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Abstract
The latest avenue of research is revealing the existence 
of and role for the colonic stem cells in the physiological 
renewal of the mucosa and in pathological circumstanc-
es where they have both positive and negative effects. 
In the case of human colon, different levels of stem 
cell compartments exist. First, the crypt epithelial stem 
cells, which have a role in the normal crypt epithelial 
cell dynamics and in colorectal carcinogenesis. Close to 
the crypts, the second layer of stem cells can be found; 
the local subepithelial stem cell niche, including the 
pericryptic subepithelial myofibroblasts that regulate 
the epithelial cell differentiation and have a crucial role 
in cancer progression and chronic inflammation-related 
fibrosis. The third level of stem cell compartment is the 
immigrating bone-marrow-derived stem cells, which 
have an important role in wound healing after severe 
mucosal inflammation, but are also involved in cancer 
invasion. This paper focuses on stem cell biology in the 
context of physiological and pathological processes in 
the human colon. 
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INTRODUCTION
Beside water and electrolyte absorption, barrier function 
is a major physiological function of  the colonic mucosa, 
which is the basis of  the defense against the luminal 
pathogens and toxins. Keeping the integrity of  the epi-
thelial layer therefore is of  great importance, in which 
stem cells as the key elements of  the mucosal regenera-
tion have an important role.

The epithelial layer of  the colon consists of  a single 
sheet of  columnar epithelial cells folded into finger-like 
invaginations that are surrounded by the lamina propria 
to form a functional unit, called Lieberkühn’s crypt. It has 
been estimated that there are about 20 million of  these 
crypts in the human colon[1]. There are four epithelial cell 
lineages within the crypt. Enterocytes, goblet cells and 
endocrine cells are terminally differentiated cells, which 
are found in the upper third of  the crypt, and are derived 
from multipotent stem cells located at the bottom of  the 
crypt. During asymmetric division, these epithelial stem 
cells undergo self-renewal and generate a population 
of  transit amplifying cells that, upon migration upward 
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through the crypt, proliferate and differentiate into one 
of  the epithelial cell types of  the crypt wall. The fourth 
type is the Paneth cell, which differentiates during a 
downward migration to the base of  the crypt, where they 
reside below the crypt epithelial stem cell population[2]. 

Extensive experimental evidence has demonstrated 
that Wnt/β-catenin signaling plays a central role in main-
taining the intestinal stem-cell niche and regulating nor-
mal crypt dynamics[3-7]. 

The origin of  crypt epithelial stem cells is probably 
dual. Regarding their origin, there are two major kinds of  
stem cells in the subepithelial layer of  the colonic mucosa: 
the local mesenchymal stem cells (MSCs) and the immigrat-
ing bone-marrow-derived stem cells[8,9] (Figures 1 and 2). 
In the case of  mild to moderate mucosal injury, the local 
subepithelial stem cell niche is enough for differentiating to 
the epithelial lineage[8]. In the adult gut, both the number 
and differentiation capacity of  the local stem cells are low. 
In the case of  serious tissue injury [i.e., graft-versus-host 
disease, inflammatory bowel disease (IBD)] the regenera-
tive capacity of  local stem cells is not enough to complete 
tissue healing. In this case, bone-marrow-derived MSCs 
(BM-MSCs) migrate into the gastrointestinal wall, where 
they may contribute to the repair progress[9-11] as differenti-
ated mesenchymal cells (e.g., myofibroblasts)[12,13]. Intestinal 
subepithelial myofibroblasts have a key role in the support 
of  the epithelial stem cell compartment. They can originate 
from local subepithelial fibroblasts[14], and from immigrat-
ing bone marrow derived cells[15]. The bone marrow origin 
of  these cells may be supposed by such observations in 
which co-expression of  epithelial and hematopoietic lineage 
markers on them were found in inflamed mucosa adjacent 
to subepithelial lymphoid aggregates[16-20]. Both processes 
are regulated by transforming growth β-1 (TGF-β1), which 
plays an important role in intestinal mucosal healing[21]. 

Although our knowledge is expanding about the ori-
gin and behavior of  subepithelial colonic stem cells, data 
about their effect in pathological circumstances like in-
flammation, fibrosis or cancer development are scattered 
throughout the literature. A better understanding of  the 
regulation of  their differentiation may help to establish 
new therapeutic strategies.

LOCAL SUBEPITHELIAL STEM CELL 
COMPARTMENT OF THE COLON
The local MSCs, namely the pericryptal myofibroblasts, 
which form the epithelial stem cell niche and also regu-
late epithelial cell differentiation are important cells or-
chestrating many diverse functions in the intestine, and 
are involved in growth and repair, tumorigenesis, inflam-
mation, and fibrosis[22]. Adult myofibroblasts are derived 
or replenished after injury or in response to neoplastic 
transformation from several sources: differentiation or 
activation of  resident fibroblasts, dedifferentiation from 
perivascular smooth muscle cells and adipocytes, epitheli-
al-to-mesenchymal transition of  epithelial and endothelial 
cells, and bone-marrow-derived stem cells. MSCs or he-
matopoietic stem cells, via CD14+ monocytes, transdiffer-

entiate into circulating CD34+ fibrocytes, which become 
resident CD34+ fibrocytes[7,12].

Migration of  colonic fibroblasts into and through 
the extracellular matrix during the initial phase of  muco-
sal healing appears to be a fundamental component of  
wound contraction. In recent studies, it has been shown 
that colonic lamina propria fibroblast-conditioned media 
induce migration of  primary human colonic fibroblasts in 
the modified Boyden chamber, and fibronectin is mainly 
responsible for this autocrine migration induction[23]. The 
differentiation of  fibroblasts into myofibroblasts is an 
important step in tissue repair. It has been described that 
TGF-β1 potently stimulates the production of  smooth 
muscle actin and stress fiber formation in fibroblasts 
and therefore their differentiation into myofibroblasts[24]; 
moreover, it also regulates their migration[14]. Only fi-
broblasts expressing Thy-1 (CD90), a cell-surface glyco-
protein of  T-cells, can differentiate into myofibroblasts 
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Figure 1  Possible origin of the colonic mesenchymal and epithelial cells. 
Arrows represents possible stem cell origin and routes for derivation of colonic 
mesenchymal and epithelial cells. MET: Mesenchymal-to-epithelial transition; 
EMT: Epithelial-to-mesenchymal transition. 

Figure 2  CD45–/cytokeratin+ epithelial cells (green cytoplasmic immuno-
reaction) containing Y chromosomes (green nuclear dots; white arrows) 
in the germinative zone of a colonic crypt are well differentiating from 
the CD45+ intraepithelial lymphocyte (red arrow) (cytokeratin-fluorescein 
isothiocyanate; CD45-rhodamine; Y-chromosome fluorescence in situ 
hybridization in a biopsy sample of male bone marrow recipient female 
patient with moderate non-specific colitis; 100 × magnification). 



after treatment with TGF-β, whereas only Thy-1- fibro-
blasts differentiate into lipofibroblasts upon exposure 
to 15-deoxy-d-prostaglandin J2[25]. After differentiation, 
subepithelial myofibroblasts form pericryptal fibroblast 
sheet adjacent to the basal lamina of  colonic crypts[10,26]. 
Intestinal subepithelial myofibroblasts contribute to the 
coordination of  tissue regeneration by producing TGF-β, 
epidermal growth factor, basic fibroblast growth factor, 
proinflammatory cytokines, and the formation of  new 
basement membrane[27]. 

Brown et al[28] have reported a cyclooxygenase-2-express-
ing stromal cell that moves in response to Toll-like recep-
tor (TLR) signals from a position in the upper aspect of  
the lamina propria to a position adjacent to the pericryptal 
myofibroblasts in the base of  the crypts, where the crypt 
epithelial stem cells reside. This relocation and the prosta-
glandin secretion appear critical to colonic epithelial repair 
in a dextran sodium sulfate colitis model. Their study has 
not ruled out a role for prostaglandin production or TLR 
responses by the conventional myofibroblasts or pericytes 
that are also present.

COLONIC BM-MSCs
The number of  myofibroblasts originating from the bone 
marrow significantly increased in the lamina propria of  

severe colitis compared to the healthy colon[9,13]. This 
homing process is driven by chemokines and adhesion 
molecules[29] (Table 1). Based on the former results[30-32], 
emerging evidence suggests that bone-marrow-derived 
stem cells contribute to tissue regeneration in the colon 
partly by promoting neovascularization or arteriogenesis. 
After human hematopoietic cell transplantation, epithelial 
tissue chimerism appears[33-35]. The bone marrow origin 
of  subepithelial stem cells may be supposed by observa-
tions in which epithelial cell markers and leukocyte mark-
ers show that double positive cells are found in inflamed 
mucosa adjacent to lymphoid aggregates[18,19,36]. The 
presence of  cytokeratin, epithelial growth factor recep-
tor, hepatocyte-derived growth factor receptor or CDX2 
co-expression in CD45+ cells of  subepithelial lymphoid 
aggregates may support the mesenchymal origin of  epi-
thelial stem cells. 

Presumably, intestinal subepithelial myofibroblasts 
originated from BM-MSCs and may create a local micro-
environment for the immigrated BM-MSCs that are com-
mitted to the epithelial lineage. The high percentages of  
intraepithelial cells of  bone marrow origin are immune 
cells, such as CD45+ leukocytes. In bone-marrow-trans-
planted patients, the numbers of  CD45+ and Y-FISH+ 
(male donor origin) double-positive, intraepithelial lym-
phocytes were significantly higher number in regenerating 
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Table 1  Summary of the characteristics of the different types of stem cells in the human colon

Crypt epithelial stem cells Subepithelial (pericryptal) myofibroblasts-local stem cell niche BM-MSCs

Origin Pericryptal myofibroblasts Subepithelial CD34+ fibroblasts, perivascular smooth muscle 
cells, adipocytes, endothelial- and epithelial cells (via EMT), 
BM-MSCs

Bone marrow

Daughter cells Enterocytes, goblet cells, 
endocrine cells, paneth cells

Follicular dendritic cells, crypt epithelial stem cells, pericytes Subepithelial myofibroblasts, fibrocytes, 
pericytes, adipocytes, crypt epithelial 
stem cells

Main regulator 
pathways of 
differentiation 
and/or homing

Wnt/β-catenin, Lgr-5, integ-
rins, growth factor receptors 
(EGFR, HGFR, I1GFR)

TGF-β1, cytokines (IL-1, -6, -10, TNFα), growth factors (TGFα, 
GM-CSF, PDGF-AA, -BB, bFGF, KGF, HGF), chemokines (IL-8, 
MCP1, MIP-1α,-2), inflammatory mediators (PGE2, PAF, PGI2)

Chemokine receptors (CCR-1,-2,-7,-8,-9; 
CXCR-1,-2,-4,-5,-6), cell adhesion mol-
ecules involved in extravasation (VCAM, 
ICAM, selectins), proinflammatory 
cytokines (TNFα, IL-8), von Willebrand 
factor

Physiological 
function

Epithelial renewal Growth, repair Growth, repair, wound healing

Pathological 
function

Tumorigenesis, ulcer devel-
opment

Tumorigenesis, cancer progression, inflammation, fibrosis Tumorigenesis, inflammation, fibrosis

Cell type spe-
cific markers

Positive markers: Lgr-5, 
Musashi-1, CDX-2

Negative markers: smoothelin, caldesmon, desmin Negative markers: CD13, -14, -45, c-Kit, 
MHC class Ⅰ and Ⅱ

Positive markers: α-SMA, vimentin, SMM, prolyl 4-hydroxylase, 
CD90

Positive markers: 
CD54,-90,-133,-146,-166, Flk-1, Sca-1, 
stage-specific antigen Ⅰ, musashi-1, HLA 
class Ⅰ

References 1-6, 35, 50 12, 15, 25, 37, 48, 49 8, 9, 11, 20, 26, 29, 35, 37, 41, 58

Lgr-5: Leucine-rich repeat-containing G-protein coupled receptor 5; EGFR: Epithelial growth factor receptor; HGFR: Hepatocyte growth factor recep-
tor; I1GFR: Insulin-like growth factor receptor-1; CDX2: Caudal type homeobox transcription factor 2; EMT: Epithelial-to-mesenchymal transition; TGF: 
Transforming growth factor; IL: Interleukin; TNF: Tumor necrosis factor; GM-CSF: Granulocyte macrophage colony-stimulating factor; PDGF: Platelet-
derived growth factor; bFGF: Basic fibroblast growth factor; KGF: Keratinocyte growth factor; HGF: Hepatocyte growth factor; MCP1: Monocyte chemo-
tactic protein 1; MIP: Macrophage inflammatory protein; PGE2: Prostaglandin E2; PAF: Platelet-activating factor; PGI2: Prostacyclin; SMA: Smooth muscle 
actin; SMM: Smooth muscle myosin; CCR: Chemokine receptor; CXCR: Chemokine CXC motif receptor; VCAM: Vascular cell adhesion molecule; ICAM: 
Intercellular cell adhesion molecule; MHC: Major histocompatibility complex; Flk-1: Fetal liver kinase-1; Sca-1: Stem cell antigen-1; HLA: Human leukocyte 
antigen.
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aggregates of  the colon are supposed to be the central 
organizer elements of  stem cell homing and the mesen-
chymal-to-epithelial transition by producing an ideal cyto-
kine, chemokine and cellular milieu[48,49].

PATHOLOGICAL ROLE OF COLONIC 
STEM CELLS
Epithelial cancer stem cell development
Cancer stem cells are defined as cells that are endowed 
with both self-renewal and multilineage differentiation 
potential and, as such, are believed to expand clonally and 
repopulate the various types of  differentiation lineages 
present within the tumor[50,51].

Crypt epithelial stem cells appear to be the cell of  ori-
gin of  colorectal cancer, based on their existence through-
out the lifetime of  an individual, and thus, their capacity 
to acquire multiple genetic mutations leads to carcinogen-
esis. Direct evidence for crypt epithelial stem cells as the 
source of  intestinal tumors has come from a study of  tis-
sue-specific expression of  Cre recombinases to inactivate 
a conditional Apc allele[52]. Although deletion of  Apc in 
epithelial cells results in adenomas at very low frequency 
and with long latency, inactivation of  Apc within epithelial 
stem cells leads to formation of  macroscopic adenomas 
within 36 d. Moreover, these adenomas retain a small 
percentage of  cells expressing Lgr5, an intestinal stem cell 
marker. These data support the view that crypt epithelial 
stem cells are the target of  the origin of  colorectal cancer. 
Alteration of  crypt epithelial stem cell number or pro-
liferation state may increase the probability of  intestinal 
tumorigenesis.

Múnera et al[53] have tested the epithelial cell autono-
mous function of  Ets2, a member of  the Ets family of  
transcription factors, which is located on human chro-
mosome 21, and has been identified as a Wnt target in 
colorectal cancer cells and crypt epithelial stem cells[54], 
during chemical carcinogenesis of  the colon by using a 
conditional Ets2 allele and a transgene expressing Cre 
recombinase only in intestinal epithelial cells. Their re-
sults indicate that, although Ets2 is a Wnt pathway target 
gene within crypt epithelial stem cells, its loss provides 
a competitive advantage for crypt epithelial stem cells to 
colonize crypts, increase basal crypt cell proliferation, and 
increase crypt fission. Ets2 loss may increase the number 
or sensitivity of  colon stem cells for tumor initiation. 

The results of  Deka et al[55] have revealed the essential 
role for Bcl9/Bcl9l in regulating a subset of  Wnt target 
genes involved in controlling epithelial-to-mesenchymal 
transition and stem-cell-related features and suggest that 
targeting the Bcl9/Bcl9l arm of  Wnt signaling in Wnt-
activated cancers might attenuate these traits, which are 
associated with tumor invasion, metastasis, and resistance 
to therapy.

Role of subepithelial stem cells in carcinogenesis and 
cancer progression
The interaction between cancer cells and non-trans-

colonic epithelium than in the normal samples[35].
Previous studies using animal models of  IBD have 

shown that transplanted bone marrow cells contribute to 
tissue repair by forming epithelial cells, activated myofi-
broblasts, and can also contribute to neovasculogenesis in 
the inflamed colon via the formation of  entire new blood 
vessels[37]. It has also been shown that myofibroblasts of  
bone marrow origin are functional in their production of  
pro-collagen α1 mRNA[38]. These studies showing bone 
marrow contribution to tissue regeneration in IBD are 
now supported by the results of  Khalil et al[39], who have 
further shown that regeneration can occur from a defined 
subpopulation of  CD34- stem cells, present in both the 
bone marrow and peripheral blood, and moreover, that 
these stem cells can significantly enhance tissue regenera-
tion in IBD without the need for prior ablation of  the 
recipient’s immune system by irradiation.

REGULATION OF STEM CELL HOMING IN 
THE COLON
The homing of  BM-MSCs to colonic mucosa has been 
poorly revealed to date. BM-MSCs migrate via the blood-
stream to the sites of  colonic mucosal damage, which have 
been certified in several in vivo experiments[11,35,40]. Regula-
tion of  BM-MSC migration may happen as an effect of  
chemical signals, which are upregulated during injury.

Systemically delivered or natively circulating MSCs 
accumulate in injured tissues. During homing, MSCs 
adhere to endothelial cells and infiltrate underlying tis-
sue. Previously, it has been shown that adhesiveness of  
endothelial cells for MSCs correlates with the inhibition 
of  mitochondrial function of  endothelial cells and secre-
tion of  von Willebrand factor (vWF)[41]. Potapova et al[42] 
have demonstrated that the treatment of  endothelial 
cells with vWF stimulates MSC adhesion in a time- and 
concentration-dependent manner. MSCs do not adhere 
to immobilized vWF and do not express receptors for 
vWF, suggesting that the stimulation of  MSC adhesion 
is a result of  endothelial cell activation with vWF. In cell 
culture experiments, it has also been shown that normal 
colonic endothelial cells highly express vWF[43]. Based 
on these results, vWF seems to be an auto/paracrine 
regulator of  colonic endothelial cells. Activation of  p38 
mitogen-activate protein kinase (MAPK) in endothelial 
cells by vWF may be responsible for the regulation of  
endothelial cell adhesiveness for MSCs in the colon.

CXC chemokine receptor (CXCR)4 has also a pivotal 
role in stem cell homing. It has recently been shown that 
CXC chemokine ligand 12 and CXCR4 are constitutively 
expressed on intestinal epithelial cells, lamina propria T 
cells, and the expression is increased in those of  ulcerative 
colitis patients[44,45]. Induction of  CXCR4 is associated with 
upregulation of  two genes encoding transcription factors 
previously shown to control CXCR4 expression (hypoxia-
inducible factor-2α and achaete scute complex like protein 
2) and maintenance of  crypt epithelial stem cells[46,47].

Subepithelial isolated lymphoid follicles and lymphoid 
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formed cells in the tumor microenvironment is essential 
for tumor growth and progression[56]. The tumor stroma 
includes several non-transformed cell types, such as en-
dothelial cells, immune cells, and fibroblastic stromal cells 
(cancer-associated fibroblasts). This latter cell type plays 
an important role in cancer progression by promoting 
angiogenesis, epithelial-to-mesenchymal transition, and 
genetic instability[57-59]. Although tumor stromal fibro-
blasts are mainly recruited from local tissue fibroblasts, it 
has been proposed that BM-MSCs are recruited into the 
stroma of  developing tumors[57,60]. Several studies have 
demonstrated that BM-MSCs can selectively migrate to 
sites of  mucosal damage and wound healing including 
colorectal cancers, where a number of  tumor-related in-
flammatory reactions and abnormal tissue regeneration 
phenomena take place actively. It also has been shown 
that cancer cells release specific factors that induce BM-
MSC mobilization and recruitment to the tumor stroma 
where they eventually contribute to the formation of  a 
tumor-supportive microenvironment[57]. 

The cause of  metastasis remains elusive despite a 
vast amount of  information on cancer cells. According 
to recent research, cancer cell fusion with macrophages 
or immigrating BM-MSCs provides an explanation[49,61,62]. 
BM-MSCs fused with tumor cells are present not just in 
animal tumor xenografts where they are associated with 
metastases, but in human carcinomas, including colon can-
cer. BM-MSC-tumor cell fusion explains the epithelial-to-
mesenchymal transition in cancer since BM-MSCs express 
mesodermal traits and epithelial-to-mesenchymal transition 
regulators like Twist and SPARC (secreted protein acidic 
and rich in cysteine). If  bone-marrow-derived-tumor cell 
fusion underlies invasion and metastasis in human cancer, 
new therapeutic strategies would be mandated.

A new association between parathyroid hormone 
(PTH) and cancer development has been revealed re-
cently. Based on recent results, PTH can stimulate the 
phosphoinositide 3-kinase/MAPK-mediated prolifera-
tion of  rat enterocytes, and primary hyperparathyroidism 
in humans is associated with an increased incidence of  
colon cancer[63]. It has been shown in a large cohort[64] 
that high serum PTH levels may be associated with in-
cident, sporadic colorectal cancer in Western European 
populations, and in particular among men. PTH has its 
effect on MSCs/progenitors as they express PTH recep-
tor[65]. Taking together these data, further investigations 
on PTH and colorectal carcinogenesis would be of  great 
clinical importance. 

Stem cells in chronic inflammation-related intestinal 
fibrosis
Intestinal fibrosis is among the most common complica-
tions of  IBD, especially Crohn’s disease (CD), resulting in 
stricture formation in the small intestine and colon. About 
75% of  CD patients will undergo surgery at least once 
over the course of  their disease, and fibrotic strictures 
represent the main indication for surgery and the first 
cause of  hospitalization and costs for CD patients[66]. Fi-

brosis in CD is the result of  transmural chronic inflamma-
tion with repeated episodes of  immune-mediated damage 
and repair[67]. Key factors for intestinal fibrosis are exces-
sive deposition of  extracellular matrix, proliferation of  
profibrogenic mesenchymal cells in the colon, thickening 
of  all layers of  the bowel wall, overgrowth of  muscular 
layers of  the intestine, enhanced local Th-1 type immune 
response, and overexpression of  profibrogenic cytokines 
and growth factors[68]. As mentioned above, stromal cells 
derived from MSCs, fibrocytes, or BM-MSCs may also 
home to sites of  inflammation and, in the presence of  on-
going inflammation, become activated myofibroblasts/fi-
broblasts and contribute to tissue fibrosis[22]. Specific inhi-
bition of  the TGF-β signaling pathway, the key regulator 
of  this pathologic process may be a promising therapeutic 
strategy to reduce the number of  profibrogenic mesen-
chymal cells in chronic intestinal fibrosis[69]. 

CONCLUSION
The local and immigrating stem cells of  the human colon 
are of  major clinical importance because they are all in-
volved in the regeneration of  the damaged mucosa (Table 1). 
The results of  the first attempts of  MSC therapy in IBD 
are promising[70-72]. The regulation of  the homing and dif-
ferentiation of  stem cells also provides new, individual 
and disease-specific therapeutic targets in the case of  
colorectal cancer. Inhibition of  the TGF-β signaling path-
way may be a promising therapeutic strategy in chronic 
inflammation-related colon fibrosis. The expected results 
of  the ongoing and forthcoming studies hopefully will 
open the door to the development of  new cures for old 
diseases. 
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