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   Research on intestinal epithelial stem cells has flourished in the last few years since their specific 
markers were identified. However, to exploit the potentials of those adult stem cells as a source for 
regenerative medicine, validation of the tissue regeneration capability of intestinal stem cells would 
be essential. We have recently shown that, by employing murine models of transplantation, cultured 
intestinal epithelial cells from the adult colon, fetal small intestine (SI), and adult SI are able to 
regenerate epithelia in vivo, preserving their stem cell properties. These data provide the evidence 
that multiple types of intestinal cells could be the source for the stem cell therapy for intestinal 
diseases in humans.
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Introduction
　With the advancement of stem cell research, there has 
emerged a growing interest in the use of various stem 
cells for the replacement therapy for human diseases. 
Given the long-standing success of hematopoietic stem 
cell transplantation in clinic, such an approach seems to be 
promising in therapeutic applications for many other clinical 
settings. Research on the gastrointestinal (GI) epithelial stem 
cells has flourished in the last several years. Identification 
of their specific molecular markers has greatly facilitated 
characterization of these GI stem cell populations1). In addi-

tion, long-awaited technologies that allow for expansion 
of adult intestinal stem cells in vitro have recently become 
available2-5). Future progress in this research field would be 
directed toward the use of expanded intestinal stem cells in 
culture for the therapy of GI diseases in humans. 

Intestinal epithelial stem cells
  Intestinal epithelial tissues are unique in that they continue 
to self-renew throughout our lifetime. The homeostasis 
with this perpetual, rapid cellular turnover is governed by 
the tissue-resident adult stem cells sitting near the base of 
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glandular structures called crypts6-8). The stem cells divide 
continuously, generating more committed precursor cells 
called transit-amplifying (TA) cells that occupy the lower part 
of the crypt. As cells differentiate into mature cell lineages, 
they migrate upward and then are exfoliated into the lumen, 
whereas Paneth cells, which are unique only to the small 
intestine (SI), migrate down to the crypt base.
  The repair response to epithelial injuries caused by a 
variety of insults also involves the stem cell-mediated tissue 
regeneration9, 10). Acute phase response to the loss of 
epithelial linings induces the rapid process called epithelial 
restitution. In this phase, epithelial cells that survive at the 
edge of the wound migrate and cover the denuded region 
to restore the structural integrity of the epithelium. Following 
this, as the flat epithelial lining dramatically changes its 
shape and reforms crypt-villus structures in the SI or crypts 
in the colon, stem cell-based regulations of cellular pro-
liferation and differentiation coordinate morphological and 
functional repair of injured epithelia.
  Several regulatory signals such as the Wnt, bone morpho-
genic protein (BMP), and Notch pathways play important 
roles in both steady-state maintenance and repair response 
upon injury11, 12). Among these, the Wnt pathway is regarded 
as a key regulator for proliferation of the stem cells in 
intestinal crypts. A large body of evidence shows that 
intracellular signaling events triggered by the binding of 
Wnt proteins to their cell surface receptors are essential to 
maintain the crypt cell population in a proliferative state13-15). 
In line with this, one of the Wnt target genes, a G protein-
coupled receptor Lgr5, has been identified as a specific 
molecular marker of the stem cells of the SI and colon1). 
Although the presence of other populations of intestinal 
stem cells has been proposed thereafter16-18), several lines 
of evidence, such as the data obtained by genetic lineage 
tracing experiments, show that the Lgr5+ cells represent 
long-lived, actively-dividing multipotent stem cells in both 
the SI and colonic epithelia1).

Culturing intestinal stem cells
  Following identification of stem cell populations, another 
important advance has been made in intestinal stem cell 
research. Sato et al. developed an elegant method to 
culture intestinal stem cells under specific conditions3). 
When isolated and three-dimensionally embedded, SI 
crypts were shown to grow as organoids that resemble the 
physiological epithelial architecture with properly situated 
stem cells. Importantly, this condition requires Rspo1 

(Wnt agonist), Noggin (BMP inhibitor) and EGF, but no 
support of non-epithelial cells. This indicates that, with the 
appropriately supplied factors, intestinal stem cells can 
be maintained even in the absence of non-epithelial cell 
types that had been thought to be critical components of 
stem cell niche in vivo. The culture can be maintained for a 
long period of time, with structures containing Lgr5+ stem 
cells as well as all types of terminally differentiated cells. 
The group has further reported similar three-dimensional 
culture technologies for gastric and colonic epithelial stem 
cells2, 5, 19). We have also developed an in vivo  culture 
method for colonic stem cells20). In our protocol, isolated 
colonic crypts are three-dimensionally placed in the collagen 
gel, and cultured in serum-free defined medium containing 
Wnt3, Rspo1, Noggin, EGF, HGF, and bovine serum albumin 
(BSA). Under this condition, the colonic cells form round 
cystic structures that contain Lgr5+ stem cells as well as 
terminally differentiated cells of colonic phenotype20). It is of 
note that these newly introduced intestinal epithelial culture 
methods, including the one that we developed, allow Lgr5+ 
putative stem cells to increase in number ex vivo.

Transplantation of cultured stem cell-
containing epithelial organoids
  Now that seemingly infinite numbers of Lgr5+ stem cells 
become available by efficient in vitro culture technologies, 
the next step toward their use for regenerative medicine 
is to investigate whether those cultured cells retain tissue 
regeneration capabilities. To experimentally prove this, 
our group performed transplantation experiments20). Co-
lonic epithelial cells of transgenic mice that ubiquitously 
express EGFP were cultured and infused into the colonic 
lumen of recipient mice in which colonic epithelial injuries 
were generated. What we found is that, around 1 week 
after transplantation, EGFP+ donor-derived cells were in-
corporated into the denuded regions of recipients' colon as 
a flat sheet-like lining. At 4 weeks, most of the EGFP+ grafts 
were composed of crypts in which EGFP+ cells extended 
from the bottommost positions to their tops, indicating that 
those crypts were entirely replaced by donor-derived cells. 
Histological analysis revealed that all types of terminally 
differentiated colonic epithelial cells as well as proliferating 
cells were present in the donor-derived epithelium (Fig. 
1). This clearly indicates that a population of transplanted 
cells really functioned as stem cells in vivo. Moreover, the 
success of this stem cell transplantation could also be 
achieved even with the donor cells that were grown from 
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a single Lgr5+ stem cell in culture. The single cell-derived 
transplanted cells were found to generate multiple crypts in 
multiple recipient mice, indicating that the stem cells really 
expand in the preceding process of culture, keeping their 
stem cell properties unaffected20).

Transplantation of fetal intestinal epithelial 
progenitor cells into adult colons
  Not only for adult intestinal epithelial cells, the cutting-
edge cell culture technology has also been applied for 
intestinal cells of fetal origin. Fordam et al. reported that 
fetal SI epithelial progenitors are able to grow as fetal 
enterospheres (FEnS), which are characterized by distinct 
proliferative and differentiation potential as compared to 
the adult SI stem cells21). As high levels of Wnt factors 
can induce the transition of those fetal cells into adult 
state, those cells in culture are thought to phenocopy the 
immature state of intestinal cells in early developmental 
stages. In collaboration with this group in Copenhagen, 
we have shown that the FEnS-derived cells can also graft 
onto adult colons and thereby would be a transplantable 
source for regenerative medicine. Interestingly, when 
transplanted onto the adult colon, FEnS-derived cells started 
to express CA2, a marker protein of colonic epithelium, 
even though its expression was not detectable prior to the 
transplantation21). This suggests that fetal SI progenitors have 
plasticity in regard to their fate and are able to adapt to the 
new microenvironment (Fig.1).

Transplantation of small intestinal stem 
cells of adult origin into colons
  Then, how do cultured SI cells of adult origin behave in 
vivo when they are transplanted back into the body? By 
extending our transplantation approach, we have recently 
assessed this22). SI cells were isolated from adult mice and 
cultured as stem cell-containing organoids as previously 
described3). They were then collected and instilled into the 
colonic lumen of wild-type recipient mice in which injuries 
were generated in advance. We found that transplanted SI 
cells adhered to the denuded colonic tissue retaining their 
epithelial phenotype. Interestingly, donor-derived cells did 
not show obvious expression of CA2, which contrasts to 
the in vivo behavior of fetal SI epithelial cells21). Moreover, 
even at later time points, transplanted SI cells were shown 
to contain all types of terminally differentiated cells and 
the epithelial stem cells of SI phenotype. In addition, the 
intestinal villi, typical structures unique only to the SI but 

not to colon, were clearly visible in some parts of the graft. 
Together with the presence of functional Paneth cells in 
the transplanted epithelia, it was shown that cultured adult 
SI stem cells are able to function as genuine stem cells 
to reconstitute normal epithelia of SI phenotype22). This 
study provides proof of principle that cultured SI stem 
cells could also be a source for cell therapy of intestinal 
diseases. Moreover, it is further suggested that adult SI 
cells reconstitute epithelia in a manner different from that of 
fetal SI progenitor cells, as they maintain their identity along 
the gastrointestinal tract even after being heterotopically 
transplanted.

Conclusion
   In this article, I have tried to provide a brief introduction 
into the current status of intestinal stem cell research, 
including the experimental evidence that shows feasibility 
of stem cell based therapy for intestinal epithelial injuries. 
There are many severe GI diseases, such as congenital 
disorders or inflammatory bowel diseases, which affect 

Fig. 1  Transplantation experiments using different cell sources 
result in different outcome
Schematic representation of the transplantation studies. Cells 
obtained from the adult colon (top), fetal SI (middle), and adult SI 
(bottom) were grown in culture and then transplanted into recipient 
mice in which colonic epithelial injuries were generated. Regenerated 
epithelia from the cultured adult colonic cells showed colonic 
phenotype. Fetal SI-derived cells generated epithelial tissues in 
part adapting to the colonic microenvironment. Transplanted cells 
originating from the adult SI stayed as SI cells even in the colonic 
milieu.
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intestinal epithelial cells leaving patients with few treatment 
options. There are still many questions to be answered 
before regenerative medicine can become a clinical reality. It 
is not fully clear whether the grafted tissues are functionally 
normal in terms of absorption, secretion, endocrine function, 
immunoregulatory function and so on. Whether or not the 
genetic/epigenetic information is stably maintained during 
the culture should be clarified in detail. However, steady 
progress in this research field would allow us to envisage 
realistic future situations where GI stem cells would be 
the reliable source for regenerative medicine in human 
diseases.
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