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Abstract

Cross talk between different signaling pathways is thought to be important for regulation of

homeostasis of, as well as oncogenesis of, the intestinal epithelium. Expression of an active

form of K-Ras specifically in intestinal epithelial cells (IECs) of mice (IEC-RasDA mice)

resulted in the development of hyperplasia in the small intestine and colon of mice. IEC-

RasDA mice also manifested the increased proliferation of IECs. In addition, the number of

goblet cells markedly increased, while that of Paneth cells decreased in IEC-RasDA mice.

Development of intestinal organoids was markedly enhanced for IEC-RasDA mice com-

pared with control mice. Whereas, the expression of Wnt target genes was significantly

reduced in the in intestinal crypts from IEC-RasDA mice compared with that apparent for the

control. Our results thus suggest that K-Ras promotes the proliferation of IECs as well as

generation of goblet cells. By contrast, Ras counter-regulates the Wnt signaling and thereby

contribute to the proper regulation of intestinal epithelial cell homeostasis.

Introduction

Intestinal stem cells (ISCs), which reside at the base of intestinal crypts, maintain renewal of

intestinal epithelial cells (IECs) by generating proliferating progeny, known as transient ampli-

fying (TA) cells [1, 2]. Above the stem cell niche in the crypt, TA cells divide actively and dif-

ferentiate into the various IECs such as absorptive enterocytes, mucin-producing goblet cells,

antimicrobial peptide–producing Paneth cells, and peptide hormone–secreting enteroendo-

crine cells. The best characterized signaling as a positive regulator for maintaining ISCs is the

Wnt–β-catenin signaling [3, 4]. Wnt ligands, such as Wnt3, are predominantly secreted by

Paneth cells and activates the Wnt–β-catenin signaling in IECs [3]. The Wnt–β-catenin signal-

ing normally promotes the proliferation of ISCs or TA cells and the maturation of Paneth cells

[4, 5]. In contrast, aberrant activation of Wnt–β-catenin signaling in IECs likely contributes to
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tumorigenesis in the intestine. Indeed, ablation by genetic mutation or deletion of Apc, which

is a negative regulator for the Wnt–β-catenin signaling, causes intestinal tumorigenesis in

mouse and human [6].

Epidermal growth factor (EGF) also plays important roles in the proliferation of ISCs or TA

cells [7]. EGF activates EGF receptor tyrosine kinase and stimulates the Ras-Erk (extracellular

signal-regulated kinase) signaling. The Ras family of proteins comprises K-Ras, H-Ras, and

N-Ras [8], and mutation of K-ras gene are found in ~40% of colorectal cancer [9]. Interest-

ingly, a recent study demonstrated that an inhibitor for the secretion of Wnt ligands promoted

the activation of Erk and converted ISCs into TA cells at the base of crypts [10]. This finding

suggests that Wnt ligands suppress the Erk activity to maintain a pool of ISCs at the crypt base.

Conversely, inhibition of Ras by ablation of Shp2, a protein tyrosine phosphatase that is essen-

tial for activation by growth factors of Ras [11, 12], increased the expression of stem-cell–asso-

ciated genes as well as Wnt target genes in the intestine [13]. In addition, ablation of Erk1/2

also activates the Wnt–β-catenin signaling pathway in IECs [14]. Thus, the Ras-Erk signaling

likely suppresses the Wnt signaling in IECs, the physiological role of such regulation by Ras for

IEC homeostasis remains poorly understood. In this study, we thus generated the IEC-RasDA

mice, in which K-Ras was specifically activated in IECs, to re-evaluate the role of Ras in regula-

tion of IEC homeostasis, as well as of Wnt signaling, in mice and the organoid culture.

Materials and methods

Ethics statement

This study was approved by the Institutional Animal Care and Use Committee of Kobe Uni-

versity (permit numbers P170707 and P190902), and animal experiments were performed

according to Kobe University Animal Experimentation Regulations. Mice were maintained at

the Institute for Experimental Animals at Kobe University Graduate School of Medicine under

specific pathogen–free conditions. Mice were housed in 12 h light-dark cycle and given normal

chow (CLEA Rodent diet CE-2, CLEA Japan, Tokyo, Japan) and water ad libitum. Mice were

checked daily and cages were cleaned weekly. Mice were sacrificed by cervical dislocation

under anesthesia with isoflurane when samples were prepared. All efforts were made to mini-

mize suffering.

Mice

K-rasLSL-Kras G12D/+ mice [15], Villin-Cremice [16], and Lgr5-Gfp-CreERT2 (Lgr5-GFP) mice

[17] were obtained from Jackson Laboratory (Bar Harbor, ME). K-rasLSL-Kras G12D/+ mice were

crossed with Villin-Cremice to obtain K-rasLSL-Kras G12D/+;Villin-Cre (IEC-RasDA) and K-

rasLSL-Kras G12D/+ (control) mice. These mice were also crossed with Lgr5-Gfp-CreERT2mice

to obtain K-rasLSL-Kras G12D/+;Villin-Cre;Lgr5-Gfp-CreERT2 (IEC-RasDA/Lgr5-GFP) and K-

rasLSL-Kras G12D/+;Lgr5-Gfp-CreERT2 (control/Lgr5-GFP) mice.

Antibodies and reagents

Rabbit polyclonal antibodies (pAbs) to Ki67 were obtained from Acris (Herford, Germany).

Rabbit pAbs to Muc2 were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit

pAbs to lysozyme were obtained from Dako (Glostrup, Denmark). Rabbit monoclonal anti-

body (mAb) to Erk1/2 and rabbit pAbs to phosphorylated Erk1/2 (Thr202/Tyr204) were

obtained from Cell Signaling Technology (Beverly, MA). A mouse mAb to β-catenin was

obtained from BD Biosciences (San Diego, CA). Horseradish peroxidase–conjugated second-

ary antibodies for immunoblot analysis and Cy3-conjugated secondary antibodies for
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immunofluorescence analysis were obtained from Jackson ImmunoResearch (West Grove,

PA). Alexa Fluor 488-conjugated secondary antibodies for immunofluorescence analysis were

obtained from ThermoFisher (Waltham, MA). Mayer’s hemalum solution was obtained from

Merck KGaA (Darmstadt, Germany). Eosin was obtained from Wako (Osaka, Japan). 40,6-dia-

midino-2-phenylindole (DAPI) was obtained from Nacalai Tesque (Kyoto, Japan).

Immunoblot analysis

The ileum or colon from mice was homogenized with lysis buffer [20 mM Tris-HCl (pH 7.5),

150 mM NaCl, 2 mM EDTA, 1% Nonidet P-40, 1% sodium deoxycholate, 0.1% sodium dode-

cyl sulfate, 50 mM NaF, 1 mM sodium vanadate, and 1% protease inhibitor cocktail (Nacalai

Tesque)]. The lysates were subjected to immunoblot analysis as previously described [18–20].

Histology and immunohistofluorescence analysis

The ileum and colon from mice were incubated in PBS containing 4% paraformaldehyde for 3

h at room temperature. After fixation, the tissue was incubated in PBS containing 30% (w/v)

sucrose for cryoprotection. The tissue was then frozen in optimal cutting temperature com-

pound (Sakura, Tokyo, Japan). Frozen sections with a thickness of 5 μm were prepared with a

cryostat. For histological analysis, sections were stained with hematoxylin-eosin. For immuno-

histofluorescence analysis, sections were stained with antibodies as described previously [18,

21, 22]. Sections were also stained with DAPI to detect nuclei. Images were obtained with a

fluorescence microscope (BX51; Olympus, Tokyo, Japan). The fluorescence intensity was mea-

sured with the use of ImageJ software (NIH).

Isolation of mouse intestinal crypts and quantitative real-time PCR

analysis

Isolation of total RNA from mouse ileal or colonic crypts were performed as described previ-

ously [20, 23], with minor modifications. For isolation of mouse ileal crypts, the mouse ileum

was incubated for 30 min in PBS containing 5 mM EDTA at 4˚C. For isolation of mouse

colonic crypts, the mouse colon was incubated for 30 min in PBS containing 5 mM EDTA at

4˚C and then incubated for 30 min in Dulbecco’s modified Eagle’s medium–F12 (Invitrogen,

Carlsbad, CA) containing 10 mM HEPES (Invitrogen) and collagenase type IV (500 U/ml)

(Worthington Biochemical, Lakewood, NJ) at 37˚C. Total RNA from ileal or colonic crypts

was then isolated by using Sepasol RNA I (Nacalai Tesque) and RNeasy Mini Kit (Qiagen, Hil-

den, Germany). Reverse transcription and quantitative real-time PCR analysis were performed

as described previously [20, 23]. The data were normalized by the amount of hypoxanthine-

guanine phosphoribosyltransferase 1 (Hprt1) mRNA. Primer sequences (forward and

reverse, respectively) were as follows: Hprt1, 5’-CAGTCCCAGCGTCGTGATTA-3’ and 5’-
GGCCTCCCATCTCCTTCATG-3’; Lgr5, 5’-ACCCGCCAGTCTCCTACATC-3’ and 5’-
GCATCTAGGCGCAGGGATTG-3’; Ascl2, 5’-CTACTCGTCGGAGGAAAG-3’ and 5’-
ACTAGACAGCATGGGTAAG-3’; Axin2, 5’-GGACTGGGGAGCCTAAAGGT-3’ and 5’-
AAGGAGGGACTCCATCTACGC-3’; cyclin D1, 5’-CAGACGTTCAGAACCAGATTC-3’ and

5’-CCCTCCAATAGCAGCGAAAAC-3’.

Intestinal organoid culture

Intestinal organoid culture was performed as previously described [7, 21, 24] but with a slight

modification. In brief, ileal crypts were isolated as described above, mixed with Matrigel

(BD Biosciences), and transferred to 48-well plates. Advanced Dulbecco’s modified Eagle’s
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medium–F12 (Invitrogen) supplemented with 10% R-spondin1–Fc–conditioned medium,

epidermal growth factor (50 ng/ml) (Peprotech, Rocky Hill, NJ), Noggin (100 ng/ml) (Pepro-

tech), 10 mM HEPES, 1× GlutaMAX (Invitrogen), 1× B27 (Invitrogen), 1× N2 (Invitrogen),

1.25 mM N-acetylcysteine (Sigma-Aldrich), and penicillin-streptomycin (100 U/ml) was

added in each well after polymerization of the Matrigel. The intestinal organoids were cultured

in an incubator at 37˚C with 5% CO2. Images of intestinal organoids were obtained with an

CKX53 microscope (Olympus). The area of intestinal organoid was measured with the use of

ImageJ software (NIH) and the number of budding of each intestinal organoid was visually

counted.

Statistical analysis

Data are presented as means ± s.e. and were analyzed with 2-tailed Student’s t test with the use

of GraphPad Prism software version 6.0 (GraphPad, San Diego, CA). A P value of less than

0.05 was considered statistically significant.

Results

Hyperplasia of the intestinal epithelium in mice expressing an activated

form of Ras specifically in IECs

To investigate the role of Ras in the regulation of intestinal epithelial homeostasis, we gener-

ated mice (IEC-RasDA mice) expressing a dominant-activated form of Ras specifically in IECs

by crossing of KrasLSL-Kras G12D/+ mice [15], which have a gene for an activated form of K-Ras

(K-RasG12D), with Villin-Cremice [16]. Such crossing removes translational termination

sequence (loxP-STOP-loxP) by Cre-mediated recombination and leads expression of the

K-RasG12D gene in an IEC-specific manner. Immunoblot analysis showed that the phosphory-

lation level of Erk1/2 (extracellular signal-regulated kinase 1/2), which reflects the Ras activity

[25], was markedly increased in the ileum and colon of IEC-RasDA mice compared with that

apparent for the control mice (Fig 1A). Immunohistofluorescence analysis also revealed more

prominent staining for phosphorylated Erk1/2 in IECs from ileal or colonic mucosa of

IEC-RasDA mice compared with those of control mice (Fig 1B). These results indicated that

K-Ras and its downstream signaling pathway were indeed activated specifically in IECs of

IEC-RasDA mice.

Histological examination revealed that epithelial hyperplasia was pronounced in the ileum

and colon of IEC-RasDA mice compared with control mice (Fig 1C). In addition, serrated

glandular morphology was observed in the ileal and colonic epithelium of IEC-RasDA mice

(Fig 1C). These results thus suggested that activation of K-Ras promotes the proliferation of

IECs in the small intestine and colon as previously described [26].

Increased proliferation of crypt IECs and increased number of goblet cells

as well as decreased number of Paneth cells in in IEC-RasDA mice

We thus analyzed the proliferation of IECs in IEC-RasDA mice by immunostaining for Ki67,

which is known as a marker of cell proliferation [27]. We found that the number of Ki67-posi-

tive cells was markedly increased in crypts of the ileum and colon of IEC-RasDA mice (Fig

2A). These results suggested that Ras indeed promotes the proliferation of crypt IECs such as

TA cells.

We next investigated the role of IEC-specific activation of K-Ras in the differentiation of

IECs. The number of goblet cells, which were mucin 2-positive cells, was markedly increased
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in the ileum and colon of IEC-RasDA mice (Fig 2B). In contrast, we found that the number of

Paneth cells, which were lysozyme-positive cells [28], was significantly reduced in the ileum of

IEC-RasDA mice (Fig 2C). These results thus suggested that K-Ras positively regulates genera-

tion of goblet cells but it negatively regulates that of Paneth cells.

Fig 1. Hyperplasia of the intestinal epithelium in IEC-RasDA mice. (A) Lysates of the ileum and colon from control or IEC-RasDA mice at

12-week-old were subjected to immunoblot analysis with antibodies to phosphorylated (p) or total forms of Erk1/2. (B) Frozen sections of the

ileum and colon from control or IEC-RasDA mice at 10-week-old were subjected to immunohistofluorescence analysis with antibodies to pErk1/2

(red) and to β-catenin (green). Scale bar, 100 μm. (C) Hematoxylin-eosin staining of frozen sections of the ileum and colon from control or

IEC-RasDA mice at 12-week-old. Scale bar, 100 μm.

https://doi.org/10.1371/journal.pone.0256774.g001
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Fig 2. Proliferation and differentiation of IECs in IEC-RasDA mice. (A) Frozen sections of the ileum and colon from control or IEC-RasDA

mice were subjected to immunohistofluorescence analysis with antibodies to Ki67 (red) and to β-catenin (green). Scale bar, 100 μm. The

number of Ki67-positive cells per crypt is also shown in right panels. (B) Frozen sections of the ileum and colon from control or IEC-RasDA

mice were subjected to immunohistofluorescence analysis with antibodies to mucin 2 (Muc2) (red) and to β-catenin (green). Scale bar,

100 μm. The number of Muc2-positive cells per crypt is also shown in right panels. (C) Frozen sections of the ileum from control or
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Promotion of the development of intestinal organoids from IEC-RasDA

mice

The intestinal organoids prepared from isolated intestinal crypts are thought to mimic the pro-

liferation and differentiation of IECs in vivo [7, 29]. To clarify further the role of K-Ras in

IECs, we examined the development of intestinal organoids prepared from control and

IEC-RasDA mice. Isolated crypts from control or IEC-RasDA mice gradually developed into

intestinal organoids with budding crypts (Fig 3A). At 3days after cell seeding, the surface area

of K-Ras-activated intestinal organoids had become larger than that of control organoids (Fig

3A and 3B). The number of buds was also increased for the organoids from IEC-RasDA mice

(Fig 3A and 3C). These results thus suggested that K-Ras activation in IECs promotes the

development of intestinal organoids. Furthermore, the phenotypes of IECs in IEC-RasDA

mice are likely caused by cell-autonomous effects of K-Ras-activation.

Down-regulation of Wnt-target genes in IECs from IEC-RasDA mice

Leucine-rich repeat–containing G protein–coupled receptor 5 (Lgr5)–positive ISCs are

thought to self-renew and to generate TA cells in the intestinal epithelium [1, 17]. Given that

ablation of Shp2, a protein tyrosine phosphatase which is essential for activation by growth fac-

tors of Ras, up-regulates the expression of stem-cell–associated genes and Wnt target genes in

the small intestine [13], we focused on the Wnt–β-catenin signaling in IECs from IEC-RasDA

mice. Although the activation of Wnt–β-catenin signaling translocates β-catenin to the nucleus

[30], we could not detect the difference of β-catenin localization in IECs between IEC-RasDA

mice and control mice by immunohistofluorescence analysis (S1 Fig). These results may be

due to the too low fluorescence intensity of β-catenin in the nucleus. In contrast, RT-PCR anal-

ysis revealed that the expression of Lgr5 [31], a marker of ISC, was markedly reduced in crypts

isolated from the ileum and colon from IEC-RasDA mice compared with those isolated from

control mice (Fig 4A and 4B). In addition, expression of the Wnt–β-catenin target genes, such

as Ascl2, Axin2, and cyclin D1, was significantly decreased or tended to be decreased in crypts

isolated from the ileum or colon of IEC-RasDA mice compared with those isolated from con-

trol mice (Fig 4A and 4B). To further investigate the effect of K-Ras activation on the expres-

sion of Lgr5 in ISCs we crossed either control or IEC-RasDA mice with Lgr5-Gfp-CreERT2
(Lgr5-GFP) mice, which express GFP under the control of the Lgr5 gene promoter [17] in

ISCs, and examined the number of GFP-positive crypts in the ileum and colon. The number of

GFP-positive crypts in either ileal or colonic mucosa was markedly reduced in IEC-RasDA

/Lgr5-GFP mice compared with control/Lgr5-GFP mice (Fig 4C and 4D). These results sug-

gested that K-Ras activity likely regulates the expression of Lgr5 in ISCs of the crypt through

suppressing the Wnt–β-catenin signaling pathway.

Discussion

We have here shown that the proliferation of IECs is markedly increased in the intestinal epi-

thelium of IEC-RasDA mice. Moreover, the development of intestinal organoids was pro-

moted by K-Ras activation in IECs. Given that K-Ras is a downstream molecule of growth

factor receptors such as EGF receptor, our results thus suggest that K-Ras plays an important

role in promotion of the proliferation of IECs. We also found that the number of Muc2-

IEC-RasDA mice were subjected to immunohistofluorescence analysis with antibodies to lysozyme (red) and to β-catenin (green). Scale bar,

100 μm. The number of lysozyme-positive cells per crypt is also shown in the right panel. Quantitative data are means ± s.e. for 90 crypts from

three control and three IEC-RasDA mice at 10- to 12-week-old. ���P< 0.001 (Student’s t test).

https://doi.org/10.1371/journal.pone.0256774.g002
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positive mucus-secreting goblet cells was increased and that of lysozyme-positive Paneth cells

was decreased in IEC-RasDA mice. Previously, we and others demonstrated that ablation of

Shp2 specifically in IECs decreased the number of goblet cells and increased that of Paneth

cells [13, 21]. Thus, the activity of K-Ras, a downstream molecule of Shp2, is likely essential for

differentiation of these IECs from their progenitors (Fig 5).

Fig 3. Promotion of the development of intestinal organoids by K-Ras activation. (A) Images of intestinal organoids derived

from the ileum of 12-week-old control or IEC-RasDA mice at the indicated times after cell plating. Scale bar, 100 μm. (B) Areas of

intestinal organoids at 3 days after cell plating. (C) The number of buds per intestinal organoid at 3 days after cell plating. Data are

means ± s.e. for a total of 30 organoids from control or IEC-RasDA mice at 12-week-old. ���P< 0.001 (Student’s t test).

https://doi.org/10.1371/journal.pone.0256774.g003
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Fig 4. Down-regulation of Wnt-target genes in crypts from IEC-RasDA mice. (A, B) Expression of Lgr5, Ascl2, Axin2, and cyclin D1

mRNAs in crypts isolated from the ileum (A) or the colon (B) of control or IEC-RasDA mice at 11- to 16-week-old. Data are means ± s.e.

from three separate experiments. �P< 0.05; ���P< 0.001; NS, not significant (Student’s t test). (C) Frozen sections of the ileum and colon

from control/Lgr5-GFP and IEC-RasDA/Lgr5-GFP mice at 10- to 11-week-old were examined for GFP fluorescence (green). These sections

were stained with DAPI (blue) to detect nuclei. Scale bar, 100 μm. (D) The number of Lgr5-GFP–positive ileal crypts per 10 crypts. Data are
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The most notable finding in this study is that activation of K-Ras in IECs reduced the

expression of Lgr5 and Wnt target genes in the crypts of ileum and colon. The decrease of

Paneth cells, which secrete Wnt ligands, might be responsible for the reduced expression of

these genes in the ileum. Whereas, the expression of these genes was also reduced in the colon

of the IEC-RasDA mice even though Paneth cells are rarely present in the colon. These results

suggested that the activation of K-Ras down-regulates Wnt–β-catenin signaling in IECs of

intestinal crypts and thus negatively regulates in the number of Paneth cells as well as of

Lgr5-positive ISCs at the crypt base (Fig 5). This notion is consistent with the previous obser-

vation that ablation of Shp2 up-regulates the expression of stem-cell–associated genes and

Wnt target genes [13]. In addition, a recent study demonstrated that the ablation of Erk1/2

activated the Wnt–β-catenin signaling in IECs [14]. In contrast, inhibition of Wnt secretion

promotes the activation of Erk and conversion of ISCs into TA cells at the base of crypts [10].

Given that the activity of Wnt–β-catenin signaling is strongest at the crypt base and it gradually

decreases along the crypt-villus axis within the crypt [32], such gradient of the activity is likely

important for both maintenance of ISCs at the crypt base and the proliferation of TA cells or

mature IECs at the upper crypt, respectively. Our findings suggest that K-Ras activity opposes

Wnt–β-catenin signaling and promotes TA cells or mature IEC proliferation at the upper

region of the crypt. Clarification of the molecular basis for the counter-regulation by Ras of

means ± s.e. from three separate experiments (346 crypts from three control/Lgr5-GFP mice and 277 crypts from three IEC-RasDA

/Lgr5-GFP mice were analyzed). �P< 0.05 (Student’s t test).

https://doi.org/10.1371/journal.pone.0256774.g004

Fig 5. Regulation by K-Ras activity of IEC homeostasis. The Ras signaling pathway promotes both IEC proliferation and the differentiation

of goblet cells. In contrast, the Ras activity primarily downregulates Wnt–β-catenin signaling and negatively regulates in the number of Paneth

cells as well as of ISCs at the crypt base.

https://doi.org/10.1371/journal.pone.0256774.g005
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Wnt–β-catenin signaling will be required for further understanding of the regulatory mecha-

nism of IEC homeostasis.

Supporting information

S1 Fig. Localization of β-catenin in IECs of control and IEC-RasDA mice. (A) Frozen sec-

tions of the ileum from control or IEC-RasDA mice were stained with antibodies to β-catenin

(green) and DAPI (blue). Scale bar, 10 μm. Relative β-catenin fluorescence (green fluores-

cence) intensity in nucleus of IECs of the ileum is also shown in the right panel. Quantitative

data are means ± s.e. for 60 IECs from control or IEC-RasDA mice. NS, not significant (Stu-

dent’s t test). (B) Frozen sections of the colon from control or IEC-RasDA mice were stained

with antibodies to β-catenin (green) and DAPI (blue). Scale bar, 10 μm. Relative β-catenin

fluorescence (green fluorescence) intensity in nucleus of colonic epithelial cells is also shown

in the right panel. Quantitative data are means ± s.e. for 60 colonic epithelial cells from control

or IEC-RasDA mice. NS, not significant (Student’s t test).

(PDF)
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