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Musashi 1-positive cells derived from mouse embryonic
stem cells treated with LY294002 are prone to
differentiate into intestinal epithelial-like tissues
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Abstract. The majority of Musashi 1 (Msil)-positive cells
derived from mouse embryonic stem cells (mESCs) are
prone to differentiate into neural epithelial-like cells, and
only a small proportion of Msil-positive cells differentiate
into intestinal epithelial-like cells. Whether inhibiting the
phosphatidylinositol 3-kinase (PI3K) signaling of mESCs
can promote the differentiation of Msil-positive cells into
intestinal epithelial-like cells remains to be fully elucidated.
In the present study, to inhibit PI3K signaling, mESCs were
treated with LY294002. A pMsil-green fluorescence protein
reporter plasmid was used to sort the Msil-positive cells from
mESCs treated and untreated with LY294002 (5 ymol/l). The
Msil-positive cells were hypodermically engrafted into the
backs of non-obese diabetic/severe combined immunodeficient
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mice. The presence of neural and intestinal epithelial-like cells
in the grafts was detected by reverse transcription-quantitative
polymerase chain reaction analysis and immunohistochemistry.
Compared with the Msil-positive cells derived from mESCs
without LY294002 treatment, Msil-positive cells derived
from mESCs treated with LY294002 expressed higher levels
of leucine-rich repeat-containing G-protein coupled receptor,
a marker of intestinal epithelial stem cells, and lower levels
of Nestin, a marker of neural epithelial stem cells. The grafts
from Msil-positive cells treated with LY294002 contained
more intestinal epithelial-like tissues and fewer neural
epithelial-like tissues, compared with those from untreated
Msil-positive cells. LY294002 had the ability to promote the
differentiation of mESCs into intestinal epithelial-like tissues.
The Msil-positive cells selected from the cell population
derived from mESCs treated with LY294002 exhibited more
characteristics of intestinal epithelial stem cells than those
from the untreated group.

Introduction

Musashil (Msil) is an RNA-binding protein that is
expressed at high levels in the nervous system (1,2). It
has been suggested that Msil serves an important role in
maintaining stem cell state, differentiation and tumori-
genesis (3-7). Numerous studies have shown that Msil is
expressed at high levels in the nervous system and the adult
intestinal epithelial stem cell population. Msil is located
in a small number of epithelial cells directly above Paneth
cells present in the small intestine crypts of adult mice. This
indicates that Msil is a marker of intestinal epithelial stem
cells (8,9). Msil-positive cells are regarded as a candidate
for intestinal epithelial stem cells. As Msil protein is local-
ized in the cytoplasm and nucleus of cells, and Msil-positive
cells are rarely distributed in the small intestinal crypt, it is
almost impossible to harvest living Msil-positive cells from
the small intestine (10,11). The scarcity of Msil-positive
cells has hindered investigation of the association between
Msil and intestinal epithelial stem cells.
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Embryonic stem cells (ESCs) can differentiate into
various types of cells, including Msil-positive cells (12,13).
As Msil-positive cells are a potential candidate for intestinal
epithelial stem cells, Msil-positive cells originated from ESCs
are expected to develop into intestinal epithelial cells. It has
also been demonstrated that Msil is selectively expressed in
neural progenitor cells (6,14,15). Therefore, Msil is considered
a marker of neuroepithelial stem cells, and Msil-positive
cells from ESCs maintain their ability to differentiate into
neuroepithelial tissue.

Living Msil-positive cells cannot be selected by binding
to surface antibodies due to the Msil protein being present in
the interior of the cell. In our previous study, a reporter gene
plasmid comprising a green fluorescent protein (GFP) sequence,
pMsil-GFP, was constructed under the control of the Msil
promoter (16). Following transfection with the pMsil-GFP
vector, Msil-positive cells were inspected in real time and
effectively selected from a cell population derived from ESCs
using flow cytometry (FCM). The selected Msil-positive
cells were able to differentiate into neural and intestinal
epithelial-like cells in vivo. The majority of Msil-positive cells
derived from ESCs were prone to differentiate into neural
epithelial-like cells, and only a small number of Msil-positive
cells differentiated into intestinal epithelial-like cells. This
indicated that the selected Msil-positive cells were similar to
neural epithelial stem cells and not intestinal epithelial stem
cells. Screening for Msil-positive cells that tend to differen-
tiate into intestinal epithelial stem cells is a prerequisite for
investigating intestinal epithelial stem cells.

During embryogenesis, intestinal epithelial tissue develops
from endoderm, and neural epithelial tissue develops from
ectoderm (17-20). Therefore, it was reasonable to presume
that the promotion of ESC differentiation into endoderm
can increase the production of intestinal epithelial tissue.
Phosphatidylinositol 3-kinase (PI3K) is extensively expressed
and is core in monitoring numerous cellular processes,
including cell migration, activation, differentiation, apoptosis
and angiogenesis (21-23). It has been reported that PI3K
signaling is involved in a broad array of elementary cellular
responses and serves a critical role in the differentiation of
ESCs (24-26). The suppression of PI3K signaling promotes the
differentiation of ESCs into mesendoderm and inhibits their
differentiation into ectoderm (27). Once ESCs differentiate
into mesendoderm cells, Msil-positive cells differentiate
into intestinal epithelial stem cells, rather than neural stem
cells. Msil-positive cells sorted from mesendoderm cells are
more favorable for the investigation of intestinal epithelial
stem cells. LY294002 (2-4-morpholinyl-8-phenlchromone),
a chemical inhibitor of PI3K, has been extensively used to
examine the role of the PI3K signaling pathway (28,29). The
present study aimed tried to determine whether suppressing
PI3K signaling can promote the differentiation of ESCs into
Msil-positive cells, which are prone to develop into intestinal
epithelial-like tissue.

Materials and methods
Reagent preparation. LY294002 (Beyotime Institute of

Biotechnology, Shanghai, China) was dissolved in dimethyl
sulfoxide (DMSO) at a concentration of 10 mg/ml and stored
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at -20°C. The concentrations of LY294002 solutions finally
used were 1.25,2.5,5, 10, 20 and 50 ygmol/I.

Culture of mouse (m)ESCs and cell cycle analysis. The
ES-E14TG2a mESCs were supplied by the American Type
Culture Collection (Manassas, VA, USA). The undifferenti-
ated mESCs were cultivated on gelatin-coated dishes without
feeder cells in Dulbecco's modified Eagle's medium (DMEM,;
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA),
supplemented with 10% fetal calf serum (FCS; HyClone; GE
Healthcare Life Sciences, Logan, UT, USA), 10 mM HEPES
(Gibco; Thermo Fisher Scientific, Inc.), 0.12% sodium bicar-
bonate, 0.1 mM nonessential amino acids (HyClone), 0.1 mM
2-mercaptoethanol (2ME; Gibco; Thermo Fisher Scientific,
Inc.), 100 U/ml penicillin G, 100 pg/ml streptomycin and
1,000 U/ml leukemia inhibitory factor (LIF; Chemicon
International; Thermo Fisher Scientific, Inc.). The cells were
cultured in a humidified 37°C incubator in a 5% CO,-air
mixture.

The proliferation rate of mESCs was measured with Cell
Counting Kit-8 (CCK-8) (Dojindo Molecular Technologies,
Kumamoto, Japan). Briefly, the mESCs were treated with
trypsin (0.25%)/EDTA (0.02%) and 5x10° cells (100 pul
volume/well) were plated in triplicate in gelatin-coated
wells of a 96-well plate in media containing 1,000 U/ml LIF.
LY294002 (1.25, 2.5, 5, 10, 20 and 50 gmol/l) was mixed in
triplicate wells and cultured at 37°C for 24 h. DMSO was used
as a vehicle control. Following treatment, 10 ul of CCK-8 was
added to each microculture well, and the absorbance at 450 nm
was measured with a microplate reader following incubation
for 2 h at 37°C.

Differentiation of mESCs and formation of embryonic bodies
(EBs). To induce mESC differentiation, LIF was removed
from the mESC culture medium (EB medium). The mESCs
were cultured using the hanging-drop method (32 pl per drop)
to form EBs at a concentration of 1x10° cells/ml in EB medium
with or without LY294002. After 2 days, the harvested EBs
were dissociated with trypsin (0.25%)/EDTA (0.02%). They
were inoculated at a concentration of 1x10° cells/well in
a 6-well culture plate (Nalge Nunc International; Thermo
Fisher Scientific, Inc.) and cultured in EB medium with or
without LY294002. All EB cell cultures were maintained in a
humidified chamber in a 5% CO,-air mixture at 37°C.

Western blot analysis. Whole-cell lysates were prepared using
RIPA lysis buffer (Beyotime Institute of Biotechnology) and
centrifuged (10,000 x g) at 4°C for 15 min. Total protein in
the supernatant of the cell lysate was measured by the BCA
Protein Assay kit (Beyotime Institute of Biotechnology). The
supernatants were boiled for 5 min and were size-fractionated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(12% acrylamide; 40 ug protein per sample). The proteins
were transferred onto nitrocellulose filters, following which
the blots were incubated with rabbit anti-mouse glycogen
synthase kinase-3p (GSK3p; cat. no. NBP1-31353), rabbit
anti-mouse phosphorylated GSK3p% (cat. no. AF1590-SP;
both 1:500; Novus Biologicals, Littleton, CO, USA) and rabbit
anti-mouse (-actin (1:2,000; cat. no. 4970; Cell Signaling
Technology, Inc., Danvers, MA, USA) antibodies overnight
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at 4°C. The secondary antibodies used were horseradish
peroxidase-conjugated anti-rabbit (1:4,000; cat. no. 7074;
Cell Signaling Technology, Inc.), which were incubated for
1 h at room temperature with gentle agitation. GSK3p and
GSK3p% were detected using an ECL chemiluminescence
system (Pierce; Thermo Fisher Scientific, Inc.). The integrated
intensity for the protein bands was determined by scanning
densitometry and analyzed via Glyko BandScan 5.0 (Glyko,
Novato, CA, USA).

Construction of pMsil-GFP and cell transfection. A reporter
gene plasmid (pMsil-GFP) was constructed in our previous
study, and Msil-positive cells were selected from a cell
population derived from mESCs by fluorescence-activated
cell sorting (FACS). The day before transfection, 2x10° of
the 9-day cell population derived from mESCs were counted
and seeded into 6-well plates in EB medium with or without
LY294002. For generation of a Lipofectamine-plasmid DNA
complex, 150 ul of serum-free medium was mixed with 10 pl
of Lipofectamine (Invitrogen; Thermo Fisher Scientific, Inc.)
and incubated for 5 min at room temperature. Subsequently,
150 pl of DMEM was mixed with 4 ug of pMsil-GFP, added
to Lipofectamine solution, mixed gently and incubated for
30 min at room temperature. The transfection complexes were
then added to each well. The medium was replaced following
6 h of incubation with EB culture medium with or without
LY294002. The GFP-positive cells were counted using FCM
(Beckman Coulter, Inc., Brea, CA, USA) 24 h following tran-
sient transfection. The cells were counterstained with Hoechst
33342 (10 ug/ml; Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) at room temperature for 10 min and observed
under a fluorescence microscope (Olympus iX71; Olympus
Corporation, Tokyo, Japan).

FACS and grafting. The cells were harvested using trypsin
(0.25%)/EDTA (0.02%) 24 h following transfection. The
LY-Msil-positive cells and EB-Msil positive cells were
selected from 10-day cell populations treated with and without
LY294002, respectively, using FCM (488 nm), gated for a high
expression level of GFP. The selected LY/EB-Msil positive
cells were harvested (~5.0x10° cells per dose) whereas the
unselected 10-day cell populations (treated with or without
LY294002) were injected subcutaneously into 20 non-obese
diabetic/severe combined immunodeficient (NOD/SCID)
mice (female, 4-6-week-old and 14-20 g; n=5 in each group;
Laboratory Animal Center of Sun Yat-Sen University,
Guangzhou, China). Throughout the experiment, the mice
were housed in a room with a 12/12-h light/dark cycle, at a
temperature of 27°C, with 60% relative humidity and free
access to chow and water. At 2 weeks post transplantation, the
mice were sacrificed and the grafts were removed. All experi-
ments were performed in triplicate and repeated separately
three times. All procedures were performed in accordance
with the Animal Ethics Committee of the Second Affiliated
Hospital of Sun Yat-Sen University.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR) analysis. Total RNA from the cells and grafts were
extracted using TRIzol reagent (Invitrogen; Thermo Fisher
Scientific, Inc.). The concentration and purity of the total RNA
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were detected using a UV-2450 spectrophotometer (Shimadzu
Corporation, Kyoto, Japan). According to the manufac-
turer's protocol, 1 pg of total RNA was used to perform
cDNA synthesis, using a ReverTra Ace-a-® kit (Toyobo Life
Science, Osaka, Japan). qPCR analysis was performed using a
Real-time™ PCR Master Mix kit (Toyobo Life Science) and
SYBR Premix Ex Tag™ II (Takara Bio, Inc., Otsu, Japan) in
a LightCycler 480 (Roche Diagnostics, Basel, Switzerland).
The cycling conditions were 95°C for 30 sec, followed by
40 cycles of 95°C for 15 sec and 60°C for 30 sec. The experi-
ment was repeated twice and the results were averaged. Data
were analyzed using the AACt method with B-actin as the
constitutive marker (30).

The sequences of the primers used were as follows (and
reverse): Mouse Msil, forward 5'-ATGGTGGAATGCAAG
AAAGC-3' and reverse 5-TAGGTGTAACCAGGGGC
AAG-3'; B-actin, forward 5'-CGGCTACCACATCCAAG
GAA-3' and reverse 5-GCTGGAATTACCGCGGCT-3'
mouse Tubulin B III, forward 5'-CTTCGGGCAGATCTT
CAGAC-3' and reverse 5-AGTCAACCAGCTCTGCA
CCT-3"; mouse Villin forward 5'-ACGGTGGTGACTGCT
ACCTGCT-3' and reverse 5'-AACCACCATGCGGCCCT
TGA-3'; mouse platelet-derived growth factor receptor a
(Pdgfr-a), forward 5'-AACCTTCAGCGTGGGGCCTT-3'
and reverse 5'-ACAGTCTGGCGTGCGTCCAT-3'; mouse
Leucine-rich repeat-containing G-protein coupled receptor
5 (Lgr5), forward 5'-CACCAGCTTACCCCATGACT-3' and
reverse 5'-CTCCTGCTCTAAGGCACCAC-3"; mouse Nestin,
forward 5'-GAGAAGACAGTGAGGCAGATGAGTTA-3' and
reverse 5-GCCTCTGTTCTCCAGCTTGCT-3.

Immunohistochemistry. Immunohistochemical analysis was
performed to measure the protein expression of Tubulin 3 III
and Villin. The grafts were removed from the NOD/SCID
mice and fixed with 4% paraformaldehyde overnight at 4°C,
embedded in paraffin, and cut at a thickness of 6 ym. The
sections were washed for 15 min in PBS and subjected to
antigen retrieval using a microwave oven for 15 min. The
sections were cooled to room temperature and incubated for
2 h with 10% normal goat (or rabbit) serum (cat. no. kit-9710;
Ultersensitive SP kit; Fuzhou Maixin Biotech Co., Ltd.,
Fuzhou, China) to reduce nonspecific binding. After a
15 min PBS wash, the sections were incubated overnight at
4°C with rabbit anti-mouse Tubulin 8 III (2.5 mg/ml in PBS;
cat. no. 1967-1, Epitomics; Abcam, Cambridge, MA, USA),
or goat anti-mouse Villin (5 mg/ml in PBS; cat. no. Sc-7672,
Santa Cruz Biotechnology, Inc., Dallas, TX, USA) antibodies.
After a 15 min PBS wash, the sections were treated with
biotinylated anti-rabbit (or goat) IgG antibody (1:200 dilution;
Ultersensitive SP kit) at 37°C for 60 min. A positive reaction
was detected using the SP method (Ultersensitive SP kit) and
visualized via a diaminobenzidine reaction (Ultersensitive SP
kit). The sections were counterstained with hematoxylin (cat.
no. CTS-1099; Maixin Biotech Co., Ltd.) at room temperature
for 30 sec, prior to being imaged under a iX71 fluorescence
microscope.

Statistical analysis. Statistical analyses were performed
using a statistical software package (SAS 8 for Windows;
SAS Institute, Inc., Cary, NC, USA). Data are presented as
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the mean + standard derivation. Data were analyzed using
one-way analysis of variance and a=0.05 (P<0.05) was used to
indicate a statistically significant difference between separate
groups.

Results

Effects of LY294002 in vitro: Suppression of cell survival.
As an inhibitor of PI3K signaling, LY294002 suppresses the
proliferation of mESCs (31). To determine the appropriate
concentration of LY294002 in the present study, the mESCs
were treated with LY294002 at a concentration gradient for
24 h. When the mESCs were treated with 1.25, 2.5, 5, 10,
20 and 50 pgmol/l LY294002, the mean absorbance was
73.2+4.5,68.0£3.4,62.0+2.2,39.5+1.7,4.8+1.7 and 0.8+0.4%,
respectively, showing a decreasing trend. When DMSO was
used as a vehicle in the cell culture, the mean absorbance
was 97.5+£2.3, 89.3+6.8, 89.4+4., 91.1+11.9, 95.2+2.0 and
83.2+1.2%, respectively. As shown in Fig. 1, the proliferation
of mESCs was inhibited by LY294002 in a dose-dependent
manner. The inhibitory effect was significant at a concen-
tration of >5 pymol/l. Therefore, 5 pmol/l LY294002 was
subsequently used.

Effects of LY294002 in vitro: Inactivation of GSK3[ in mESCs.
The suppression of PI3K signaling by LY294002 was affirmed
by probing the cell lysates with phosphospecific antibodies that
discerned the activity status of downstream PI3K signaling
effectors, including GSK3f. These outcomes demonstrated
that 5 gmol/1 LY294002 inhibited PI3K signaling within 72 h,
as shown by a collapse in the phosphorylation of GSK33%
(Fig. 2A and B). It was concluded that 5 ymol/l1 LY294002 was
sufficient to inhibit the canonical PI3K signaling pathway, but
had limited effect on the proliferation of mESCs.

Effect of LY294002 on the mRNA expression of Msil during
the differentiation of mESCs. The mRNA expression levels
of Msil were gradually increased during the differentia-
tion of mESCs treated with or without 5 gmol/l LY294002.
Compared with the mESCs, the mRNA expression levels of
Msil in the 8-13-day cell populations derived from mESCs
without LY294002 treatment were 1.103+0.060, 1.460+0.120,
4.090+0.190, 5.543+0.190, 3.867+0.159 and 3.513+0.170,
respectively. Those treated with LY94002 were 0.977+0.048,
1.2780+0.111, 4.667+0.234, 3.967+0.264, 2.730+0.210 and
1.502+0.167, respectively (Fig. 3). Taken together, the mRNA
expression levels of Msil for cell populations derived from
mESCs without LY294002 treatment were higher than those
of the treated group at each time point, with the exception
of the 10-day cell population (P<0.05). The mRNA expres-
sion level of Msil in the 10-day cell population derived from
mESCs treated with LY294002 was higher than that of the
untreated group (P<0.05).

Transient transfection of pMsil-GFP. At 24 h post-transfec-
tion with pMsil-GFP, GFP-positive cells were found in the
10-day cell populations with or without LY294002 treatment
(Fig. 4A-F). The positive expression rate of GFP was esti-
mated with FCM. Following transfection with pMsil-GFP,
the positive expression rates of GFP in the 10-day cell
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Figure 1. Influence of different concentrations of LY294002 on the prolif-
eration of mESCs. LY294002 inhibited the proliferation of mESCs in a
dose-dependent manner. The proliferation of mESCs was inhibited when
the concentration of LY294002 was >5 ymol/l and was completely inhibited
when the concentration of LY294002 was >20 ymol/l. The concentration of
DMSO used had limited influence on the proliferation of mESCs. mESCs,
mouse embryonic stem cells; DMSO, dimethyl sulfoxide.

populations derived from mESCs with or without LY294002
treatment were 16.540+2.760 and 10.040+1.980%, respec-
tively (Fig. 4G-I).

mRNA expression of markers for intestinal and neural
epithelial stem cells in selected Msil-positive cells. The
EB-Msil positive cells and LY-Msil positive cells were
selected from the 10-day cell populations treated with or
without LY294002. Compared with the 10-day cell popula-
tion without LY294002 treatment, the mRNA expression
levels of Msil in the EB-Msil positive cells, LY-Msil-positive
cells and 10-day cell population treated with LY294002
were 12.731+£2.145, 11.864+2.231 and 1.137+0.029, respec-
tively (Fig. 5). The mRNA expression levels of Msil in both
Msil-positive cell groups were higher than those in unselected
cells treated with or without LY294002 (P<0.05). The mRNA
expression level of Msil in EB-Msil-positive cells was similar
to that of LY-Msil-positive cells (P>0.05).

To determine whether Msil-expressing cells were able to
further differentiate into neural and intestinal epithelial cells,
the mRNA expression levels of the markers for neural and
intestinal epithelial stem cells were analyzed. Lgr5 has been
reported as a marker of intestinal epithelial stem cells (32).
Compared with the 10-day cell population without LY294002,
the mRNA expression levels of Lgr5 in EB-Msil-positive
cells, LY-Msil-positive cells and the 10-day cell population
treated with LY294002 were 4.379+0.532, 7.665+0.844 and
4.616+0.665, respectively (Fig. 5). The mRNA expression
level of Lgr5 in the LY-Msil-positive cells was higher than
those in the other groups (P<0.05). The mRNA expres-
sion levels of Lgr5 did not differ significantly between the
EB-Msil-positive cells and the 10-day cell population treated
with LY294002 (P>0.05).

Nestin has been confirmed as a target of neural epithe-
lial progenitors. Compared with the 10-day cell population
without LY294002 treatment, the mRNA expression levels
of Nestin in the EB-Msil-positive cells, LY-Msil-positive
cells and the 10-day cell population treated with LY294002
were 5.112+0.679, 0.377+£0.032 and 0.423+0.057, respec-
tively (Fig. 5). The mRNA expression level of Nestin in the
EB-Msil-positive cells was higher than those in the other
groups (P<0.05). The mRNA expression level of Nestin in the
LY-Msil-positive cells was similar to that in the 10-day cell
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Figure 2. Western blotting showing L'Y294002 has an inhibitory effect on the phosphorylation of GSK38. mESCs were cultured in embryonic body culture
medium treated with or without 5 gmol/l LY294002 for 72 h. (A) Changes in GSK3f protein activity in response to LY294002 treatment (72 h) were
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as an internal control. (B) Protein expression levels of GSK3f, GSK33S9 and -actin were indicated by the intensity of the corresponding bands. There
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Figure 3. Relative mRNA expression of Msil in mESCs treated or untreated
with LY294002. The mRNA expression of Msil reached a peak level in
the 10-day cell population derived from mESCs treated with LY294002,
whereas the mRNA expression of Msil reached a peak level in the 11-day cell
population derived from mESCs without LY294002 treatment. The mRNA
expression level of Msil in the 10-day cell population derived from mESCs
treated with LY294002 was higher than that of cell populations derived
from mESCs without LY294002 at each time point, but lower than that of
the 11-day cell population derived from mESCs without LY294002. "P<0.05;
“P<0.05. Msil, Musashi 1; mESCs, mouse embryonic stem cells.

population treated with LY294002 (P>0.05), and both were
significantly lower than that in the 10-day cell population
without LY294002 treatment (P<0.05).

Sorting of Msil-positive cells and grafting assay. To observe
how the Msil-positive cells differentiate in vivo, the present
study separated and then engrafted LY/EB-Msil positive
cells, in addition to the unselected 10-day cell populations
treated with and without LY294002 following pMsil-GFP
transfection, into the backs of 5-week-old NOD/SCID mice.
At 10 days post-injection, the grafts were developed. They
grew quickly, and their diameters had reached 1-2 cm at
2 weeks after injection.

Tubulin  IIT has been confirmed as a marker of mature
neural epithelial cells (33-35). The mRNA expression
levels of the Tubulin (§ IIT in grafts from LY-Msil-positive

cells, EB-Msil-positive cells and the 10-day cell population
treated with LY294002 were 0.623+0.073, 2.08+0.318 and
0.567+0.105, respectively, compared with the 10-day cell
population without LY294002 (Fig. 6). The mRNA expres-
sion level of Tubulin { III in the grafts from EB-Msil-positive
cells was higher than those in the other groups (P<0.05). The
mRNA expression levels of the Tubulin § III in the grafts
from the LY-Msil-positive cells and the 10-day cell popula-
tion treated with LY294002 were significantly lower than
those in the grafts from EB-Msil-positive cells and the 10-day
cell population without LY294002 (P<0.05). These results
indicated that EB-Msil-positive cells were prone to develop
into neural epithelial-like tissue in vivo, compared with
LY-Msil-positive cells. Therefore, LY294002 suppressed the
ability of mESCs to differentiate into neural epithelial-like
tissue.

Villin, an actin bundling protein, is a dominant struc-
tural component of the brush border of intestinal absorptive
cells (36,37). The mRNA expression levels of Villin in grafts
from the LY-Msil-positive cells, EB-Msil-positive cells and
the 10-day cell population treated with LY294002 were
14.612+1.053, 3.993+0.649 and 4.422+1.233, respectively,
compared with that in the 10-day cell population without
LY294002 (Fig. 6). The mRNA expression level of Villin in
the grafts from LY-Msil-positive cells was higher than those
in other groups (P<0.05). The mRNA expression levels of the
Villin in the grafts from EB-Msil-positive cells and the 10-day
cell population treated with LY294002 were higher than that in
the grafts from the 10-day cell population without LY294002
(P<0.05). These results showed that LY294002 promoted the
differentiation of mESCs into intestinal epithelial-like cells.
LY-Msil-positive cells were prone to develop into intestinal
epithelial-like tissue in vivo.

Pdgfr-a is a typical mesoderm marker (38-40). The
mRNA expression levels of Pdgfr-a in grafts from the
LY-Msil-positive cells, the 10-day cell population treated with
LY294002 and EB-Msil-positive cells were 0.094+0.005,
1.893+0.294 and 0.031+0.004-fold, respectively, compared
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Figure 4. Transient transfection of the pMsil-GFP vector. pMsil-GFP was transfected into the 9-day cell population derived from mESCs without LY294002
treatment, as shown in (A) GFP, (B) Hoechst and (C) merged images, and with LY294002 treatment, as shown in (D) GFP, (E) Hoechst and (F) merged images.
After 24 h, GFP-positive cells were identified in both groups under a fluorescence microscope. Scale bar=50 ym. At 24 h post-transfection with pMsil-GFP,
the positive expression rate of GFP in the 10-day cell population (G) without LY294002 treatment (G) and (H) with LY294002 treatment were calculated with
flow cytometry. (I) Positive expression rate of GFP in the 10-day cell population without LY294002 treatment was higher than that in the 10-day cell population
treated with LY294002. "P<0.05. Msil, Musashi 1; mESCs, mouse embryonic stem cells; GFP, green fluorescent protein.

with the 10-day cell population without LY294002 (Fig. 6).
The mRNA expression of Pdgfr-a in grafts from the 10-day
cell population treated with LY294002 was higher than in the
other groups (P<0.05). Therefore, LY294002 promoted the
production of mesoderm during the process of mESC differ-
entiation. The mRNA expression levels of Pdgfr-a in grafts
from LY/EB-Msil-positive cells were significantly lower than
those from the 10-day cell populations treated with/without
LY294002 (P<0.05). These results indicated that neither
EB-Msil-positive cells nor LY-Msil-positive cells had the
tendency to develop into mesoderm tissue.

Immunohistochemical analysis of grafts. A higher number
of Tubulin B III-positive cells were detected in the grafts
from the 10-day cell population without LY294002 and
from EB-Msil-positive cells than those from the 10-day cell
population treated with LY294002 and LY-Msil-positive
cells (Fig. 7A-D). A high number of Villin-positive cells
were detected in the grafts from the 10-day cell population
treated with LY294002 and LY-Msil-positive cells than in
those from the 10-day cell population without LY294002 and
EB-Msil-positive cells (Fig. 7E-H).

Discussion

In our previous study, a pMsil-GFP vector was successfully
constructed, which was able to identify Msil-positive cells,
and to select Msil-positive cells from a cell population origi-
nating from mESCs (16). Although the selected Msil-positive
cells had the potential to develop into neural and intestinal
epithelial-like cells, the majority tended to develop into neural
epithelial-like tissues. Only a small proportion of intestinal
epithelial-like tissues were identified in the grafts from
selected Msil-positive cells. An additional way to harvest more
intestinal epithelial-like tissues developed from Msil-positive
cells was to suppress the differentiation of mESCs into neutral
epithelial-like tissue.

The ectoderm gives rise to the epidermis and neural
epithelial tissue. Suppressing the differentiation of mESCs
into ectoderm can prevent neutral epithelial tissue forma-
tion. The suppression of PI3K signaling efficiently promotes
the differentiation of mESCs into mesendoderm and then
definitive endoderm. It also prevents the differentiation of
mESCs into ectoderm (27). PI3K signaling triggers the phos-
phorylation of GSK3p on Serine9, which can be inhibited with
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Figure 5. mRNA expression of symbols for neural and intestinal epithelial stem cells in selected Msil-positive cells. The mRNA expression level of Msil
in EB-Msil positive cells was similar to that in LY-Msil-positive cells, and both were higher than that in the unselected 10-day cell population ("P>0.05;
*P<0.05). The mRNA expression level of Lgr5 in EB-Msil-positive cells was similar to that in the 10-day cell population treated with LY294002, and both
were lower than that in LY-Msil-positive cells but higher than that in the 10-day cell population without LY294002 treatment ("P>0.05; “P<0.05; ““P<0.05).
The mRNA expression level of Nestin in LY-Msil-positive cells was similar to that in the 10-day cell population treated with LY294002, but both were
significantly lower than that in the 10-day cell population without LY294002 treatment. The mRNA expression level of Nestin in LY-Msil-positive cells was
significantly lower than that in EB-Msil-positive cells ("P>0.05; “P<0.05; ““P<0.05). Msil, Musashi 1; mESCs, mouse embryonic stem cells; EB, embryonic
body; LY, LY294002; Lgr5, leucine-rich repeat-containing G-protein coupled receptor.
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Figure 6. mRNA expression of markers for neural and intestinal epithelial cells in grafts. mRNA expression of Pdgfr-a in grafts from LY/EB-Msil-positive
cells were significantly lower than those from 10-day cell populations treated with/without LY294002 ("P<0.05). mRNA expression of Pdgfr-a in grafts from
the 10-day cell population treated with LY294002 was significantly higher than that from 10-day cell population untreated without LY294002 treatment
(""P<0.05). mRNA expression of Villin in grafts from LY-Msil-positive cells was higher than in the other three groups ("P<0.05). mRNA expression of Villin
in grafts from the 10-day cell population treated with LY294002 was higher than that from the 10-day cell population without LY294002 treatment (“P<0.05).
mRNA expression of Tubulin § III in grafts from EB-Msil-positive cells was higher than in the other three groups ("P<0.05). mRNA expression levels of
Tubulin §§ IIT in grafts from LY-Msil-positive cells and the 10-day cell population treated with LY294002 were lower than that in the 10-day cell population
without LY294002 treatment (“P<0.05). Msil, Musashi 1; mESCs, mouse embryonic stem cells; EB, embryonic body; Pdgf-a, platelet-derived growth factor
receptor a; LY, LY294002.

LY294002 (41). In the present study, LY294002 (5 pmol/l) mRNA expression patterns of Msil in cells derived from
effectively inhibited the activity of the PI3K signaling mESCs treated with and without LY294002 were similar,
pathway, but had limited suppressive effect on the proliferation =~ however, the expression level in the treated group was lower
of mESCs. The concentration of DMSO used did not affect  than that in the untreated group during the differentiation of
cell survival, which was consistent with the results of a study = mESCs, with the exception of that in the 10-day cell popu-
by Semba et al (42). lation. The mRNA expression of Msil reached a peak level

The PI3K signaling pathway can affect the differentiation  in the 11-day cell population derived from mESCs without
of mESCs (43). The inhibition of PI3K signaling alters gene =~ LY294002 treatment, whereas the mRNA expression of Msil
expression during the differentiation of mESCs (27). The reached a peak level in the 10-day cell population derived



2478

LAN et al: LY294002 PROMOTES ESCs TO DIFFERENTIATE INTO INTESTINAL EPITHELIAL CELLS

Figure 7. Immunohistochemical analysis of grafts. Tubulin § III-positive cells (black arrow) were more prevalent in the grafts from the (A) 10-day cell popula-
tion without LY294002 treatment and from (B) EB-Msil-positive cells than in the grafts from the (C) 10-day cell population treated with LY294002 and from
(D) LY-Msil-positive cells. Villin-positive cells (black arrow) were less prevalent in the grafts from the (E) 10-day cell population without LY294002 than in
the grafts from the (G) 10-day cell population treated with LY294002, and were less prevalent in the grafts from (F) EB-Msil-positive cells than in the grafts
from (H) LY-Msil-positive cells. Scale bar=50 ym. Msil, Musashi 1; mESCs, mouse embryonic stem cells; EB, embryonic body.

from mESCs treated with LY294002. This result indicated
that LY294002 accelerated the differentiation of mESCs,
and shifted the peak mRNA expression of Msil to an earlier
date. Following transient transfection with the pMsil-GFP
vector, fewer Msil-positive cells were detected in the 10-day
population derived from mESCs treated with LY294002
than in the untreated group. This result was inconsistent with
the qPCR results, although the reason remains unclear. One
possibility was that LY294002 may affect the expression of
the pMsil-GFP vector. As LY294002 suppressed the differ-
entiation of mESCs into ectoderm, there was a corresponding
reduction in the production of Msil-positive cells, which are
neuronal precursor cells (6,15). Therefore, it was concluded
that LY294002 did not increase the production of Msil-positive
cells derived from mESCs.

Although the mRNA expression of Msil was high in the
EB-Msi-1- and LY-Msil-positive cells, the mRNA expression
levels of Lgr5 and Nestin were different. The mRNA expres-
sion level of Lgr5 in LY-Msil-positive cells was higher than
that in EB-Msil-positive cells and unselected cells derived
from mESCs treated with/without LY294002, whereas
the mRNA expression level of Nestin in EB-Msil-positive
cells was higher than that in LY-Msil-positive cells and
unselected cells derived from mESCs treated with/without
LY294002. These results showed that LY-Msil-positive cells
appeared to contain more intestinal epithelial stem cells,
whereas EB-Msil-positive cells appeared to contain more
neural epithelial stem cells. As Msil is considered a marker
of neural and intestinal epithelial stem cells, it is reasonable
to suggest that there two subsets of Msil-positive cells were
derived from mESCs; one subset was prone to differentiate
into neural epithelial tissue, whereas the other was prone
to differentiate into intestinal epithelial tissue (16). The
suppression of PI3K signaling resulted in a reduction of
the subset that differentiated into neural epithelial tissue
and promoted the differentiation of mESCs into intestinal
epithelial tissue.

As precursor cells of neural and intestinal epithelial
cells, Msil-positive cells lose the ability to differentiate into
certain cell types, particularly mesodermal cells. The lower

mRNA expression level of Pdgfr-a in grafts derived from
LY/EB-Msil-positive cells provides direct evidence of this.

As mentioned above, the LY-Msil-positive cells and
EB-Msil-positive cells had similar characteristics. As Msil
is considered a candidate marker of intestinal epithelial stem
cells, it is presumed that Villin-positive cells can be detected
in the grafts from selected Msil-positive cells (9,37). There
were also differences in the expression levels of markers of
neural and intestinal epithelial cells. As shown in the results
of the mRNA expression analysis and immunohistochemical
analysis, the expression level of Villin was higher in grafts
derived from cells treated with LY294002 than those from
cells without LY294002 treatment. In addition, the expres-
sion level of Villin was higher in grafts derived from
LY-Msil-positive cells than in those from EB-Msil-positive
cells. These results revealed that LY294002 promoted the
differentiation of mESCs into endoderm, and increased the
production of intestinal epithelial-like cells. The Msil-positive
cells derived from mESCs treated with LY294002 were
distinct from those without LY294002 treatment. Compared
with EB-Msil-positive cells, more LY-Msil-positive cells
differentiated into intestinal epithelial-like tissue. This result
partially clarified the reason why LY294002 increased the
production of intestinal epithelial-like tissue in the grafts
derived from mESCs treated with LY294002.

The marker of neural epithelial cells, Tubulin § III, was
expressed at high levels in grafts derived from EB-Msil-positive
cells, whereas Villin, a marker of intestinal epithelial cells, was
expressed at a lower level (35). This indicated that the majority
of EB-Msil-positive cells developed into neural epithelial-like
tissue, and only a small number of EB-Msil-positive cells
differentiated into intestinal epithelial-like tissue (16).
Therefore, EB-Msil-positive cells can be regarded as ‘neural
epithelial stem cells’, rather than ‘intestinal epithelial stem
cells’. As LY294002 inhibited the differentiation of mESCs into
ectoderm, the expression levels of Tubulin § III in grafts from
unselected cells treated with LY294002 and LY-Msil-positive
cells were significantly lower than those from unselected
cells without LY294002 treatment and EB-Msil-positive
cells, as shown in the results of the mRNA expression and



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 43: 2471-2480, 2019

immunohistochemical analyses. These results suggested that
LY294002 inhibited the differentiation of mESCs into neural
epithelial-like tissue (27).

In conclusion, the present study demonstrated that
LY294002 promoted the differentiation of mESCs into intes-
tinal epithelial-like tissue. The Msil-positive cells selected
from a cell population derived from mESCs treated with
LY294002 had more characteristics of intestinal epithelial
stem cells, and were suitable for use as a platform for further
differentiation. Due to the low proportion of Msil-positive
cells in mesendoderm cells, it is not possible to provide
sufficient Msil-positive cells for the investigation of intestinal
epithelial stem cells. In order to sort out a higher number of
Msil-positive cells for intestinal epithelial stem cell research,
further investigations are required focused on increasing the
ratio of Msil-positive cells in mesendoderm cells (44).
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