paraffin sections
were incubated with an anti-BrdU antibody. Cultured cells
were fixed as described previously29 and incubated with
primary antibodies against E-cad, Zo-1 (Zymed), Villin
(Santa Cruz), Musashi-1 (Chemicon), serotonin (Im-
munostar), chromogranin A (Santa Cruz), gastrin (Santa
Cruz), secretin (Chemicon), somatostatin (Affiniti Research
Products), gastric inhibitory polypeptide (GIP) (Chemicon),
synaptophysin (Dako), lysozyme (Dako), Ki-67 (Abcam),
and b-galactosidase (Promega). After washing, paraffin
sections were incubated with a horseradish peroxidase-
conjugated secondary antibody (1:500; Dako), and frozen
sections and cultured cells were incubated with Alexa 488-
and/or Alexa 555-conjugated secondary antibodies (1:200;
Molecular Probes) with DAPI. After final washing, stained
tissues and cells were viewed using an Olympus fluorescence
microscope or a Zeiss LSM510 laser scanning microscope.

Analysis of Cell Proliferation and Apoptosis
Cells were cultured in the presence or absence of inhibitors of
the EGF signaling pathway, such as AG1478 (1 mM) (Wako),
PD98059 (100 mM) (Calbiochem), or LY294002 (100 mM)
(Calbiochem), for 1 day before analysis. Apoptotic cells
stained with allophycocyanin (APC)-conjugated Annexin V
(BD Biosciences) and BrdU-incorporated cells stained using
APC BrdU Flow Kit (BD Biosciences) were analyzed with
FACS Aria (BD Biosciences).

Western Blotting
Antibodies against EGFR (1:1000; Cell Signaling), phos-
phorylated (p) EGFR (1:1000; Cell Signaling), MEK1/2
(1:1000; Cell Signaling), pMEK1/2 (1:1000; Cell Signaling),
ERK1/2 (1:1000; BD Biosciences), pERK1/2 (1:1000; BD
Biosciences), Akt (1:250; BD Biosciences), pAkt (1:250;
BD Biosciences), and b-actin (1:2000; Abcam) were used for
western blotting analysis. Interaction of Ras and the
Ras-binding domain of Raf-1 was analyzed using the Ras
Activation Assay Kit (Upstate Biotechnology).

RESULTS
Expression Pattern of EGF/EGFR and the Role of EGF
Signaling in Developing and Adult Mouse Intestines
We examined the expression pattern of EGF and EGFR in the
developing and adult mouse intestines by co-immuno-
fluorescence staining. In the developing intestine, EGFR is
expressed in epithelial cells that are marked by the expression
of E-cad, whereas EGF expression is observed in the me-
senchymal tissue surrounding the epithelium (Figure 1a).
The expression of EGFR is restricted into epithelial cells
within the crypt of adult mouse intestine, but EGF is still
expressed in only mesenchymal cells (Figure 1b). To de-
termine the role of EGF signaling in the developing and
adult mouse intestine, we introduced AG1478, an inhibitor
of EGFR kinase, into pregnant or non-pregnant adult mice.
Inhibition of EGF signaling resulted in a decrease in pro-
liferating cells in the intestinal epithelia of mouse embryos
and the crypts of adult mouse intestines (Figures 1c and d).
Moreover, in the presence of AG1478, the number of apop-
totic cells increased in the epithelia of developing mouse
intestines and an upper region of the crypt of adult mouse
intestines (Figure 1d). These data indicate that proliferation
and survival of immature intestinal epithelial cells that reside
in the developing mouse intestine and the crypt of adult
mouse intestine depend on the activation of EGF signaling.
This signaling is mediated by an association between
EGFR and EGF, which are expressed in epithelial cells and
mesenchymal cells in the intestine, respectively.

Culture of Intestinal Epithelial Cells Isolated from
Developing and Adult Mouse Intestines with EGF
To examine whether EGF can maintain intestinal epithelial
cells in culture, we cultured intestinal cells isolated from
E14.5 mouse embryos as a simple monolayer in the presence
of EGF. The morphologically identified epithelial cells were
found after the initiation of culture, but these cells dis-
appeared within 3 weeks and fibroblasts substitutively grew
to cover the surface of culture dishes (Figure 2a). We next
deposited embryonic intestinal cells into non-adhesive,
round-bottom wells of 96-well plates to allow cells to form
aggregates (Figure 2b). Under these culture conditions, we
expected to induce aggregation of epithelial cells through
E-cad homophilic binding, thereby decreasing the number of
fibroblasts in culture and enriching for epithelial cells.
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As expected, various sizes of aggregates were found in cul-
ture, and an epithelial sheet-like structure was observed in
each aggregate (Figures 2c and d). After 5–7 days of culture,
floating aggregates were transferred into Petri dishes and
allowed to adhere. Then, cells within aggregates dispersed
nearby and proliferated in the presence of EGF (Figure 2e).
These scattered cells seemed like epithelial cells that adhered
tightly to other cells and continued proliferating as a mono-
layer. In conditions wherein we observed extensive growth of
epithelial-like cells, fibroblasts became senescent and gradu-
ally disappeared from the culture. As a consequence of this

protocol, epithelial-like cells that were originally derived from
developing mouse intestines could be maintained in culture
for 46 months and be cryopreserved in the liquid nitrogen
(Figure 2f). We provisionally called these cells fetal mouse-
derived intestinal progenitor (FIP) cells. Moreover, in addi-
tion to FIP cells, we established a monolayer culture of
adult mouse-derived intestinal progenitor (AIP) cells in the
presence of EGF (Figures 2g and h). In the case of AIP cells,
however, cell aggregation was not required for the prolifera-
tion of epithelial-like cells, though the rate of establishment
of AIP cell cultures was much lower than that of FIP cell

Figure 1 Expression of EGF/EGFR and the role of EGF signaling in mouse intestines. (a, b) Co-immunofluorescence staining of E-cad and EGFR (left panels)

or EGF (right panels) for E14.5 developing (a) and 9-week-old adult mice intestines (b). DNA is stained with DAPI. (c) Immunohistochemical staining of BrdU

in E14.5/developing (upper panels) and adult (lower panels) mouse intestine, counter-stained with eosin, following intraperitoneal injection of DMSO

(control) or AG1478 (3mg per mouse) twice at intervals of 15 h. (d) Co-immunofluorescence staining of BrdU and cleaved caspase-3 for E14.5/developing

(upper panels) and adult (lower panels) mouse intestines after injection of DMSO or AG1478. DNA is stained with DAPI. Scale bar, 100 mm.

Maintenance of intestinal stem/progenitor cells in culture

A Suzuki et al

1428 Laboratory Investigation | Volume 90 October 2010 | www.laboratoryinvestigation.org

http://www.laboratoryinvestigation.org


cultures. Immunofluorescence analysis showed that both FIP
and AIP cells expressed E-cad and Zo-1, which are markers
for epithelial cells, as well as Villin, an actin-binding protein
expressed in intestinal epithelial cells (Figure 2i). In cultures
of these cells, cells expressing Musashi-1, a recently identified
marker of ISCs and progenitor cells were also included, and
several genes expressed in progenitor cells, such as Math-1
and neurogenin-3, were detected with RT-PCR (Figure 2i and
data not shown). RT-PCR analysis also showed the expres-
sion of leucine-rich-repeat-containing G-protein-coupled
receptor 5 (Lgr5), which is a novel marker of ISCs,31 in culture
of these cells (Supplementary Figure 1). Moreover, transient
transfection of TOP-GAL constructs (a generous gift from
E Fuchs) into FIP and AIP cells revealed cells with lacZ activity
(Figure 2i). The majority of these lacZþ cells were positive
for Ki-67, a marker of proliferating cells (Supplementary
Figure 2). Also, the number of BrdUþ proliferating cells

decreased in culture of FIP and AIP cells with DKK1, an
inhibitor of the Wnt signaling pathway (Supplementary
Figure 3). These results suggest that ISCs and/or progenitor
cells with b-catenin transcriptional activity are included in
these two types of cell cultures.

Differentiation of FIP and AIP Cells after Removing EGF
from Culture
We next examined the potential for differentiation in FIP and
AIP cells. As shown in Figure 1, EGF signaling activates
proliferation of immature cells in the developing intestinal
epithelium and the crypts of adult intestine, but not that of
differentiated cells within villi of adult intestine. This suggests
that inactivation of EGF signaling is required for the differ-
entiation of intestinal epithelial cells. Thus, we excluded EGF
from the culture and then analyzed the expression of markers
for four distinct types of differentiated intestinal epithelial

Figure 2 Establishment of mouse FIP/AIP cell cultures (a) Fibroblasts remained in a monolayer culture of E14.5 mouse intestinal cells, while epithelial cells

completely disappeared from culture within 3 weeks. (b) For cell-aggregate formation, E14.5 mouse intestinal cells were deposited into non-adhesive,

round-bottom wells of 96-well plates. (c) Two days after the initiation of culture, various sizes of aggregates were formed. (d) A magnified picture of

aggregates shown in c. Arrowheads denote epithelial sheet-like structures in aggregates. (e) Expansion of epithelial-like cells from aggregates after

transferring aggregates into Petri dishes. (f) A representative picture of mouse FIP cells maintained in culture. (g) Expansion of epithelial-like cells in culture

of adult mouse-derived intestinal cells. (h) A representative picture of mouse AIP cells maintained in culture. (i) Immunofluorescence staining of E-cad,

Zo-1, Villin, and Musashi-1 for mouse FIP/AIP cells cultured in the presence of EGF. DNA is stained with DAPI. X-gal staining was also conducted for mouse

FIP/AIP cells transfected with the TOP-GAL construct. Scale bar, 50 mm (i), 100 mm (a, f, h), and 500 mm (b, c, e, g).
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cells. When we examined the differentiation of FIP and AIP
cells culture with EGF, it was difficult to find cells expressing
markers for differentiated epithelial cells (Supplementary
Figure 4 and Figure 3b). One week after the removal of EGF,
however, FIP and AIP cells stopped proliferating and differ-
entiated into cells expressing enteroendocrine cell markers
serotonin, chromogranin A, gastrin, secretin, somatostatin,
GIP, synaptophysin, and the Paneth cell marker lysozyme
(Figure 3a); the number of apoptotic cells was also increased
(see Figure 4). The goblet cells that produce mucin in the
intestine are detected by mucin-staining methods, including
periodic acid-Schiff (PAS). In the absence of EGF, we found
PAS-positive cells within both FIP and AIP cell cultures,
suggesting goblet cell differentiation (Figure 3a). To induce
PAS-positive cells in AIP cell cultures more frequently,
we supplemented the culture medium with the Notch signa-
ling inhibitor N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-
phenylglycine t-butyl ester (DAPT). It has been reported that
inhibition of Notch signaling induces differentiation of
goblet cells from ISCs and/or progenitor cells in adult mouse
intestine.18,19 We next performed RT-PCR analysis on sam-
ples from FIP and AIP cell cultures. In addition to multiple
markers for enteroendocrine cells, such as secretin, GIP,
gastrin, chromogranin A, cholecystokinin (CCK), somatostatin,
and synaptophysin, we also detected the enterocyte marker
Lfabp and sucrase-isomaltase, the goblet cell marker trefoil
factor-3, and the Paneth cell marker lysozyme (Figure 3b).
These data indicate that both FIP and AIP cell cultures that
contain EGF as a supplement allow maintenance and pro-
liferation of undifferentiated cells; in the absence of EGF,

however, a differentiation program is activated to generate
four different types of intestinal epithelial cells.

EGF Signaling Activates Proliferation and Inhibits
Apoptosis of FIP and AIP Cells
To clarify the effect of EGF signaling in FIP and AIP cell
cultures, we examined proliferation and survival of these cells
in culture with/without inhibitors for EGF signaling.
Microscopic observation and FACS analysis revealed that,
similar to the result of EGF depletion from culture medium,
an extensive decrease in the number of BrdUþ proliferating
cells and an increase in the number of AnnexinVþ apoptotic
cells occurred after culture for 1 day in the presence of EGF
with AG1478. Similarly, the number of BrdUþ cells de-
creased, but the number of AnnexinVþ cells increased, in
culture supplemented with a mitogen-activated protein
(MAP) kinase cascade inhibitor PD98059 or a PI3K inhibitor
LY294002 (Figures 4a and b). In the presence of these
inhibitors, FIP and AIP cells initiated differentiation into
intestinal epithelial cells, similar to the case of culture with-
out EGF (Supplementary Figure 5). In both FIP and AIP cell
cultures, EGF rapidly induced EGFR activation, as assessed
by phosphorylaton of four distinct tyrosine residues, and
then led to phosphorylation of the downstream signaling
targets, MEK1/2, ERK1/2, and Akt (Figure 5a). Also, EGF-
stimulated interaction of Ras and Raf-1, which is required to
activate the MAP kinase cascade, in culture of FIP and AIP
cells (Figure 5b). These data demonstrate that EGF acts as an
activator and a suppressor for proliferation and apoptosis,
respectively, of both FIP and AIP cells. EGF acts through

Figure 3 Differentiation of mouse FIP/AIP cells in culture. (a) Immunofluorescence staining of mouse FIP/AIP cells for serotonin, chromogranin A,

gastrin, secretin, somatostatin, GIP, synaptophysin, and lysozyme, following culture for 7 days without EGF. EGF was removed from the culture medium

when cells completely covered the bottom of culture dishes. DNA is stained with DAPI. PAS-positive cells also appeared in the absence of EGF (and, for AIP

cells, culture medium was supplemented with DAPT). Scale bar, 100 mm (FIP cells) and 50 mm (AIP cells). (b) RT-PCR analysis of intestinal gene expression

in mouse FIP/AIP cells. These cells were cultured with EGF throughout the culture (shown as þ EGF) or in the absence of EGF for 7 days after removing

EGF from culture medium (shown as �EGF). As positive or negative controls, we used cDNA prepared from E14.5 and adult mouse intestines or water,

respectively. Hypoxanthine phosphoribosyltransferase (HPRT) was used as an internal control.
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activation of the PI3K/Akt and MAP kinase cascades in these
cells.

Culture of Intestinal Epithelial Cells Isolated from Adult
Human Intestines with EGF
Normal intestinal epithelial cells isolated from human in-
testines will be useful for testing novel therapeutic strategies
targeted against intestinal disorders, as well as for screening
pharmaceuticals. As an extension of the mouse study pre-
sented here, we attempted to maintain human intestinal
epithelial cells in culture. Commercially available human
intestinal epithelial cells proliferated in attached CS-2.0 ser-
um-free medium with or without EGF, but could not survive
after the initial passage of cells. These cells, however, could
be maintained with proliferation in SCM supplemented
with EGF, and cryopreserved in liquid nitrogen (Figure 6a).
To determine which substances supplemented in SCM is

important for the maintenance of intestinal epithelial cells,
we removed each supplement from SCM, such as FBS,
insulin, Dex, or NAM, and cultured intestinal epithelial cells.
In the absence of FBS, proliferation of epithelial cells was
almost completely blocked, while it was partially suppressed
in each insulin-, Dex-, or NAM-depleted SCM (Supple-
mentary Figure 6A). As proliferation of a type of cells
sometimes depends on the lot of FBS, we next examined
whether intestinal epithelial cells could only proliferate with
a special FBS supplemented in SCM. As the result, no
significant difference was found among 11 lots of FBS in
proliferation of intestinal epithelial cells, implying that the
presence of FBS in a medium is important, but any lots of
FBS could be used for culture of these cells (Supplementary
Figure 6B).

Similar to mouse FIP and AIP cells, human intestinal
epithelial cells expressed E-cad and Zo-1, and a portion of

Figure 4 EGF signaling stimulates proliferation and inhibits apoptosis of mouse FIP/AIP cells. (a) Phase pictures of mouse FIP/AIP cells after 1 day of culture

with or without inhibitors for EGF signaling, such as AG1478, PD98059, or LY294002, in the presence of EGF. As control experiments, these cells were

also cultured with EGF throughout the culture or in the absence of EGF for 1 day after removing EGF from culture medium. We added inhibitors or removed

EGF when cells occupied 70–80% of the surface of culture dishes. Scale bar, 100 mm. (b) The percentages of BrdUþ proliferating cells (left graphs)

and AnnexinVþ apoptotic cells (right graphs) in the same culture conditions as shown in a were analyzed by flow cytometry.
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these cells were positive for Musashi-1 and b-catenin trans-
criptional activity (Figure 6b). Cells marked with b-catenin
transcriptional activity were also positive for Ki-67, and, in
culture with DKK1, the number of BrdUþ cells decreased
(Supplementary Figures 2 and 3). RT-PCR analysis also
showed the expression of villin, Math-1, and neurogenin-3 in
culture of these cells (data not shown). Interestingly, Lgr5 was
also expressed in these cells, as well as in mouse FIP and AIP
cells (Supplementary Figure 7). Thus, we decided to call these
cells human AIP (hAIP) cells. Confocal microscopic Z-stack
analysis of hAIP cells showed that Zo-1 and E-cad protein
was localized at the upper and lower region of the lateral
membrane of cultured cells, respectively, suggesting that an
important cellular feature of polarized normal intestinal
epithelial cells was maintained in hAIP cell culture (Figure
6c). After hAIP cells completely covered the bottom of cul-
ture dishes as a monolayer sheet, we found cells that formed
dome-like structures (Figures 6d and e). These dome-like
structures, derived from hAIP cells, resembled those from

Caco-2 cells, a well-known cell line obtained from human
colon carcinoma,32 suggesting that hAIP cells differentiated
into enterocytes capable of transporting ions and water from
apical to basolateral membrane. The hAIP cell cultures in-
cluded cells expressing the enteroendocrine cell markers
serotonin, chromogranin A, GIP, and synaptophysin; the
Paneth cell marker lysozyme; and mucin-producing PAS-
positive cells (Figure 7a). By RT-PCR analysis of hAIP cell
culture, we could detect not only several markers for en-
teroendocrine cells, but also the enterocyte markers Lfabp
and sucrase-isomaltase, the goblet cell marker trefoil factor-3,
and the Paneth cell marker lysozyme (Figure 7b). These data
imply that hAIP cells have the potential to differentiate into
four distinct types of intestinal epithelial cells. In contrast to
the case of mouse FIP and AIP cell cultures, however, the
removal of EGF from the culture medium seemed not to be
required for differentiation of hAIP cells (Figure 7b and
Supplementary Figure 8). On the other hand, proliferation
and survival of hAIP cells depended on the activation of both
the PI3K/Akt cascade and the MAP kinase cascade in EGF
signaling pathway, similar to those of mouse FIP and AIP
cells (Figures 7c and d). Moreover, hAIP cells preferred type-
IV collagen-coated culture dishes for efficient adhesion and
proliferation, whereas it was dispensable for mouse FIP and
AIP cells (Figure 7c). Taken together, these results demon-
strate that hAIP cells mainly composed of undifferentiated
epithelial cells can be maintained in culture with continuous
proliferation, and spontaneously give rise to differentiated
epithelial cells in the presence of EGF and type-IV collagen.

DISCUSSION
The stem cell niche of the intestine is indispensable for the
maintenance of undifferentiated epithelial cells through
the life of organisms. The structure of the ISC niche seems
simple, but the regulatory mechanism is complicated and
strictly controlled by cross-talk between multiple signal
pathways.3 An unbalanced regulation of these interactive
signaling pathways accelerates proliferation of undiffere-
ntiated intestinal epithelial cells, and leads to polyp forma-
tion and subsequent tumorigenesis. In this study, we showed
EGF as one of positive regulators for proliferation and
survival of undifferentiated epithelial cells in the developing
and adult mouse intestines. The epithelial–mesenchymal
interaction between EGFR-expressing primitive intestinal
epithelial cells and EGF-expressing adjacent fibroblasts in
both the developing mouse epithelia and the crypts of adult
mouse intestine is essential for activating proliferation and
inhibiting apoptosis of ISCs and progenitor cells, implying
the importance of EGF signaling for the maintenance of the
ISC niche. We also demonstrate that, as well as in vivo, EGF
promotes proliferation and decreases apoptosis in cultured
immature cells, not only those isolated from developing
mouse intestines, but also those from adult mouse and hu-
man intestines. Supplementation of the culture medium with
EGF allows us to maintain for 46 months undifferentiated

Figure 5 Activation of EGF signaling pathway in mouse FIP/AIP cells.

(a) Cells were cultured in the absence of EGF for 17 h and then stimulated

with EGF (20 ng/ml) for the indicated times at 37 1C. Cell lysates were

collected from these cells and subjected to western blotting analysis.

(b) After the stimulation of mouse FIP/AIP cells by EGF, interaction between

activated Ras and Raf-1 was analyzed by a Raf-1-Ras-binding domain (RBD)

pull-down assay, in which cell lysates were incubated with agarose bound

with a glutathione S-transferase fusion protein that corresponds to the

human RBD of Raf-1, followed by immunoblotting of Ras using anti-RAS

antibody.
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intestinal epithelial cells capable of giving rise to four distinct
types of intestinal epithelial cells. In these cultured mouse
FIP/AIP cells and hAIP cells, the PI3K/Akt cascade and the
MAP kinase cascade are activated to transmit the EGF signal
into the nuclei of these cells. PI3K/Akt signaling activates
proliferation of ISCs and progenitor cells by closely linking to
not only canonical Wnt signaling, through phosphorylation
of b-catenin by activated Akt, but also BMP signaling
through positive or negative regulation of PTEN activity
by BMP or Noggin, respectively.12,13 Taken together with this
evidence, our present data suggest that activation of PI3K/
Akt signaling in undifferentiated epithelial cells residing in
the embryonic and the adult intestines depends on the pre-
sence of EGF, which stimulates proliferation and inhibits
apoptosis of these cells directly or indirectly by interacting
with other signaling pathways. In addition to EGF, however,
additional factors that activate PI3K/Akt signaling may also
contribute to proliferation of undifferentiated epithelial cells,
because the number of BrdUþ cells in culture of FIP and AIP
cells with LY294002 was less than in culture without EGF.
Previous reports demonstrated that continual activation
of Akt in the PTEN-deficient ISCs is sufficient for polyp
formation, and the inhibition of EGFR kinase activity
can reduce the number of polyps,13,26 suggesting that
EGF signaling is strictly controlled in order to balance the

proliferation of undifferentiated epithelial cell in the main-
tenance of intestinal tissue homeostasis.

Owing to their finite lifetime, differentiated epithelial cells
disappear from culture; therefore, intestinal epithelial cell
culture requires the maintenance of viable ISCs and/or pro-
genitor cells. In our culture system presented here, cells
marked with Musashi-1 expression and b-catenin transcrip-
tional activity (possible features of ISCs and progenitor cells),
could be maintained with proliferation during a prolonged
culture period and may contribute to the production of
differentiated cells. In addition to these cells, however, a large
number of cells that are not marked with Musashi-1
expression and b-catenin transcriptional activity present in
the culture; these cells also proliferate extensively in response
to EGF. In the crypts of adult mouse intestine, less than half
of proliferating ISCs and progenitor cells consist of cells that
express Musashi-1 and only a few cells are marked with
b-catenin transcriptional activity.12,33 Thus, cells that pro-
liferate in culture, but not express Musashi-1 and are not
marked with b-catenin transcriptional activity, may be con-
sidered as another population of ISCs and progenitor cells.
On the other hand, even in the presence of EGF, enterocyte
marker Lfabp was detectable in cultures of mouse FIP/AIP
cells, suggesting the coexistence of lineage committed, but
still proliferating progenitors of enterocytes. In hAIP cell

Figure 6 Long-term culture of hAIP cells. (a) Phase pictures of adult human intestinal cells cultured in SCM (left panels) or CS-2.0 medium (right panels)

for 1 or 5 days on type-IV collagen-coated dishes, following the initial passage of cells. (b) Immunofluorescence staining of E-cad, Zo-1, and Musashi-1

for hAIP cells cultured in the presence of EGF. DNA is stained with DAPI. X-gal staining was also conducted for hAIP cells transfected with the TOP-GAL

construct. (c) Confocal microscopic Z-stack analysis of hAIP cells stained with anti-Zo-1 (red) and anti-E-cad (green) antibodies. The upper and lower panels

show images of the upper and lower parts of cells, respectively. (d) Phase pictures of dome-like structures formed in culture of hAIP cells. The left and

middle or the right panel is in focus to the monolayer sheet of cells or an upper region of a dome-like structure, respectively. (e) Confocal microscopic

Z-stack analysis of a dome-like structure formed from hAIP cells. The nuclei of cells were stained with SYTO13 as shown in green. Scale bar, 50 mm (b)

and 100 mm (a, d).

Maintenance of intestinal stem/progenitor cells in culture

A Suzuki et al

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 90 October 2010 1433

http://www.laboratoryinvestigation.org


cultures, primitive intestinal cells are also maintained, but
these cells spontaneously initiate differentiation; thus, four
different types of intestinal epithelial cells co-exist in culture,
regardless of whether EGF is present as a supplement to the
culture medium. This evidence suggests that differentiation
of intestinal epithelial cells is, at least partially, regulated by
EGF, although this effect may differ between species and
could be compensated by other signaling pathways.

Mouse FIP/AIP cells and hAIP cells maintain epithelial cell
morphology, proliferate in response to EGF, and differentiate
into four distinct types of intestinal epithelial cells in culture.
There is no striking difference in these specific cellular
characteristics among these three types of cells. Thus, the
cell of origin of these cells is thought to be the same type of
cells, such as ISCs and/or progenitor cells in the intestine.
As mouse FIP/AIP cells and hAIP cells were retrospectively

Figure 7 Characterization of hAIP cells in culture. (a) Immunofluorescence staining of serotonin, chromogranin A, GIP, synaptophysin, and lysozyme for

hAIP cells cultured with EGF. DNA is stained with DAPI. PAS-positive cells were also found in culture of hAIP cells. (b) RT-PCR analysis of multiple intestinal

gene expression in hAIP cells. These cells were cultured with EGF throughout the culture (shown as þ EGF) or in the absence of EGF for 7 days after

removing EGF from culture medium (shown as �EGF). As positive or negative controls, we used cDNA prepared from adult human intestines or water,

respectively. (c) Phase pictures of hAIP cells cultured in the presence or absence of EGF for 4 days on type-IV collagen-coated dishes (upper panels),

or cultured with EGF for 4 days on type-IV collagen-coated or -uncoated dishes (lower panels). (d) The percentages of BrdUþ proliferating cells (left graph)

and AnnexinVþ apoptotic cells (right graph) were analyzed by flow cytometry. Before analyses, hAIP cells were cultured for 1 day with or without inhibitors

for EGF signaling, such as AG1478, PD98059, or LY294002, in the presence of EGF. As control experiments, hAIP cells were also cultured with EGF throughout

the culture, or in the absence of EGF for 1 day after removing EGF from culture medium. We supplemented the culture medium with inhibitors or removed

EGF when cells occupied 70–80% of the surface of culture dishes. Scale bar, 50 mm (a) and 100 mm (c).
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defined as undifferentiated intestinal epithelial cells, however, it
cannot be ruled out that they would be derived from uni-
dentified other lineage cells that could dedifferentiate or trans-
differentiate into FIP and AIP cells in culture. Prospective
isolation and clonal analysis of ISCs and progenitor cells will
clarify whether isolated cells give rise to FIP and AIP cells.

Our present culture method allows differentiation of
undifferentiated epithelial cells, but it is still difficult to
uniform these cells into a particular cell population. For
example, as a material for the screening of drugs, the
absorptive enterocytes is expected to differentiate from
cultured ISCs and/or progenitor cells. Thus, the intrinsic
signal pathways that control differentiation of cultured
mouse FIP/AIP cells and hAIP cells should be determined
and modulated to induce differentiation of a specific, desired
type of intestinal epithelial cells. Moreover, in order to mimic
the function of differentiated intestinal epithelial cells in
culture, the well-defined cellular architecture of epithelial
cells should be reproduced. Although monolayer cell culture
facilitates the maintenance and the analysis of cultured cells,
the morphological features and polarization of these cells are
often lost. Indeed, an electron microscopic analysis showed
that mouse FIP/AIP cells have a flattened shape, implying
a difference from the columnar-shaped normal epithelial
cells in the intestine (data not shown). In contrast, hAIP cells
spontaneously formed dome-like structures in which cells
may mimic polarized enterocytes capable of transporting
ions and water from apical to basolateral membrane, while
the remaining cells in the monolayer sheet were still flat.
The flat morphology of mouse FIP/AIP cells and hAIP cells
differs from that of Caco-2 and other colon cancer cell
lines, which can form polarized monolayers in culture.20,32

Therefore, the morphological maturation of cultured normal
intestinal epithelial cells will require further improvements
in culture conditions, including a supply of an ideal set
of ECM components and additional humoral factors.
Normal intestinal epithelial cells that can reproduce in
culture the gene expression pattern and well-defined
morphological features of epithelial cells will be useful
in developing therapeutic approaches, including repair of
intestinal mucosa, and in screening the pharmacological
effects of new compounds.

Supplementary Information accompanies the paper on the Laboratory

Investigation website (http://www.laboratoryinvestigation.org)
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