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1  | INTRODUC TION

Intestinal epithelial cells (IECs) of the small and large intestine turn 
over rapidly and are renewed every 3-5 days in both mouse and 
human. Intestinal epithelial cells are continuously regenerated from 
Lgr5+ intestinal stem cells (ISCs) that reside in a region of the epi-
thelium near the base of intestinal crypts (Figure 1A).1,2 These ISCs 
generate proliferating progeny, known as transient amplifying (TA) 
cells, that eventually differentiate into the various cell lineages of 
mature intestinal villi including absorptive enterocytes, mucin-pro-
ducing goblet cells, and antimicrobial peptide-producing Paneth 
cells. Paneth cells in the crypt are also thought to be important for 
maintenance of ISCs by secreting Wnt ligands such as Wnt3.3 The 
mature enterocytes then migrate up the crypt toward the tip of the 

villus and eventually die as a result of their expulsion from the lumi-
nal surface of the intestinal epithelium.1,2 The elimination of older 
cells is thus balanced by the ongoing production of new IECs in each 
crypt, resulting in the rapid turnover of IECs.

The proliferative activity of crypt cells, such as TA cells and ISCs, 
is thought to be a major determinant of the rapid turnover rate of 
mature IECs. However, aberrant activation of this proliferative ac-
tivity likely contributes to tumorigenesis in the intestine. The Wnt-β-
catenin signaling pathway is best characterized as a positive regulator 
of the proliferation of TA cells and ISCs (Figure 1B).2,4 Indeed, dele-
tion or mutation of the gene for Apc (adenomatous polyposis coli), 
a negative regulator of the Wnt-β-catenin signaling pathway, results 
in intestinal tumorigenesis in both mice and humans.5 In addition, 
Wnt-β-catenin signaling plays an important role in the maintenance 
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Abstract
The turnover of intestinal epithelial cells (IECs) is relatively rapid (3-5 days in mouse 
and human), and this short existence and other aspects of the homeostasis of IECs 
are tightly regulated by various signaling pathways including Wnt-β-catenin signaling. 
Dysregulation of IEC homeostasis likely contributes to the development of intestinal 
inflammation and intestinal cancer. The roles of receptor protein tyrosine kinases and 
their downstream signaling molecules such as Src family kinases, Ras, and mTOR in 
homeostatic regulation of IEC turnover have recently been evaluated. These signal-
ing pathways have been found to promote not only the proliferation of IECs but also 
the differentiation of progenitor cells into secretory cell types such as goblet cells. Of 
note, signaling by Src family kinases, Ras, and mTOR has been shown to oppose the 
Wnt-β-catenin signaling pathway and thereby to limit the number of Lgr5+ intestinal 
stem cells or of Paneth cells. Such cross-talk of signaling pathways is important not 
only for proper regulation of IEC homeostasis but for the development of intestinal 
tumors and potentially for anticancer therapy.
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of ISCs as well as in the generation of Paneth cells (Figure 1B), which 
contribute to the nursing of ISCs, as mentioned above.4 Epidermal 
growth factor (EGF), whose receptor is a protein tyrosine kinase 
(PTK), is also thought to serve as a major driver of proliferation of 
TA cells as well as IECs.2,6 Moreover, signaling molecules such as Ras 
and mTOR that act downstream of the EGF receptor protein tyrosine 
kinase (RPTK) have been much studied with regard to their role in 
regulation of the proliferative activity of IECs. In this review, we will 
describe new insights into the functions of such signaling molecules 
that act downstream of RPTKs in the regulation of IEC homeostasis, 
including their cross-talk with Wnt-β-catenin signaling and their rela-
tion to intestinal oncogenesis and its potential treatment.

2  | SRC FAMILY KINA SES

Src family kinases (SFKs)—such as Src, Fyn, and Yes—are nonre-
ceptor-type PTKs that play important roles in the regulation of cell 
proliferation, migration, and differentiation.7 They are thought to in-
teract with RPTKs such as the EGF receptor or with activated focal 
adhesion kinase in response to integrin ligation, resulting in the ac-
tivation of downstream Ras-MAPK and PI3K pathways (Figure 2A). 
Src family kinases are expressed predominantly in the crypt area of 
the intestinal epithelium8,9 and are localized to lipid rafts,10,11 which 
are thought to be enriched at the apical surface of crypt IECs.9 Lipid 
rafts thus likely recruit SFKs to the apical surface of crypt IECs. 
Ablation of Src specifically in IECs of mice resulted in no apparent 
defect under the steady-state condition, whereas that of Src, Fyn, 
and Yes induced apoptosis in IECs of the small intestine.8 However, 
IEC-specific ablation of Src did prevent the regeneration of crypts 
after the induction of DNA damage by γ-irradiation.8 Csk is a PTK 
that inhibits the activity of all SFKs by catalyzing phosphorylation of 
a COOH-terminal regulatory tyrosine residue.7,12 Indeed, ablation of 
Csk specifically in IECs of mice resulted in hyperactivation not only 
of Src but also of Fyn and Yes, and gave rise to intestinal and colonic 

F I G U R E  1   A, Rapid turnover of 
intestinal epithelial cells (IECs) in the 
intestinal epithelium. B, Role of Wnt-β-
catenin signaling in the proliferation and 
maintenance of intestinal stem cells (ISCs) 
and transient amplifying (TA) cells in 
intestinal crypts

F I G U R E  2   Signaling pathways downstream of growth factor 
receptors or integrins (A) as well as the role of Src family kinases 
(SFKs) (B) in the regulation of intestinal epithelial cell (IEC) 
proliferation and differentiation. EGF, epidermal growth factor; 
FAK, focal adhesion kinase; ISC, intestinal stem cell; RPTK, receptor 
protein tyrosine kinase; TA, transient amplifying; YAP, Yes-
associated protein.
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epithelial hyperplasia.9 It also increased the proliferative activity and 
turnover of IECs as well as the number of goblet cells in the intestine, 
and all of these effects were accompanied by activation of the small 
GTP-binding protein Rac and the transcription factor Yes-associated 
protein (YAP) in intestinal crypts (Figure 2B).9 Indeed, YAP had pre-
viously been shown to be expressed predominantly in crypts of the 
small intestine.13 Src family kinases are thus likely important not only 
for the proliferative activity and turnover of IECs but also for control 
of the differentiation and maturation of goblet cells.

In contrast with its effects on IECs, IEC-specific ablation of Csk 
resulted in a reduction in the number of ISCs and of Paneth cells, and 
it attenuated the expression of Wnt target genes in the intestine.9 
Given that the Wnt-β-catenin signaling pathway is essential for the 
generation and maintenance of both ISCs and Paneth cells,1,2 SFKs 
could negatively regulate Wnt-β-catenin signaling in the intestinal 
epithelium. Furthermore, given that YAP inhibits the Wnt-β-catenin 
signaling pathway,14-16 SFKs likely target this pathway by upregulat-
ing YAP activity in crypt IECs (Figure 2B).

The importance of SFKs for promotion of IEC proliferation in the 
physiological condition suggests that aberrant activation of these 
kinases likely contributes to the development of colorectal cancer 
(CRC). Indeed, more than 80% of individuals with CRC have been 
found to overexpress Src in tumor tissue.17 The Apcmin/+ mouse is 
an experimental model of CRC in which Wnt-β-catenin signaling is 
markedly activated and in which ablation of Src was found to result 
in a pronounced attenuation of tumorigenesis and increase in sur-
vival of the mutant mice,8 suggesting that Src is required for tumor-
igenesis in response to Apc loss. By contrast, it was also suggested 
that there are few activating mutations in Src in any type of cancer, 
although upregulation of Src protein and activity is frequently ob-
served.18 Moreover, although many inhibitors of Src have been de-
veloped and tested clinically, they have not received much attention 
with regard to their potential for CRC therapy.17 Given that SFKs 
are thought to promote IEC proliferation in a YAP-dependent man-
ner,9,19 YAP is another promising target for CRC therapy.

3  | R A S

The small GTP-binding protein Ras is a key signaling molecule that 
acts downstream of RPTKs, such as the EGF receptor, to promote 
the proliferation and differentiation of IECs (Figure 2A). Indeed, ac-
tivation of Ras specifically in IECs has been shown to result in the 
development of hyperplasia throughout the intestinal epithelium 
of mice.20-22 The IEC-specific activation of Ras also increased the 
proliferative activity and turnover of IECs as well as the number of 
goblet cells, whereas it led to a marked reduction in the number of 
Paneth cells in crypts.21 However, aberrant activation of Ras alone 
failed to induce the development of cancerous lesions in the mouse 
intestine.21,23 The Ras family of proteins comprises K-Ras, N-Ras, 
and H-Ras,24 and the effect of IEC-specific genetic ablation of all 
three family members has not been determined in mice. Src homol-
ogy 2-containing protein tyrosine phosphatase 2 (Shp2, also known 

as PTPN11) is a cytoplasmic protein tyrosine phosphatase that con-
tains two tandem Src homology 2 domains.25,26 Given that Shp2 
is required for the activation of Ras by various growth factors and 
cytokines, ablation of Shp2 likely results in the efficient extinction 
of all Ras activity.25,26 The IEC-specific ablation of Shp2 was found 
to result in severe enterocolitis in mice.27-29 In addition, the num-
bers of absorptive enterocytes and goblet cells were markedly re-
duced in such Shp2 mutant mice, and the development of intestinal 
organoids from isolated crypts of these animals was impaired.27-29 
These observations thus implicate the Ras-MAPK signaling pathway 
in promotion both of IEC proliferation and of the differentiation of 
goblet cells and absorptive enterocytes (Figure 3).28,29 In contrast, 
ablation of Shp2 in IECs resulted in a marked increase in the number 
of Paneth cells as well as of Lgr5+/Olfm4+ ISCs at the crypt base.29 
Indeed, the expression of Wnt target genes such as Myc and Cd44 
was markedly increased in IECs by ablation of Shp2, suggesting that 
Ras activity downregulates Wnt signaling in these cells (Figure 3).

4  | MAMMALIAN TARGET OF R APAMYCIN

The serine-threonine kinase mTOR forms two distinct multiprotein 
complexes known as mTOR complex 1 (mTORC1) and mTORC2.30 
The activity of mTORC1 is controlled by various upstream signals 
including growth factors, nutrients, and stress. The ligation of RPTKs 
by growth factors such as insulin or EGF induces the activation of 
PI3K and the downstream serine-threonine kinase Akt. Akt acti-
vates the small GTP-binding protein Rheb through phosphorylation 
and consequent inhibition of tuberous sclerosis complex 2 (Tsc2), 
a GTPase-activating protein for Rheb, and Rheb then activates 
mTORC1. Such Rheb-mediated activation of mTORC1 results in 
the phosphorylation of ribosomal protein S6 kinase and the trans-
lational repressor protein 4E-BP1 and in consequent regulation of 
a variety of cellular processes such as protein synthesis, autophagy, 
and cell aging.30 Activation of mTORC1 by IEC-specific ablation of 
Tsc2 was found to promote the proliferative activity of IECs in the 

F I G U R E  3   Role of Ras and mTORC1 in regulation of intestinal 
epithelial cell proliferation and differentiation. ISC, intestinal stem 
cell; TA, transient amplifying; Tsc2, tuberous sclerosis complex 2.
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small intestine and colon of mice (Figure 3).31,32 Conversely, abla-
tion of mTOR in IECs reduced their proliferative activity.33 As men-
tioned above, SFKs and Ras, both of which function downstream of 
growth factor receptors, promote not only the proliferation of IECs 
but also the generation and differentiation of secretory cells such as 
goblet cells (Figures 2 and 3). In contrast, activation of mTORC1 by 
Tsc2 ablation did not affect the number of Muc2+ mucus-secreting 
cells in the intestine, whereas it disturbed the clustering of Paneth 
cells at the crypt base,31 suggesting that mTORC1 activity is not 
essential for differentiation of either of these cell types from their 
progenitors. The number of Lgr5+ ISCs and the expression of Wnt 
target genes in the intestine were markedly reduced by activation 
of mTORC1.32,34 Indeed, Tsc1/2 is required for the maintenance of 
ISCs in Drosophila.35 The activity of mTORC1 was also shown to be 
important for downregulation of Wnt signaling in melanocytes.36

Given the importance of mTORC1 activity for the proliferation 
of IECs, aberrant activation of mTORC1 likely participates in intes-
tinal tumorigenesis.37,38 Indeed, tumorigenesis driven by mutation 
of Apc in the mouse intestine was shown to require the activity of 
mTORC1.39,40 Mutation of the mTOR gene appears to be infrequent 
in CRC, however, with aberrant activation of the mTOR pathway 
being instead attributable to mutation of genes in the upstream 
PI3K-Akt signaling pathway. For instance, mutations in the kinase 
domain of the α catalytic subunit of PI3K (PIK3CA) tend to arise late 
in tumorigenesis and have been identified in 32% of CRC tumors.41 
Defects of the PTEN gene, which encodes a phosphatase for phos-
phatidylinositol 3,4,5-trisphosphate that opposes PI3K activity, have 
also been identified in CRC.42

5  | CROSS-TALK BET WEEN SFK s,  Ras , 
AND mTOR SIGNALING PATHWAYS AND 
Wnt-β - C ATENIN SIGNALING IN IECs

Activation of SFKs, Ras, and mTOR likely suppresses the Wnt-β-
catenin signaling pathway in crypts of the intestine and thereby reg-
ulates ISCs as well as the differentiation of TA cells into mature IECs, 
such as absorptive enterocytes and goblet cells (Figure 4). However, 
the molecular mechanisms by which these signaling molecules in-
hibit the Wnt-β-catenin pathway remain unclear. The binding of 
Wnt ligands to the Frizzled-LRP5/6 receptor complex inhibits the 
activity of glycogen synthase kinase 3β (Gsk3β), which mediates the 
phosphorylation of β-catenin at serine 37 or serine 33 and thereby 
triggers its degradation by the ubiquitin-proteasome system.43 The 
nonphosphorylated form of β-catenin thus accumulates, translo-
cates to the nucleus, and acts as a transcriptional cofactor for T-cell 
factor (Tcf), resulting in the transcription of Wnt-β-catenin target 
genes.44 Activation of the Ras-MEK-MAPK pathway suppresses Wnt 
target gene expression in IECs by increasing the abundance of the 
~50-kDa (shorter) isoforms of Tcf4 (Tcf M/S), which are thought to 
be transcriptionally inactive and to inhibit activation of Wnt target 
genes.29 The kinase Akt, which is an upstream activator of mTORC1, 
inhibits the activity of Gsk3β by mediating its phosphorylation at 

serine 9.45 Feedback inhibition of Akt as a result of aberrant activa-
tion of mTORC1 in melanocytes was shown to reduce the level of 
Gsk3β phosphorylation at serine 9 and thereby to promote Gsk3β 
activation, resulting in suppression of Wnt target gene expression.36 
Indeed, phosphorylation of both Akt and Gsk3β was also attenuated 
by IEC-specific activation of mTORC1 in IECs.32 An increase in the 
activity of Gsk3β could therefore promote β-catenin degradation 
and consequent downregulation of Wnt target gene expression. The 
activation of mTORC1 has also been shown to suppress the amount 
of the Wnt receptor Frizzled at the cell surface, resulting in inhibition 
of Wnt signaling.34 Further investigation will be required to clarify 
the molecular mechanisms by which SFKs, Ras, and mTOR inhibit 
Wnt-β-catenin signaling in IECs.

6  | CONCLUSION

Activation or inactivation of SFKs, Ras, or mTORC1 by gene tar-
geting in mice as well as studies of intestinal organoids have re-
cently uncovered roles for these signaling molecules that act 
downstream of growth factor RPTKs or integrins in the regulation 
of ISC maintenance as well as of the proliferation and differentia-
tion of IECs from their progenitors. These signaling molecules have 
also been implicated in the opposition of Wnt-β-catenin signaling 
associated with homeostatic regulation of normal IEC turnover, al-
though the molecular basis for such counterregulation remains to 
be fully elucidated. Given that Wnt ligand such as Wnt3 is predom-
inantly produced and secreted by Paneth cells, the gradient of Wnt 
concentration from the bottom to the upper region of the crypt is 
likely important for both maintenance of stemness of ISCs at the 
bottom and the promotion of TA or mature IEC proliferation at the 
upper region, respectively. Interestingly, inhibition of Wnt sign-
aling promotes the activation of MAPK in the crypts, suggesting 
that the gradient of Wnt in the crypt likely regulates the activation 

F I G U R E  4   Opposing regulatory roles of Src family kinases (SFK), 
Ras, and mTORC1 signaling and of the Wnt-β-catenin signaling 
pathway in intestinal epithelial cell (IEC) homeostasis and their 
relation to intestinal tumorigenesis. ISC, intestinal stem cell; RPTK, 
receptor protein tyrosine kinase; TA, transient amplifying.
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of MAPK in the upper part of the crypt and promotion of TA cell 
proliferation.46 Counterregulation by the Wnt-β-catenin pathway 
and the growth factor RPTK-activated signaling pathways (such as 
Ras or PI3K signaling) could also provide a basis for the develop-
ment of new treatment strategies for CRC. Simultaneous targeting 
of these two signaling pathways could thus result in more effec-
tive eradication of cancer derived from the intestinal epithelium 
(Figure 4).
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