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Proper regulation of epithelial cell turnover is important for the structural integrity and homeostasis of various tissues, includ-
ing the intestine. Here we show that ablation of Csk, a negative regulator of Src family kinases (SFKs), specifically in intestinal
epithelial cells (IECs) resulted in the development of hyperplasia throughout the intestinal epithelium of mice. Such conditional
ablation of Csk also increased the proliferative activity and turnover of IECs, disturbed the differentiation of Paneth and goblet
cells, reduced the number of intestinal stem cells, and attenuated the expression of Wnt target genes in the intestine. Moreover,
the tyrosine phosphorylation of focal adhesion kinase (FAK) and the activities of both Rac and Yes-associated protein (YAP)
were increased in intestinal crypts or organoids of the mutant mice, whereas inhibition of Rac or YAP activity rescued the mu-
tant phenotypes. Our results thus suggest that SFKs promote the proliferation of IECs in intestinal crypts through activation of
Rac or YAP and that they thereby contribute to the proper regulation of IEC turnover and intestinal homeostasis.

Terminally differentiated and mature cells possess a distinct life
span that is strictly regulated in order to achieve and maintain

homeostasis and structural integrity in a variety of tissues and
organs. The life span of intestinal epithelial cells (IECs)—in par-
ticular, that of absorptive enterocytes—is extremely short (3 to 5
days in mouse and human), with IECs being regenerated contin-
uously from intestinal stem cells (ISCs) that reside in a region near
the base of intestinal crypts (see Fig. S1 in the supplemental ma-
terial) (1, 2). ISCs engage daily in self-renewal and generate highly
proliferative progeny known as transient amplifying (TA) cells (1,
2). The nascent TA cells divide rapidly, migrate out of the stem cell
niche, and initiate differentiation into the various cell lineages of
mature intestinal villi, including absorptive enterocytes, mucin-
producing goblet cells, peptide hormone–secreting enteroendo-
crine cells, and antimicrobial peptide-producing Paneth cells.
Cells of the first three of these four lineages mature and migrate up
the crypt toward the tip of intestinal villi, whereas Paneth cells
travel down to the crypt bottom. Eventually, the mature cells die
and are expelled from the luminal surface of the intestinal epithe-
lium (1, 2). The elimination of older cells is thus balanced by the
continuous production of new IECs in each crypt, resulting in a
rapid turnover of IECs. Given that dysregulation of IEC elimina-
tion by cell death results in the development of intestinal inflam-
mation (3, 4), the proper turnover of IECs is important for intes-
tinal homeostasis. The specific molecular mechanisms underlying
the regulation of IEC turnover remain poorly understood, how-
ever.

The continuous division of progenitor cells such as TA cells in
the crypt is thought to exert a force that acts on the existing mature
IECs and promotes their migration along the crypt-villus axis (5,
6). The proliferative activity of such crypt cells is thus likely a
major determinant of the turnover rate of mature IECs. The Wnt–
�-catenin signaling pathway plays an important role in the main-
tenance of ISCs as well as in the generation of Paneth cells, which
contribute to the stem cell niche by secreting Wnt ligands such as
Wnt3 (7). The Wnt signaling pathway is also implicated in posi-
tive regulation of TA cell proliferation (2, 8). The Notch signaling

pathway is also thought to be important for maintenance of the
ISC pool, and it contributes to regulation of the differentiation
both of secretory cells such as goblet and Paneth cells and of ab-
sorptive enterocytes from progenitor cells (9, 10). Epidermal
growth factor (EGF), whose receptor is a protein tyrosine kinase
(PTK), is thought to serve as a major driver of TA cell proliferation
through activation of the Ras– extracellular signal-regulated ki-
nase (ERK) signaling pathway (2, 11). However, Ras was recently
shown to promote the generation of both absorptive enterocytes
and goblet cells by counteracting the Wnt signaling pathway, and
it was unexpectedly found to be dispensable for the maintenance
of ISCs and the proliferation of crypt cells (12, 13). EphB, another
receptor-type PTK, has also been implicated in the proliferation of
crypt cells (14).

Src family kinases (SFKs), including c-Src, Fyn, and c-Yes, are
nonreceptor PTKs that play important roles in the regulation of
cell proliferation, migration, and differentiation (15). The active
forms of SFKs have been detected specifically in the crypt region of
the intestinal epithelium (16). Whereas IEC-specific ablation of
c-Src in mice resulted in no apparent defect, that of c-Src together
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with Fyn and c-Yes led to an increase in the extent of IEC apoptosis
in villi as well as a reduction in the number of Paneth cells in the
small intestine under the steady-state condition (16). Moreover,
IEC-specific ablation of c-Src alone prevented the regeneration of
crypts after the induction of DNA damage by gamma irradiation
(16). SFKs are thus likely important for the proliferation of IECs,
in particular that of crypt cells, and for intestinal homeostasis. The
precise role of SFKs in the regulation of IEC turnover and intesti-
nal homeostasis, particularly in the steady-state condition, and the
signaling pathways by which SFKs mediate such regulation re-
main unclear, however.

To address this issue, we have now generated and analyzed
conditional knockout (CKO) mice in which COOH-terminal Src
kinase (Csk) is genetically ablated specifically in IECs. Csk is a PTK
that inhibits the activity of all SFKs by mediating their phosphor-
ylation at a COOH-terminal regulatory tyrosine residue (Tyr527 in
avian c-Src) (15, 17). Genetic ablation of Csk in mice was thus
previously shown to result in hyperactivation not only of c-Src but
also of other SFK members (18, 19). Given that c-Src as well as Fyn
and c-Yes is expressed in the intestinal epithelium (16), we took
advantage of this function of Csk to examine the role of SFKs in
this tissue.

MATERIALS AND METHODS
Antibodies and reagents. Mouse monoclonal antibodies (MAbs) to
�-catenin, to c-Yes, and to Rac1 were obtained from BD Biosciences (San
Diego, CA), and those to phosphotyrosine (4G10) and to v-Src were from
Merck Millipore (Darmstadt, Germany). A mouse MAb to �-tubulin and
a rat MAb to bromodeoxyuridine (BrdU) were obtained from Sigma-
Aldrich (St. Louis, MO) and Abcam (Cambridge, MA), respectively. Rab-
bit polyclonal antibodies (PAbs) to Csk, to Fyn, and to mucin 2 were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit PAbs
to phospho-Tyr527 c-Src, to phospho-Tyr416 SFKs, to Yes-associated pro-
tein (YAP), to phospho-Ser127 YAP, to phospho-Ser381 YAP, to signal
transducer and activator of transcription 3 (STAT3), to phospho-Tyr705

STAT3, to AKT, to phospho-Ser473 AKT, to ERK1/2, to phospho-Thr202/
Tyr204 ERK1/2, to cleaved caspase-3 (Asp175), to focal adhesion kinase
(FAK), to phospho-Tyr576/577 FAK, to lamin A/C, and to Cre were ob-
tained from Cell Signaling Technology (Beverly, MA). Rabbit PAbs to
Ki67 were from Acris (Herford, Germany), those to human lysozyme
were from Dako (Glostrup, Denmark), and those to phospho-Tyr357 YAP
and to chromogranin A were from Abcam. A rat MAb to E-cadherin was
obtained from TaKaRa (Kyoto, Japan). Horseradish peroxidase-conju-
gated goat secondary PAbs for immunoblot analysis were obtained from
Jackson ImmunoResearch (West Grove, PA). Cy3- or Alexa Fluor 488-
conjugated goat secondary PAbs for immunofluorescence analysis were
obtained from Jackson ImmunoResearch and Invitrogen (Carlsbad, CA),
respectively. 4=,6-Diamidino-2-phenylindole (DAPI) was obtained from
Nacalai Tesque (Kyoto, Japan), and NSC23766 and verteporfin were from
Santa Cruz Biotechnology and Sigma-Aldrich, respectively. Alex Fluor
488-conjugated cholera toxin B subunit was from Invitrogen. Mayer’s
hemalum solution, PP2, and PP3 was from Merck KGaA (Darmstadt,
Germany), and eosin was from Wako (Osaka, Japan).

Mice. Cskfl/fl mice were kindly provided by M. Okada (20), and villin-
cre mice [B6.SJL-Tg(Vil-cre)997Gum/J] were obtained from Jackson Lab-
oratory (Bar Harbor, ME). Villin-cre mice were crossed with Cskfl/fl mice
to generate Cskfl/�; villin-cre offspring, which were then crossed with Cskfl/fl

mice to obtain Cskfl/fl; villin-cre (Csk CKO) and Cskfl/fl (control) animals.
All mice were maintained at the Institute for Experimental Animals at
Kobe University Graduate School of Medicine under specific-pathogen-
free conditions. All animal experiments were performed according to
Kobe University animal experimentation regulations.

Detection of deleted and floxed alleles of Csk by PCR. Various tissues
of adult mice were washed with ice-cold phosphate-buffered saline (PBS),
incubated overnight at 56°C in lysis buffer (100 mM Tris-HCl [pH 8.5], 5
mM EDTA, 0.2% sodium dodecyl sulfate [SDS], 200 mM NaCl, 50 �g/ml
proteinase K), and centrifuged at 17,500 � g for 15 min at room temperature.
The resulting supernatant was subjected to isopropanol precipitation for sep-
aration of genomic DNA. The floxed (�650-bp product) and deleted
(�150-bp product) alleles of Csk were identified by PCR with the sense
primer CskF (5=-TGGGGTTGAATGGTATGAACACTC-3=) and the anti-
sense primer CskR (5=-TGCCATGTGGAGAAGAGAATCAGC-3=).

Isolation of IECs. Mouse IECs were isolated as previously described
(21), with slight modifications. In brief, the freshly isolated ileum or colon
of adult mice was washed with PBS, cut into small pieces, washed three
times with Hanks’ balanced salt solution (HBSS) containing 1% fetal bo-
vine serum and 25 mM HEPES-NaOH (pH 7.5), and then incubated three
or four times on a rolling platform for 15 min at room temperature in
HBSS containing 5 mM EDTA and 25 mM HEPES-NaOH (pH 7.5). The
tissue debris was removed, and IECs in the resulting supernatant were
isolated by centrifugation at 500 � g for 10 min at 4°C and washed three
times with PBS.

Immunoprecipitation and immunoblot analysis. Isolated IECs, tis-
sues, or intestinal crypts or organoids were washed with ice-cold PBS and
then homogenized on ice in radioimmunoprecipitation assay (RIPA) buf-
fer (20 mM Tris-HCl [pH 7.5], 150 mM NaCl, 2 mM EDTA, 1% Nonidet
P-40, 1% sodium deoxycholate, 0.1% SDS) containing 1 mM sodium
vanadate, 50 mM NaF, and a protease inhibitor cocktail (Nacalai Tesque).
The lysates were centrifuged at 17,500 � g for 30 min at 4°C, and the
resulting supernatants were subjected to immunoprecipitation and im-
munoblot analysis as previously described (22).

Histology and immunofluorescence analysis. For histological analy-
sis, the small intestine and colon were removed and immediately fixed for
�12 h at room temperature with 4% paraformaldehyde in PBS. Paraffin-
embedded sections (thickness of 5 �m) were then prepared and stained
with hematoxylin-eosin. For immunofluorescence analysis, the small in-
testine or colon was fixed for 3 h at room temperature with 4% parafor-
maldehyde in PBS, transferred to a series of sucrose solutions (7, 20, and
30% [wt/vol], sequentially) in PBS for cryoprotection, embedded in op-
tical cutting temperature (OCT) compound (Sakura, Tokyo, Japan), and
rapidly frozen in liquid nitrogen. Frozen sections with a thickness of 5
�m were prepared with a cryostat, mounted on glass slides, and air
dried. The sections were then stained with primary antibodies and
fluorescent dye-labeled secondary antibodies as described previously
(21). Images were obtained with a fluorescence microscope (BX51;
Olympus, Tokyo, Japan) or a confocal laser scanning microscope
(LSM710; Carl Zeiss, Oberkochen, Germany).

BrdU incorporation assay. Mice were injected intraperitoneally with
BrdU (50 mg/kg) and killed 2, 24, or 72 h later. The ileum or colon was
fixed with 4% paraformaldehyde, transferred to a series of sucrose solu-
tions in PBS, embedded in OCT compound, and rapidly frozen with liq-
uid nitrogen as described for immunofluorescence analysis. Sections with
a thickness of 5 �m were incubated for 30 min at 65°C with 0.025 M HCl,
washed with 0.1 M borate buffer (pH 8.5), and incubated at room tem-
perature first for 2 h with antibodies to BrdU and to �-catenin and then
for 1 h with fluorescent dye-labeled secondary antibodies. Fluorescence
images were obtained with a fluorescence microscope (BX51; Olympus).
The distances from the crypt base to the farthest-migrated BrdU-positive
cells and to the villus tip were measured with the use of ImageJ software
(NIH).

In situ hybridization. Expression of Olfm4 in the intestinal epithe-
lium was examined by in situ hybridization performed as described pre-
viously (12). In brief, paraffin-embedded sections of the ileum (thickness
of 10 �m) were depleted of paraffin with xylene, rehydrated by exposure
to a graded series of ethanol solutions, and treated with 0.2 M HCl and
proteinase K. The sections were then fixed again with 4% paraformalde-
hyde, demethylated with acetic anhydride, and subjected to hybridization
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for 48 h at 65°C with a digoxigenin-labeled RNA probe for Olfm4 mRNA
(Image clone 1078130) at 500 ng/ml. They were then incubated overnight
at 4°C with alkaline phosphatase-conjugated sheep PAbs to digoxigenin
(Roche, Basel, Switzerland), washed, incubated with nitroblue tetra-
zolium chloride and 5-bromo-4-chloro-3-indolylphosphate (Sigma-
Aldrich), and examined with a BX51 microscope (Olympus).

Isolation of mouse intestinal crypts and intestinal organoid culture.
Crypts were isolated from the mouse small intestine and intestinal or-
ganoid culture was performed as described previously (12), with slight
modifications. In brief, the small intestine was opened longitudinally and
washed with ice-cold PBS. The villi were scraped from the mucosa with a
cover glass during observation with a stereoscopic microscope (Olympus,
Tokyo, Japan). The remaining tissue was then cut into pieces, washed with
ice-cold PBS, incubated for 30 min in PBS containing 2 mM EDTA, and
mixed vigorously for 30 s to release crypts. Tissue debris was removed, and
crypts in the resulting supernatant were isolated by centrifugation at
300 � g for 5 min at 4°C. For intestinal organoid culture, isolated crypts
were mixed with Matrigel (BD Biosciences) and transferred to 48-well
plates. After polymerization of the Matrigel, advanced Dulbecco’s modi-
fied Eagle’s medium–F-12 (Invitrogen), which was supplemented with
penicillin-streptomycin (100 U/ml) (Invitrogen), 10 mM HEPES (Invit-
rogen), 1� GlutaMAX (Invitrogen), 1� N2 (Invitrogen), 1� B27 (Invit-
rogen), 1.25 mM N-acetylcysteine (Sigma-Aldrich), 50 ng/ml EGF (Pep-
rotech, Rocky Hill, NJ), 10% R-spondin1–Fc– conditioned medium, and
100 ng/ml Noggin (Peprotech), was overlaid on the gel in each well. The
cultures were then maintained in an incubator (37°C, 5% CO2). Phase-
contrast images of intestinal organoids in Matrigel were obtained with an
Axiovert 200 microscope (Carl Zeiss). For whole-mount immunofluores-
cence analysis, intestinal organoids in Matrigel were fixed with 4% para-
formaldehyde and isolated from the gel with Cell Recovery Solution (BD
Biosciences). The isolated organoids were then stained with primary an-
tibodies and fluorescent dye-labeled secondary antibodies as well as with
DAPI. Images were acquired with a confocal laser scanning microscope
(LSM710, Carl Zeiss).

Isolation of RNA and quantitative RT-PCR analysis. Total RNA was
isolated from IECs, intestinal crypts, or intestinal organoids with the use
of an RNeasy minikit (Qiagen, Hilden, Germany), and portions (0.5 �g)
of the RNA were subjected to reverse transcription (RT) with the use of a
QuantiTect reverse transcription kit (Qiagen). The resulting cDNA was
amplified by PCR with the use of Fast Start SYBR green Master (Roche,
Penzberg, Germany) and a LightCycler 480 instrument (Roche). The am-
plification was analyzed with the use of LightCycler 480 software (Roche),
and the abundance of each target mRNA was normalized by that of glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA. Primer se-
quences (forward and reverse, respectively) were as follows: Olfm4, 5=-
TGGCCCTTGGAAGCTGTAGT-3= and 5=-ACCTCCTTGGCCATAGC
GAA-3=; Lgr5, 5=-ACCCGCCAGTCTCCTACATC-3= and 5=-GCATCTA
GGCGCAGGGATTG-3=; Bmi1, 5=-CCAATGAAGACCGAGGAGAA-3=
and 5=-TTTCCGATCCAATCTGCTCT-3=; Hopx, 5=-GAGGACCAGGT
GGAGATCCT-3= and 5=-TCCGTAACAGATCTGCATTCC-3=; Ascl2, 5=-
CTACTCGTCGGAGGAAAG-3= and 5=-ACTAGACAGCATGGGTAAG-
3=; Axin2, 5=-GGACTGGGGAGCCTAAAGGT-3= and 5=-AAGGAGGGA
CTCCATCTACGC-3=; EphB2, 5=-AGAATGGTGCCATCTTCCAG-3=
and 5=-GCACATCCACTTCTTCAGCA-3=; EphB3, 5=-CGTGAAAGTGG
ACACCATTG-3= and 5=-CCAAGTAGAAGCCAGCCTTG-3=; Yap, 5=-
CCCGACTCCTTCTTCAAGC-3= and 5=-CTCGAACATGCTGTGGA
GTC-3=; Areg, 5=-TCTGCCATCATCCTCGCAGCTATT-3= and 5=-CG
GTGTGGCTTGGCAATGATTCAA-3=; Hes1, 5=-GGACAAACCAAA
GACGGCCTCTGAGCACAG-3= and 5=-TGCCGGGAGCTATCTTTC
TTAAGTGCATCC-3=; and GAPDH, 5=-AGGTCGGTGTGAACGGAT
TTG-3= and 5=-TGTAGACCATGTAGTTGAGGTCA-3=.

Quantification of organoid area and bud formation in intestinal or-
ganoids. Intestinal organoids were cultured as described above and im-
aged with an Axiovert 200 microscope (Carl Zeiss). The organoid area was
measured by outlining the periphery of each organoid with the use of

ImageJ software. Any protrusions that contained Paneth cells were de-
fined as buds, and their number per organoid was counted.

Assay of activated Rac. A glutathione S-transferase (GST) fusion pro-
tein (GST-CRIB) that contained the Cdc42- and Rac-interactive binding
(CRIB) domain (amino acids 70 to 106) of rat p21PAK� was expressed in
Escherichia coli and purified with the use of glutathione-Sepharose beads
(GE Healthcare, Pittsburgh, PA) as previously described (22). Activated
Rac was assayed as described previously (23). In brief, intestinal crypts
were lysed in a solution containing 50 mM Tris-HCl (pH 7.4), 150 mM
NaCl, 1% Nonidet P-40, 10 mM NaF, 1 mM EDTA, 1 mM EGTA, 1 mM
phenylmethylsulfonyl fluoride, and aprotinin (10 �g/ml). The lysates
were incubated for 60 min at 4°C with a GST-CRIB protein bound to
glutathione-Sepharose beads. Proteins that bound to the beads were sub-
jected to immunoblot analysis with antibodies to Rac1. The total abun-
dance of Rac protein was also determined by immunoblot analysis of cell
lysates.

Preparation of cytoplasmic and nuclear extracts. Cytoplasmic and
nuclear extracts were prepared from crypts of mouse ileum with the use of
the NE-PER reagent (Pierce, Rockford, IL).

Statistical analysis. Quantitative data are presented as means 	 stan-
dard errors of the means (SEM) and were analyzed with Student’s t test for
comparisons between two groups or by one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test for comparisons among three
or more groups. A P value of 
0.05 was considered statistically significant.
Analysis was performed with the use of GraphPad Prism software (Graph-
Pad Software, La Jolla, CA).

RESULTS
Generation of IEC-specific Csk CKO mice. To investigate the role
of SFKs in the regulation of intestinal epithelial homeostasis, we
crossed mice homozygous for a floxed (fl) Csk allele (19, 20) with
those harboring a transgene for Cre recombinase under the con-
trol of the villin gene promoter (villin-cre) (24). In adult Cskfl/fl;
villin-cre (Csk CKO) mice, Cre protein was specifically expressed
in IECs throughout the intestinal crypts and villi, although its
expression level was higher in IECs at villi than in crypt cells (see
Fig. S2A in the supplemental material). The specificity and effi-
ciency of Csk deletion in adult Csk CKO mice were determined by
PCR analysis of genomic DNA isolated from the intestine and
other organs. Consistent with the results of previous studies with
the villin-cre transgene (12), deleted Csk alleles were detected in
the small intestine (ileum) and colon of Csk CKO mice but not in
other organs (see Fig. S2B). Immunoblot analysis also showed that
the abundance of Csk protein in IECs isolated from the ileum or
colon of Csk CKO mice was greatly reduced compared with that
for Cskfl/fl (control) mice, whereas it was unaffected in other or-
gans (Fig. 1A). The activation of SFKs is achieved by autophos-
phorylation (at Tyr416 in avian c-Src), whereas their inhibition is
mediated by phosphorylation at the COOH-terminal regulatory
Tyr residue (Tyr527 in avian c-Src) by Csk (15, 17). Phosphoryla-
tion of SFKs at the autophosphorylation site was markedly in-
creased, whereas that at the COOH-terminal regulatory Tyr was
abolished, in IECs from the ileum and colon of Csk CKO mice
(Fig. 1B). These results thus indicated that the villin-cre transgene
directed the efficient and specific deletion of Csk in IECs and that
such deletion resulted in hyperactivation of SFKs in these cells.

Hyperplasia of the intestinal epithelium in Csk CKO mice.
Csk CKO mice appeared healthy at birth, were born in the ex-
pected Mendelian ratio, and did not manifest any overt develop-
mental defects (see Fig. S2C and D in the supplemental material).
Histological examination of the small intestine and colon revealed
no marked difference in crypt architecture or in villus or epithelial
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cell morphology between control and Csk CKO mice at 8 weeks of
age (see Fig. S2E). In contrast, epithelial hyperplasia was found to
be pronounced in the small intestine and colon of 40-week-old
Csk CKO mice (Fig. 1C and D). Indeed, the number of IECs and
the length of individual villi in the ileum were significantly in-
creased for the mutant mice compared with control mice (Fig.
1E). The depth of crypts in the small intestine was also increased in
the mutant animals (Fig. 1F). Moreover, whereas all crypts were
positioned in a line in control mice, some crypts showed an ab-
normal shift toward the luminal side in the ileum of Csk CKO

mice (Fig. 1C), suggesting that the increased proliferation of IECs
resulted in the crowding of crypts. The width of the colonic mu-
cosa in Csk CKO mice was also increased compared with that in
control animals (Fig. 1G).

Increased proliferative activity of crypt IECs in Csk CKO
mice. Given that SFKs play an important role in the regulation of
cell proliferation and migration (15), we examined the incorpo-
ration of BrdU into IECs as well as the turnover of BrdU-labeled
IECs in Csk CKO mice at 8 weeks of age. At 2 h after BrdU injec-
tion, the number of BrdU-positive IECs in crypts of the ileum (Fig.
2A) or colon (Fig. 2B) was markedly increased for Csk CKO mice
compared with control mice. Immunostaining for Ki67, a marker
of cell proliferation (25), also showed a marked increase in the
number of Ki67-positive cells in crypts of the ileum of Csk CKO
mice (Fig. 2C). ISCs and TA cells constitute the majority of pro-
liferative cells in crypts. In situ hybridization revealed that the
number of Olfm4 mRNA-positive cells, which likely correspond
to ISCs (26), at the crypt base was markedly reduced in the ileum
of Csk CKO mice at 8 weeks of age (Fig. 2D). Consistent with this
result, RT-PCR analysis revealed that the abundance of mRNAs
for the ISC marker proteins Olfm4, Lgr5, Bmi1, and Hopx (1) was
significantly reduced in crypts isolated from the small intestine of
Csk CKO mice at 8 weeks of age (Fig. 2E). Wnt–�-catenin signal-
ing is thought to play a key role in the maintenance of ISCs and the
proliferation of their progeny (1, 2, 8). Expression of the Wnt–�-
catenin target gene Axin2 was significantly reduced, whereas that
of Ascl2 and EphB2, which are also Wnt–�-catenin target genes,
tended to be reduced, in crypts isolated from the ileum of Csk
CKO mice compared with those isolated from control mice (Fig.
2E). These results suggested that SFKs promote the proliferative
activity of crypt cells such as TA cells. In contrast, SFKs likely
suppress the Wnt–�-catenin signaling pathway and reduce the
population of ISCs in the crypts. We further investigated whether
the reduction in the number of Olfm4 mRNA–positive cells in Csk
CKO mice is attributable to apoptosis. The number of cells posi-
tive for the cleaved form of caspase-3 in crypts or villi of the ileum
did not differ significantly between Csk CKO and control mice
(see Fig. S3A in the supplemental material), suggesting that the
reduction in the number of ISCs at the crypt base of Csk CKO
mice is not likely due to increased apoptosis.

We also found that at 1 day after BrdU injection, whereas most
BrdU-positive IECs remained in a position immediately above or
within crypt areas of the ileum in control mice, most such cells in
the ileum of Csk CKO mice had migrated to the middle region or
tip of villi (Fig. 3A). Quantitative analysis confirmed that the mi-
gration distance of BrdU-labeled IECs in the ileum was markedly
increased for Csk CKO mice (Fig. 3B). At 3 days after BrdU injec-
tion, BrdU staining in villi of the ileum in Csk CKO mice was
greatly reduced compared with that apparent for control mice
(Fig. 3C). These results suggested that both the migration of IECs
along the crypt-villus axis and the turnover of mature IECs were
markedly increased in the ileum of Csk CKO mice.

Aberrant localization of Paneth cells and increased number
of goblet cells in Csk CKO mice. We next investigated whether
IEC-specific ablation of Csk affects the numbers of Paneth cells,
goblet cells, or enteroendocrine cells in the intestinal epithelium.
The number of Paneth cells, which were stained with antibodies to
lysozyme (21), was significantly reduced at the base of crypts in the
ileum of Csk CKO mice at 8 weeks of age (Fig. 3D and E). More-
over, these cells were frequently localized outside the crypts in the

FIG 1 Hyperplasia of the intestinal epithelium in Csk CKO mice. (A) Lysates
of IECs (from the ileum or colon) and of the indicated organs from 8-week-old
control (Ctrl) or Csk CKO mice were subjected to immunoblot analysis with
antibodies to Csk and to �-tubulin (loading control). (B) Lysates of IECs
isolated from the ileum or colon of 8-week-old control or Csk CKO mice were
subjected to immunoblot analysis with antibodies specific for Csk, for c-Src, or
for the indicated phosphorylated (p) forms of Src family kinases. (C) Hema-
toxylin-eosin staining of paraffin-embedded sections of the ileum from con-
trol or Csk CKO mice at 40 weeks of age. Scale bars, 100 �m. Arrowheads
indicate abnormally positioned crypts. (D) Hematoxylin-eosin staining of
paraffin-embedded sections of the colon from control or Csk CKO mice at 40
weeks of age. Scale bars, 100 �m. (E) The number of IECs per villus (left panel)
and villus length (right panel) as measured in sections similar to those in panel
C. (F) Crypt depth measured in sections similar to those in panel C. (G) Width
of the colonic mucosa measured in sections similar to those in panel D. Quan-
titative data are means 	 SEM for 60 villi (E, left panel), 75 villi (E, right panel),
75 crypts (F), and 75 measurements (G) in a total of three mice of each geno-
type. ***, P 
 0.001 (Student’s t test). Immunoblots are representative of at
least three separate experiments.
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mutant animals (Fig. 3D). Indeed, the number of Paneth cells
localized outside crypts was significantly increased in the ileum of
Csk CKO mice compared with control mice (Fig. 3F). In addition,
the level of mRNA for EphB3, which plays an important role in
positioning of Paneth cells (27), tended to be reduced in crypts of
Csk CKO mice (see Fig. S4A in the supplemental material). Con-

versely, the number of mucin 2-positive goblet cells was increased
in the ileum and colon of Csk CKO mice (Fig. 3G and H). Ablation
of Csk had no effect on the number of chromogranin A-positive
enteroendocrine cells in the ileum (see Fig. S3B in the supplemen-

FIG 2 Increased proliferative activity of IECs in crypts of Csk CKO mice. (A)
Frozen sections prepared from the ileum of 8-week-old control or Csk CKO
mice at 2 h after BrdU injection were immunostained with antibodies to BrdU
(red) and to �-catenin (green) (left panel). Scale bar, 50 �m. The number of
BrdU-positive cells per crypt in such sections was also determined (right
panel). (B) Frozen sections prepared from the colon of 8-week-old control or
Csk CKO mice at 2 h after BrdU injection were immunostained, and the
number of BrdU-positive cells per crypt was determined, as for panel A. Scale
bar, 50 �m. (C) Frozen sections of the ileum from 8-week-old control or Csk
CKO mice were immunostained with antibodies to Ki67 (red) and to
�-catenin (green) (left panel). Scale bar, 50 �m. The number of Ki67-positive
cells per crypt in such sections was also determined (right panel). (D) Paraffin-
embedded sections of the ileum from 8-week-old control or Csk CKO mice
were subjected to in situ hybridization analysis of Olfm4 mRNA (left panel).
Dashed lines indicate the base of the crypt epithelium. Scale bar, 25 �m. The
number of Olfm4 mRNA-positive (Olfm4�) cells per crypt in such sections
was also determined (right panel). (E) Quantitative RT-PCR analysis of ISC
marker gene (Olfm4, Lgr5, Bmi1, and Hopx) and Wnt–�-catenin target gene
(Lgr5, Ascl2, Axin2, and EphB2) expression in crypts isolated from the small
intestine of 8-week-old control or Csk CKO mice. The amount of each mRNA
was normalized by that of GAPDH mRNA and then expressed relative to the
normalized value for control mice. Quantitative data are means 	 SEM for 60
(A to C) or 90 (D) crypts from a total of three mice per genotype or for five
separate experiments (E). *, P 
 0.05; ***, P 
 0.001 (Student’s t test).

FIG 3 Increased migration and turnover of IECs, aberrant localization of
Paneth cells, and increased number of goblet cells in Csk CKO mice. (A)
Frozen sections prepared from the ileum of 8-week-old control or Csk CKO
mice at 1 day after BrdU injection were subjected to immunostaining with
antibodies to BrdU (red) and to �-catenin (green). Scale bar, 100 �m. (B) The
distance from the crypt base to the farthest-migrated BrdU-positive cells as a
proportion of that from the crypt base to the tip of the villus was measured in
sections similar to those in panel A. (C) Frozen sections prepared from the
ileum of 8-week-old control or Csk CKO mice at 3 days after BrdU injection
were immunostained as for panel A. Scale bar, 50 �m. (D) Frozen sections of
the ileum from 8-week-old control or Csk CKO mice were subjected to immu-
nostaining with antibodies to lysozyme (Lys) (red) and to �-catenin (green).
Boxed regions in the left images are shown at higher magnification in the right
images. Arrows indicate Paneth cells mislocalized outside crypts. Scale bars,
100 �m (left images) and 20 �m (right images). (E) The number of lysozyme-
positive (Lys�) Paneth cells per crypt was determined for sections similar to
those in panel D. (F) The number of lysozyme-positive Paneth cells located
outside the crypt per crypt-villus (CV) unit was determined for sections similar
to those in panel D. (G) Frozen sections of the ileum or colon from 8-week-old
control or Csk CKO mice were immunostained with antibodies to mucin 2
(Muc2) (red) and to �-catenin (green). Scale bars, 50 �m. (H) The number of
mucin 2-positive (Muc2�) cells per villus of the ileum was determined for
sections similar to those in panel G. Quantitative data are means 	 SEM for 60
villi (B and F), 60 crypts (E), or 56 (control) or 58 (Csk CKO) villi (H) from a
total of three mice per genotype. ***, P 
 0.001 (Student’s t test).
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tal material). These results thus suggested that SFKs are important
for regulation of both the number and positioning of Paneth cells
in the small intestine and that they positively regulate the size of
the goblet cell population.

Increased proliferative activity of IECs in intestinal or-
ganoids from Csk CKO mice. To clarify further the role of SFKs in
IEC proliferation and differentiation in the intestinal epithelium,
we examined the effects of Csk ablation on IECs in intestinal or-
ganoids. Intestinal crypts isolated from control or Csk CKO mice
were thus cultured in medium containing EGF, R-spondin1, and
Noggin to allow the formation of organoids (11, 12). Isolated
crypts from control mice gradually developed into crypt-villus
organoids, having formed several buds that correspond to crypts
by 5 days after plating (Fig. 4A to C). The surface area of Csk-
deficient intestinal organoids was much greater than that of con-
trol organoids for up to 2 days after plating (Fig. 4A and B). In
addition, whereas Ki67 expression was restricted to buds in con-
trol organoids at 2 days after plating, it had spread throughout the
Csk-deficient organoids at this time, resulting in a significant per-
cent increase in the Ki67-positive area (Fig. 4D). In contrast, such
an increased percentage of the Ki67-positive area of Csk-deficient
organoids was markedly reduced by treatment with the SFK in-
hibitor PP2 (28) but not with PP3 (an inactive analogue of PP2)
and vehicle (see Fig. S5 in the supplemental material), suggesting
that the proliferative activity of IECs is increased in Csk-deficient
organoids and that this increased activity is attributable to consti-
tutive activation of SFKs. In addition, the number of Paneth cells
in buds was markedly reduced (Fig. 4E), whereas that of goblet
cells was increased (Fig. 4F), in the Csk-deficient organoids com-
pared with control organoids at 3 days after plating. The amounts
of Olfm4, Lgr5, and Ascl2 mRNAs also tended to be reduced in the
Csk-deficient organoids at 4 days after plating (Olfm4 mRNA, P �
0.31 versus control; Lgr5 mRNA, P � 0.06 versus control; Ascl2
mRNA, P � 0.24 versus control) (Fig. 4G). These results suggested
that the phenotypes of Csk-deficient organoids correspond well
to those of the intestinal epithelium in Csk CKO mice. Further-
more, the phenotypes of IECs observed in Csk CKO mice are likely
attributable to cell-autonomous effects of Csk ablation. The sur-
face area of Csk-deficient intestinal organoids had become smaller
than that of control organoids at day 5 (Fig. 4A and B), at which
time the number of buds was also reduced for the organoids from
Csk CKO mice (Fig. 4A and C).

Increased protein tyrosine phosphorylation and Rac activity
in crypts of Csk CKO mice. We next investigated the molecular
mechanism by which SFKs regulate IEC proliferation and differ-
entiation in the intestinal epithelium. To this end, we first exam-
ined the localization of SFKs in the intestinal epithelium. Immu-
nohistofluorescence analysis with antibodies to c-Src, to Fyn, or to
c-Yes revealed that staining for these three SFKs was prominent
along the apical surface of IECs in crypts, whereas it was less in-
tense in other areas of the intestinal epithelium (Fig. 5A; see Fig.
S6A in the supplemental material). The SFKs manifested a similar
localization in crypts of Csk CKO mice (Fig. 5A; see Fig. S6A).
Moreover, staining of the ganglioside GM1 as a marker for lipid
rafts (29, 30) with the B subunit of cholera toxin revealed a pattern
similar to that apparent for the three SFKs in intestinal crypts (see
Fig. S6B). These results thus suggested that SFKs are likely local-
ized in lipid rafts at the apical surface of IECs. We next subjected
sections of the ileum to immunohistofluorescence staining with
antibodies to phosphotyrosine. Whereas staining for phosphoty-

rosine was relatively weak throughout the intestinal crypts and
villi of control mice, it was prominent in crypts of Csk CKO mice,
especially along the apical surface of IECs (Fig. 5B). Moreover, a
similar staining pattern was observed with antibodies to auto-

FIG 4 Increased proliferative activity of IECs in intestinal organoids from Csk
CKO mice. (A) Intestinal organoids derived from the jejunum of 8-week-old con-
trol or Csk CKO mice were cultured for the indicated times and then examined by
light microscopy. Arrowheads indicate cryptlike buds. Scale bar, 100 �m. (B) Area
of intestinal organoids cultured as for panel A. (C) Number of buds per organoid
for intestinal organoids cultured for 5 days as for panel A. (D) Intestinal organoids
cultured for 2 days as for panel A were subjected to immunostaining with antibod-
ies to Ki67 (red) as well as to staining of nuclei with 4=,6-diamidino-2-phenylin-
dole (DAPI) (blue) (left panel). Dashed lines indicate the boundary of intestinal
organoids. Scale bar, 100 �m. The Ki67-positive area as a percentage of the total
area of each organoid was determined in such images with ImageJ software (right
panel). (E) Intestinal organoids were cultured for 3 days as for panel A and then
photographed (left panel). Boxed regions in the left images are shown at higher
magnification in the right images. Arrowheads indicate granule-containing Pan-
eth cells. Scale bars, 50 �m. The number of granule-containing Paneth cells per
bud in such images was also determined (right panel). (F) Intestinal organoids
cultured for 3 days as for panel A were subjected to immunostaining with antibod-
ies to mucin 2 (red) and to E-cadherin (green) (left panel). Scale bar, 50 �m. The
number of mucin 2-positive cells per bud in such sections was also determined
(right panel). (G) Quantitative RT-PCR analysis of Olfm4, Lgr5, and Ascl2 mRNAs
in intestinal organoids cultured for 4 days as for panel A. The amount of each
mRNA was normalized by that of GAPDH mRNA and then expressed relative to
the normalized value for control organoids. Quantitative data are means 	 SEM
for a total of 75 organoids (B and D), 60 organoids (C), 60 buds (E), or 45 buds (F)
per group in three separate experiments or for three separate experiments (G). ***,
P 
 0.001 (Student’s t test).
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phosphorylated SFKs (Fig. 5C; see Fig. S6C), suggesting that ty-
rosine phosphorylation of SFKs accounts, at least in part, for the
increased phosphotyrosine content in crypts of Csk CKO mice.
Immunoblot analysis with antibodies to phosphotyrosine showed

that the extent of tyrosine phosphorylation of several proteins
(molecular sizes of �50 to 65 and �100 to 120 kDa) was markedly
increased in crypts isolated from the ileum of Csk CKO mice (Fig.
5D), with the group of smaller tyrosine-phosphorylated proteins

FIG 5 Increased protein tyrosine phosphorylation and Rac activity in crypts of Csk CKO mice. (A) Frozen sections of the ileum from 8-week-old control or Csk
CKO mice were subjected to immunostaining with antibodies specific for c-Src (green) and to staining of nuclei with DAPI (blue). Scale bar, 20 �m. (B) Frozen
sections of the ileum from 8-week-old control or Csk CKO mice were subjected to immunostaining with antibodies to E-cadherin (green) and to phosphoty-
rosine (pY) (red). Boxed regions in the left images (ileum) are shown at higher magnification in the right images (crypt). Scale bars, 50 �m (left images) and 20
�m (right images). (C) Frozen sections of the ileum from 8-week-old control or Csk CKO mice were subjected to immunostaining with antibodies specific for
autophosphorylated SFKs (pY416-SFKs) (red) or for phosphotyrosine (green). Nuclei were also stained with DAPI (blue). Dashed lines indicate the base of the
crypt epithelium. Scale bar, 20 �m. (D) Lysates of crypts isolated from the ileum of 8-week-old control or Csk CKO mice were subjected to immunoblot analysis with
antibodies to phosphotyrosine and to�-tubulin. Brackets indicate proteins whose level of tyrosine phosphorylation was markedly increased in Csk CKO mice. (E) Crypts
isolated from the ileum of 8-week-old control or Csk CKO mice were lysed and subjected to immunoprecipitation (IP) with antibodies to the indicated SFKs, and the
resulting precipitates were subjected to immunoblot analysis with antibodies to autophosphorylated or total forms of the corresponding kinases. (F) Crypts isolated from
the ileum of 8-week-old control or Csk CKO mice were lysed and subjected to immunoprecipitation with antibodies to FAK, and the resulting precipitates were subjected
to immunoblot analysis with the same antibodies and antibodies to Tyr576/577-phosphorylated FAK. (G) Crypts from the ileum of 8-week-old control or Csk CKO mice
were lysed, and the GTP-bound (active) form of Rac was precipitated with a GST fusion protein containing the CRIB domain of p21PAK�. The resulting precipitates
were subjected to immunoblot analysis with antibodies to Rac (upper panel). The lysates were also subjected directly to immunoblot analysis with the same antibodies
to determine the total amount of Rac (middle panel). Immunoblots were subjected to densitometric analysis, and the ratio of the band intensity for GST-PAK-bound Rac
(active Rac) to that for total Rac was calculated (lower panel). Quantitative data are expressed relative to the value for crypts of control mice and are means 	 SEM from
three independent experiments. **, P 
 0.01 (Student’s t test). (H) Crypts isolated from the ileum of 8-week-old control or Csk CKO mice were subjected to immunoblot
analysis with antibodies to total or phosphorylated forms of the indicated signaling proteins.
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likely corresponding to SFKs. Indeed, immunoprecipitation and
immunoblot analysis revealed that the tyrosine phosphorylation
of c-Src as well as that of Fyn and c-Yes was increased in crypts
isolated from the ileum of Csk CKO mice (Fig. 5E). With regard to
the identity of the group of larger tyrosine-phosphorylated pro-
teins, we found that phosphorylation of FAK, in particular at
Tyr576 or Tyr577, was markedly increased in crypts from Csk CKO
mice (Fig. 5F). Given that phosphorylation of FAK at Tyr576 or
Tyr577 by c-Src is thought to promote the activation of FAK (31),
ablation of Csk in IECs likely results in FAK activation.

Activation of FAK by c-Src in response to ligation of integrins
or growth factor stimulation is thought to result in activation of
Rho family GTPases such as Rac (32, 33). Indeed, a pulldown assay
performed with GST-tagged PAK, which binds the active form of
Rac, showed that the activity of Rac in isolated crypts was signifi-
cantly greater for Csk CKO mice than for control mice (Fig. 5G).
Activation of ERK, STAT3, and the protein kinase AKT is also
thought to be important for signaling downstream of SFKs (32, 34,
35). However, the phosphorylation levels of these signaling mol-
ecules were similar in crypts from control or Csk CKO mice (Fig.
5H).

Effects of a Rac inhibitor on the phenotypes of Csk-deficient
intestinal organoids. Immunoblot analysis revealed that tyrosine
phosphorylation of SFKs at the autophosphorylation site as well as
phosphorylation of FAK at Tyr576 or Tyr577 was markedly in-
creased in intestinal organoids from Csk CKO mice compared
with those from control mice (Fig. 6A). Csk-deficient organoids
thus appeared to recapitulate the signaling properties of the intes-
tinal epithelium in Csk CKO mice. To investigate whether the
phenotypes of Csk-deficient intestinal organoids are attributable
to the upregulation of Rac activity, we examined the effects of the
Rac inhibitor NSC23766 (36). This agent significantly attenuated
the increase in the Ki67-positive area apparent in Csk-deficient
organoids (Fig. 6B). In addition, it rescued in part the reduction in
the number of Paneth cells in buds (Fig. 6C) and prevented the
increase in the size of the goblet cell population (Fig. 6D) charac-
teristic of these organoids. The tendency for the expression levels
of Olfm4, Lgr5, and Ascl2 to be reduced in Csk-deficient organoids
was also no longer apparent in the presence of the Rac inhibitor
(Fig. 6E). In contrast, treatment of control intestinal organoids
with NSC23766 slightly prevented the development of organoids
(see Fig. S7 in the supplemental material). Together, these results
suggested that the increased proliferative activity as well as the
altered populations of secretory cells in Csk-deficient organoids
was attributable to hyperactivation of Rac. Both the reduction in
the surface area and the defect in bud formation apparent in Csk-
deficient organoids at 5 days after plating were also abolished by
treatment with NSC23766 (Fig. 6F).

Importance of YAP for hyperproliferation of IECs in intesti-
nal crypts of Csk CKO mice. YAP and TAZ function as transcrip-
tional coactivators in the Hippo signaling pathway, with YAP be-
ing thought to promote cell proliferation and differentiation by
regulating the expression of its target genes in various cell types,
including IECs (37, 38). Activation of the Hippo signaling path-
way upstream of YAP results in the degradation of YAP in the
cytoplasm in a manner dependent on the ubiquitin-proteasome
system. Conversely, inactivation of the Hippo pathway prevents
the degradation of YAP, which then translocates to the nucleus
and initiates transcription of its target genes (37). The amount of
YAP in isolated crypts of the ileum was markedly greater for those

from Csk CKO mice than for those from control mice (Fig. 7A),
whereas the abundance of Yap mRNA in crypts did not differ
between the two genotypes (see Fig. S8A in the supplemental ma-
terial). Immunofluorescence analysis of the ileum revealed that
YAP immunoreactivity was increased in crypt IECs of Csk CKO
mice, with this increase being especially apparent in the cytoplasm
(Fig. 7B). The phosphorylation of YAP at Ser381 by Lats is thought
to promote the degradation of YAP in the cytoplasm and thereby
to regulate the amount of this protein in cells (37, 39). In contrast,
phosphorylation of YAP at Ser127 by Lats promotes the association
of YAP with 14-3-3 and thereby prevents the nuclear translocation
of YAP (37, 40). The level of YAP phosphorylation at both Ser127

and Ser381 was markedly reduced in crypts of Csk CKO mice com-
pared with those of control mice (Fig. 7C). In addition, subcellular
fractionation revealed that the amount of YAP was increased in
both the cytoplasm and nucleus of crypts from Csk CKO mice
(Fig. 7D). The expression of the YAP target gene for amphiregulin
(Areg) (41, 42) was also significantly increased in crypts of the
mutant mice (Fig. 7E). These results thus suggested that YAP-
mediated signaling is activated by ablation of Csk in crypt IECs.
We also confirmed that the abundance of YAP was increased in
Csk-deficient organoids compared with control organoids (Fig.
7F). Strong staining for YAP was observed in IECs, particularly the
nuclear region, of Csk-deficient organoids (Fig. 7G). Further-
more, this increase in YAP expression in the mutant organoids
was significantly attenuated by treatment with the Rac inhibitor
NSC23766 (Fig. 7H), suggesting that hyperactivation of Rac con-
tributes to the upregulation of YAP abundance in Csk-deficient
organoids.

Finally, to investigate further the role of YAP in the hyperpro-
liferation of IECs and secretory cell imbalance in Csk CKO mice,
we examined the effects of the YAP inhibitor verteporfin (43) on
Csk-deficient organoids. Verteporfin significantly attenuated the
expansion of the Ki67-positive area in Csk-deficient organoids,
limiting the region of Ki67 staining to each cryptlike structure
(Fig. 8A). It also suppressed the increase in the size of the goblet
cell population (Fig. 8B) without affecting the reduction in the
number of Paneth cells (Fig. 8C) apparent at the buds of Csk-
deficient organoids. The reduction in the surface area and the
defect in bud formation apparent for Csk-deficient organoids at 5
days after plating were both rescued by treatment with verteporfin
(Fig. 8D).

DISCUSSION

We have here shown that Csk CKO mice, in which the activity of
SFKs is likely elevated specifically in IECs, develop intestinal and
colonic epithelial hyperplasia. The proliferative activity of IECs
was markedly increased in crypts of the small intestine of Csk CKO
mice as well as in intestinal organoids derived from these animals.
In contrast, the number of ISCs in crypts was greatly reduced in
the mutant mice. Given that TA cells and ISCs are the major cell
types that manifest active proliferation in crypts, our results sug-
gest that SFKs promote the proliferative activity of TA cells in the
intestinal epithelium. In addition, the migration of BrdU-labeled
IECs along the crypt-villus axis in the small intestine was faster for
Csk CKO mice than for control mice, suggesting that SFKs pro-
mote IEC turnover, likely by stimulating the proliferation of TA
cells, under the steady-state condition.

We also found that IEC-specific ablation of Csk resulted in a
reduction in the number of Paneth cells at the base of crypts in the
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small intestine. In contrast, it resulted in a marked increase in the
number of goblet cells in villi of the small intestine as well as the
colon. These phenotypes were also apparent in Csk-deficient in-
testinal organoids, suggesting that the characteristics of IECs ob-
served in Csk CKO mice are likely attributable to cell-autonomous

effects of Csk ablation. Given that TA cells are thought to give rise
to these secretory cell types (1, 2), SFKs are likely important not
only for the rapid division of TA cells but also for their differenti-
ation into mature secretory cells, including Paneth and goblet
cells. Consistent with this notion, we found that the active forms

FIG 6 Effects of a Rac inhibitor on the phenotypes of Csk-deficient intestinal organoids. (A) Lysates of intestinal organoids derived from the jejunum of
8-week-old control or Csk CKO mice at 2 days after plating were subjected to immunoblot analysis with antibodies specific for the indicated proteins. (B)
Intestinal organoids prepared as for panel A were cultured in the absence or presence of the Rac inhibitor NSC23766 (NSC) (50 �M) for 2 days and then subjected
to immunostaining with antibodies to Ki67 (red) and to staining of nuclei with DAPI (blue) (left panel). Dashed lines indicate the boundary of intestinal
organoids. Scale bar, 100 �m. The Ki67-positive area was also determined as a percentage of the total organoid area in such images (right panel). (C) Intestinal
organoids cultured for 3 days as for panel B were examined by light microscopy (left panel). Boxed regions in the left images are shown at higher magnification
in the right images. Arrowheads indicate granule-containing Paneth cells. Scale bars, 50 �m. The number of granule-containing Paneth cells per bud was also
determined in such images (right panel). (D) Intestinal organoids cultured for 3 days as for panel B were subjected to immunostaining with antibodies to mucin
2 (red) and to E-cadherin (green) (left panel). Scale bar, 50 �m. The number of mucin 2-positive cells per bud was also determined in such images (right panel).
(E) Quantitative RT-PCR analysis of Olfm4, Lgr5, and Ascl2 mRNAs in intestinal organoids cultured for 4 days as for panel B. The amount of each mRNA was
normalized by that of GAPDH mRNA and then expressed relative to the normalized value for control organoids. (F) Intestinal organoids cultured for 5 days as
for panel B were examined by light microscopy (left panel). Scale bar, 100 �m. The organoid area (middle panel) and the number of buds per organoid (right
panel) were also determined from such images. Quantitative data are means 	 SEM for a total of 75 organoids (B and F [middle panel]), 60 buds (C), 45 buds
(D), or 60 organoids (F [right panel]) per group in three separate experiments or for three separate experiments (E). **, P 
 0.01; ***, P 
 0.001 (ANOVA and
Tukey’s test).
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FIG 7 Upregulation of YAP abundance and activity in crypts of Csk CKO mice. (A) Lysates of crypts isolated from the ileum of 8-week-old control or Csk CKO
mice were subjected to immunoblot analysis with antibodies to YAP and to �-tubulin (left panel). The band intensity for YAP in such blots was also normalized
by that for �-tubulin and expressed relative to the normalized value for the crypts of control mice (right panel). (B) Frozen sections of the ileum from 8-week-old
control or Csk CKO mice were subjected to immunostaining with antibodies to YAP (red) and to staining of nuclei with DAPI (blue). Boxed regions in the middle
images are shown at higher magnification in the right images. Dashed lines indicate the base of the crypt epithelium. Scale bars, 20 �m. (C) Lysates of crypts from
the ileum of 8-week-old control or Csk CKO mice were subjected to immunoprecipitation (IP) with antibodies to YAP, and the resulting precipitates were
subjected to immunoblot analysis with the same antibodies as well as with antibodies to Ser127- or Ser381-phosphorylated YAP. The ratio of the band intensity for
each phosphorylated form of YAP to that for total YAP in such blots was also calculated and expressed relative to the corresponding value for crypts of control
mice (right panel). (D) Cytoplasmic (Cyto) and nuclear (Nuc) fractions prepared from ileal crypts of 8-week-old control or Csk CKO mice were subjected to
immunoblot analysis with antibodies to YAP, to lamin A/C (nuclear marker), and to �-tubulin (cytoplasmic marker). (E) Quantitative RT-PCR analysis of Areg
mRNA in crypts from the small intestine of 8-week-old control or Csk CKO mice. The amount of Areg mRNA was normalized by that of GAPDH mRNA
and then expressed relative to the normalized value for control mice. (F) Intestinal organoids derived from the jejunum of 8-week-old control or Csk CKO
mice were cultured for 2 days, lysed, and subjected to immunoblot analysis with antibodies to YAP and to �-tubulin as for panel A. (G) Intestinal
organoids cultured for 2 days as for panel F were subjected to immunostaining with antibodies to YAP (red) as well as to staining with DAPI (blue). Boxed
regions in the left images are shown at higher magnification in the right images. Scale bars, 100 �m (left images) and 20 �m (right images). Arrows indicate
strong nucleus staining for YAP. (H) Intestinal organoids cultured for 4 days in the absence (�) or presence (�) of NSC23766 (NSC) (100 �M) were lysed
and subjected to immunoblot analysis as for panel F. Quantitative data (A, C, E, F, and H) are means 	 SEM from at least three independent experiments.
*, P 
 0.05; **, P 
 0.01 (Student’s t test).
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of SFKs, as well as tyrosine-phosphorylated proteins overall, were
localized specifically along the apical surface of IECs (including
TA cells and ISCs) in crypts of Csk CKO mice. SFKs are thought to
be localized predominantly at lipid rafts (29, 44), and we found
that the ganglioside GM1, a marker for lipid rafts (29, 30), was also
enriched and localized along the apical surface of crypt IECs. Lipid
rafts may therefore recruit SFKs to the apical surface of crypt IECs.

Our results suggest that activated SFKs in crypts of Csk CKO
mice promote the activation of FAK by mediating its phosphory-
lation at Tyr576 and Tyr577. Activated FAK in turn forms a complex
with c-Src and thereby promotes the tyrosine phosphorylation of
other signaling molecules such as p130Cas, which results in acti-
vation of Rac (32). Indeed, the activity of Rac was markedly in-

creased in crypts isolated from Csk CKO mice. Furthermore,
treatment with a Rac inhibitor suppressed the increased prolifer-
ative activity and rescued the imbalance in secretory cell popula-
tions (the reduction in Paneth cell number and increase in goblet
cell number) apparent in Csk-deficient intestinal organoids. Rac
thus likely functions downstream of FAK in the SFK-driven pro-
liferation and differentiation of IECs in intestinal crypts.

YAP is thought to promote cell proliferation and differentia-
tion by regulating the expression of its target genes in various cell
types, including IECs (37, 38). Indeed, YAP was previously shown
to be predominantly expressed in crypts of the small intestine
(45). We found that the amount of YAP was markedly increased in
both cytoplasmic and nuclear fractions of crypts isolated from the
ileum of Csk CKO mice as well as in cultured organoids from these
animals. Consistent with these findings, expression of the YAP
target gene Areg was significantly increased in crypts of Csk CKO
mice. In addition, treatment with a YAP inhibitor attenuated the
increased proliferative activity as well as the increase in the num-
ber of goblet cells characteristic of Csk-deficient intestinal or-
ganoids, implicating YAP in the SFK-induced proliferation of
crypt cells and differentiation of goblet cells. The level of YAP
phosphorylation at Ser381 was markedly reduced in crypts of Csk
CKO mice, suggesting that the increase in the amount of YAP
protein in IECs of the mutant animals may be attributable to a
reduced rate of YAP degradation. The upregulation of YAP pro-
tein abundance in Csk-deficient organoids was significantly atten-
uated by treatment with the Rac inhibitor NSC23766, suggesting
that hyperactivation of Rac contributes to this effect. Our results
thus suggest that SFKs promote the proliferation of crypt IECs by
activating Rac, which in turn upregulates the abundance of YAP.
The Rho family GTPases Rac and Rho are thought to contribute to
YAP activation by oncogenic mutants of GNAQ in a manner de-
pendent on actin polymerization (46). Phosphorylation of YAP at
Tyr357 by c-Src increases the stability of the protein, and this action
of c-Src has been implicated in the promotion of IEC proliferation
(47). Such tyrosine phosphorylation by c-Src of YAP was demon-
strated to occur under mucosal injury of the intestine (47). In
contrast, we failed to detect the phosphorylation of YAP at Tyr357

in crypts isolated from the small intestine of either control or Csk
CKO mice under the steady-state condition (see Fig. S8B in the
supplemental material).

We also detected cross talk between SFK-mediated signaling
and both the Wnt–�-catenin and Notch signaling pathways in
IECs. We thus found that the expression of Wnt target genes
(Lgr5, Ascl2, and Axin2) was downregulated in crypts of Csk CKO
mice. The Wnt–�-catenin signaling pathway is essential for gen-
eration and maintenance of ISCs as well as of Paneth cells (1, 2).
Consistent with the observed downregulation of Wnt target gene
expression, the numbers of ISCs and Paneth cells were reduced in
intestinal crypts as well as in intestinal organoids of Csk CKO
mice. These results suggest that SFKs negatively regulate Wnt–�-
catenin signaling. Given that YAP is thought to inhibit the Wnt–
�-catenin signaling pathway (48–50), SFKs likely target this path-
way through upregulation of YAP activity in crypt IECs. We also
found that IEC-specific ablation of Csk increased the number of
goblet cells in the ileum as well as in intestinal organoids and that
expression of the Notch target genes Olfm4 and Hes1 (9, 51) was
downregulated in crypts of Csk CKO mice (Fig. 2E; and see Fig.
S4B in the supplemental material). Treatment with inhibitors of
Rac or YAP prevented the increase in the number of goblet cells in

FIG 8 Effects of the YAP inhibitor verteporfin on the phenotypes of Csk-
deficient intestinal organoids. (A) Intestinal organoids from the jejunum of
8-week-old Csk CKO mice were cultured in the absence or presence of verte-
porfin (Verte) (1 �M) for 2 days and then subjected to immunostaining with
antibodies to Ki67 (red) and to staining of nuclei with DAPI (blue) (left panel).
Dashed lines indicate the boundary of intestinal organoids. Scale bar, 100 �m.
The Ki67-positive area was also determined as a percentage of the total or-
ganoid area in such images (right panel). (B) Intestinal organoids cultured as
for panel A for 3 days were subjected to immunostaining with antibodies to
mucin 2 (red) and to E-cadherin (green) (left panel). Scale bar, 50 �m. The
number of mucin 2-positive cells per bud was also determined in such images
(right panel). (C) Intestinal organoids cultured as for panel A were examined
by light microscopy at 3 days after plating (left panel). Boxed regions in the left
images are shown at higher magnification in the right images. Arrowheads
indicate granule-containing Paneth cells. Scale bars, 50 �m. The number of
granule-containing Paneth cells per bud was also determined in such images
(right panel). (D) Intestinal organoids cultured as for panel A were examined
by light microscopy at 5 days after plating (left panel). Scale bar, 100 �m. The
organoid area (middle panel) and the number of buds per organoid (right
panel) were also determined in such images. Quantitative data are means 	
SEM for a total of 75 organoids (A and D [middle panel]), 45 buds (B), 60 buds
(C), or 60 organoids (D [right panel]) per group in three separate experiments.
***, P 
 0.001 (Student’s t test).
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Csk-deficient intestinal organoids. Given that the Notch signaling
pathway regulates the absorptive versus secretory fate decision in
the intestinal epithelium (1, 2, 10), these results thus suggest that
SFKs inhibit Notch signaling through activation of Rac or YAP
and thereby promote the conversion of TA cells into goblet cells in
the intestine. Rac1 and Rac2 contribute to the inhibition of Notch
signaling in T lymphocytes during early thymic development (52),
suggesting that SFKs might also suppress the Notch pathway
through activation of Rac in crypt IECs.

In summary, our results implicate SFKs in the regulation of
IEC proliferation and differentiation under the steady-state con-
dition, with both Rac and YAP likely contributing to such regula-
tion downstream of SFKs. Further studies are warranted to clarify
the mechanisms by which SFKs regulate Rac and YAP and by
which they engage in cross talk with the Wnt–�-catenin and
Notch signaling pathways.
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