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Disruption of normal barrier function is a fundamental factor
in the pathogenesis of inflammatory bowel disease, and intesti-
nal stem cell (ISC) transplantation may be an optional treat-
ment for patients. However, it is complicated and inefficient
to isolate ISCs from the intestine, which hampers its wide appli-
cation in clinic. We developed a two-step protocol in which
mesenchymal stem cells (MSCs) were first induced into
Sox17- or Foxa2-positive definitive endoderm cells by activin
A treatment and then into Lgr5-positive ISC-like cells by
miR-17 and FGF2 treatment. Furthermore, these Lgr5-positive
cells could differentiate into enterocyte-like cells following in-
duction with EGF. The results from an in vivo experiment
showed that the MSC-derived Lgr5-positive cells were able
to protect against dextran sulfate sodium-induced colitis.
Taken together, our work might provide a new source of
autologous ISCs.
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INTRODUCTION
Inflammatory bowel disease (IBD) is characterized by chronic inflam-
mation in the gut and periods of remission, as well as intermittent
relapses. Although anti-tumor necrosis factor (TNF) agents like in-
fliximab (IFX) and adalimumab (ADA) have greatly improved the
clinical symptoms and endoscopically viewed bowel ulcerations, there
remain a substantial group of patients whose clinical course cannot be
adequately controlled.1,2 The intestinal epithelium is restored by mul-
tipotent intestinal stem cells (ISCs). ISCs reside in crypts and differ-
entiate into epithelial cells as they move from the crypt base to the
villous tip.3 Thus, ISCs are critical in maintaining the absorptive
function of the intestine. It is reasonable to hypothesize that ISC
transplantation would benefit patients with IBD. However, ISC trans-
plantation is impractical in the clinic because isolating ISCs from
the crypts is technically complicated, and each crypt contains only
6–10 ISCs.4

Decades of research into specific genetic markers of ISCs have facili-
tated their isolation from other crypt-based cell types. The G protein-
coupled receptor Lgr5, the RNA-binding protein Musashi-1, and the
polycomb group protein Bmil have recently been described as molec-
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ular markers of ISCs.5–8 Spence et al.9 have reported an efficient way
to direct the differentiation of human pluripotent stem cells (hPSCs)
into intestinal tissue in vitro. However, three-dimensional organoids
are formed in a three-dimensional culture supplemented with large
quantities of growth factors, which is costly and may not be suitable
for clinical practice. Therefore, a monolayer system that can differen-
tiate the stem cells into intestinal cells is urgently needed. Several
studies have demonstrated protocols that can successfully direct the
differentiation of hPSCs or embryonic stem cells (ESCs) into intesti-
nal epithelial cells.10–12 Nevertheless, the efficiency of inducing so-
matic cells into PSCs is unsatisfactory. In addition, it is widely
accepted that both PSCs and ESCs have a relatively high risk for
neoplasia.13

In contrast with PSCs, mesenchymal stem cells (MSCs) can be iso-
lated from a variety of tissues, such as bone marrow, placenta, and
umbilical cord.14 The biological functions of bone marrow-derived
MSCs (BM-MSCs) have been best characterized, and they are
most widely used for immunoregulation and regenerative cell
therapy.15–17 However, there has not yet been a study exploring the
efficiency of MSC differentiation into ISCs. It has been confirmed
that intestinal epithelium is derived from the definitive endoderm
(DE), which could be induced by activin A.18,19 Regionalization
occurs along the anterior-posterior axis of the DE.20 The expression
of specific transcription factors marks the regionalization of DE.
Sox17- or Foxa2-positive DE represents posterior endoderm that
The Authors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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could develop into hindgut, which could later give rise to the small
and large intestine.21–23 Recently, it has been demonstrated that treat-
ment with a high concentration of fibroblast growth factor 2 (FGF2;
256 ng/mL) was able to specify ESC-derived DE into anterior foregut
and small-intestinal cells.24

MicroRNAs (miRNAs) have been well investigated in a variety of
physiological and pathophysiological processes. It has been reported
that miR-17 might play an important role in the embryonic develop-
ment of the colonic epithelium.25 High expression of miR-17 was
found in early embryonic colon tissue, but its expression decreased
as colon embryonic development progressed.25 Moreover, overex-
pression of miR-17-5p in the crypt progenitor compartment was
confirmed by in situ hybridization.25 Hence the aim of the study
was to investigate whether BM-MSCs could be efficiently differenti-
ated into ISC-like cells under the mediation of miR-17, activin A,
and FGF2, and to further explore the functions of the MSC-derived
stem cells in vivo.

RESULTS
Stepwise Differentiation of BM-MSCs toward ISC-like Cells

Morphologically, BM-MSCs of passage 3 appeared to be a homoge-
neous population of spindle-shaped cells. Almost all MSCs expressed
the bone marrow progenitor cell marker CD29, and most cells ex-
pressed CD106 and CD90. Seldom did BM-MSCs express CD45
and CD3 (Figure 1A). These cells were used in subsequent
experiments.

It has been demonstrated that activin A could promote DE formation
by activating the nodal and activin signaling pathway.19 However, the
concentrations of activin A used were different among the published
work.12,19 Thus, the first step was to determine the optimal concentra-
tion of activin A. Different concentrations of activin A (0, 1, 5, 10, 20,
and 100 ng/mL) were used to treat BM-MSCs for 5 days. We found
that the expression of DE-specific genes was significantly upregulated
on day 5. Maximal expression of DE-related genes (Sox17 and Foxa2)
was observed with 5 ng/mL activin A treatment (Figure 1B). Western
blot analysis of Sox17 and Foxa2 expression also confirmed these
findings (Figure 1C). In the immunofluorescence assay, we randomly
selected six fields, counted the number of positive and negative cells,
and then calculated the percentage. The average proportions
of Sox17-positive and Foxa2-positive cells were approximately
76.76% and 78.58%, respectively, on day 5 following treatment with
5 ng/mL activin A (Figure 1E). Furthermore, Foxa2 and Sox17 pro-
teins were expressed in the nuclei (Figure 1D). Wnt3a has been re-
ported to have synergistic effects with activin A in the induction of
DE cells from MSCs; but in our study, Wnt3a did not increase the
number of Sox17- and Fox2-positive cells (data not shown).19,26

Then the DE cells were subsequently induced into ISC-like cells by
FGF2. Lgr5 and Musashi-1 are two proteins that could be considered
as markers of ISCs.5,7,8 As shown in Figure 2A, the expression of Lgr5
and Musashi-1 genes was markedly elevated in a time-dependent
manner. Maximal expression was observed after 250 ng/mL of
FGF2 treatment for 4 days. Western blot also showed that the
maximal expression of Lgr5 and Musashi-1 genes occurred on
day 4 (Figure 2C). However, immunofluorescence staining revealed
relatively weak fluorescence intensity and only a small proportion
of Lgr5-positive cells (Figure 2B). The results from flow cytometry as-
says confirmed that the proportion of Lgr5-positive cells was only
30.06%, which indicated the low efficiency of the induction protocol
(Figure 2D). Besides, human BM-MSCs were used to explore whether
the two-step protocol was also applicable. It indicated that human
BM-MSCs could also express the protein of Lgr5, although the posi-
tive proportion was lower than that of rat BM-MSCs (Figure 2E).

miR-17 Facilitates the Differentiation of DE Cells Toward

ISC-like Cells by Activating the Wnt/b-Catenin Pathway

To investigate whether miR-17 is critical in the differentiation pro-
cess, we used qRT-PCR to measure the expression of miR-17
throughout the whole protocol. As shown in Figure 3A, the expres-
sion of miR-17 gradually increased in the first 5 days. During the in-
duction of DE cells into ISC-like cells, the expression of miR-17
reached a peak for a short time and then quickly diminished there-
after. Hence DE cells were infected with a lentiviral system expressing
miR-17, and qRT-PCR confirmed the successful overexpression of
miR-17 in DE cells (Figure 3B). The expression of Lgr5 and
Musashi-1 genes was also measured using qRT-PCR, and the results
showed that mRNA expression of these two genes was markedly
higher in cells treated with both miR-17 and FGF2 than in cells
treated with FGF2 only. Moreover, their expression levels peaked
on day 2, not day 4 (Figure 3D). Then western blot was used to mea-
sure the protein expression of the two markers on day 2 following the
mediation of miR-17 and FGF2. The result was consistent with that of
qRT-PCR (Figure 3C). The immunofluorescence assay revealed
stronger fluorescence intensity and a greater proportion of Lgr5-pos-
itive and Musashi-1-positive cells in cells treated with both miR-17
and FGF2 than in cells treated with only FGF2 (Figure 3E). Flow cy-
tometry assays reported that the proportion of Lgr5-positive cells
reached as high as 89.14% (Figure 3F). These results fully demon-
strated the synergistic role of miR-17 in inducing DE cells toward
an ISC-like cell fate. Next, we sought to explore the mechanisms un-
derlying the phenomenon.

The Wnt/b-catenin pathway has been reported to play an important
role in intestinal morphogenesis.27,28 In their work, Ogaki et al.10

showed that Wnt signaling was necessary for the differentiation of
ESCs into intestinal lineages in vitro. Thus, we speculated that miR-
17 could activate the Wnt/b-catenin pathway. WIF1 and E2F1 are
two potent Wnt pathway antagonists.29,30 To explore whether the
Wnt/b-catenin pathway was involved in the effects of miR-17 on
DE cell differentiation, the protein levels of P-b-catenin, b-catenin,
E2F1, and WIF1 were detected in vitro 2 days after miR-17 transfec-
tion. The results indicated that miR-17 caused a significant reduction
in the phosphorylation of b-catenin, WIF1, and E2F1. However, the
total protein levels of b-catenin remained unchanged (Figure 4A).
To further investigate whether WIF1 and E2F1 were the direct down-
stream targets of miR-17-5p, we cloned the 30 UTR and targeting sites
Molecular Therapy: Nucleic Acids Vol. 13 December 2018 111
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Figure 1. BM-MSCs Could Be Induced to Form Definitive Endoderm by Activin A

(A) Flow cytometric analysis of BM-MSCs at passage 3. The analysis showed a predominant population of cells that were positive for CD106, CD90, and CD29, and negative

for CD45 and CD3. (B and C) Passage 3 BM-MSCs were stimulated with different concentrations of activin A (0, 1, 5, 10, 20, and 100 ng/mL) for 5 days, and the expression

levels of the definitive endoderm markers Sox17 and Foxa2 were analyzed by qRT-PCR (B) and western blot (C). The results were calculated by normalizing to those in the

day 5 untreated MSCs. Data are shown as the mean ± SEM; n = 3. *p < 0.05. (D) Immunofluorescence images of Foxa2- or Sox17-positive cells after BM-MSCs treated with

5 ng/mL activin A for 5 days. Nuclei were stained with DAPI. Phalloidin could specifically bind to Actin and help present cytoskeleton. Scale bar: 50 mm. (E) A statistic summary

of Sox17- or Foxa2-positive cell proportions. Data are shown as the mean ± SEM; n = 6. ***p < 0.001.
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of WIF1 and E2F1 mRNA into pMIR-REPORT Luciferase plasmid.
The construct was cotransfected into 293T cells along with miR-
17-5p. The precursor significantly reduced the luciferase activity
driven by the wild-type 30 UTR of WIF1 and E2F1 compared with
miR-NC in 293T cells. Meanwhile, the luciferase activities of cells
expressing the mutated-type WIF1 and E2F1 30 UTR and empty vec-
tor were not inhibited by the miR-17-5p precursor. These results
confirmed that WIF1 and E2F1 were the direct targets of miR-17-
5p (Figures 4B and 4C).
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The above data indicated that the simultaneous application of miR-17
and FGF2 dramatically increased the expression of ISC markers by
activating canonical Wnt/b-catenin signaling. Next, to determine
whether the induced ISC-like cells were capable of differentiating
into intestinal epithelial cells in vitro, we recultured the induced cells
with 20 ng/mL epidermal growth factor (EGF) for another 16 days.
The expression of enterocyte molecular markers (ISX, DDP4, and
villin 1) was induced, as revealed by qRT-PCR12 (Figure 4E). Immu-
nocytochemical analysis showed that the induced enterocytes also



Figure 2. Characterization of BM-MSC-Derived Intestinal Stem Cell-like Cells by Stepwise Differentiation

(A) Expression levels of the intestinal stem cell markers Lgr5 and Musashi-1 were analyzed by qRT-PCR. The results were calculated by normalizing to those in the day 9

untreated MSCs. Data are shown as the mean ± SEM; n = 3. *p < 0.05. (B) Immunofluorescence analysis of the dynamic change of Lgr5-positive cells during differentiation.

Nuclei were stained with DAPI. Scale bar: 50 mm. (C) Dynamic protein expression of Lgr5 and Musashi-1 was analyzed by western blot. (D) The proportion of Lgr5-positive

cells after 250 ng/mL FGF2 treatment for 4 days was analyzed by flow cytometry analysis. (E) Western blot and immunofluorescence showed that human BM-MSCs could be

induced to express the protein Lgr5 by treatment with 5 ng/mL activin A for 5 days and then 250 ng/mL FGF2 for 4 days. Nuclei were stained with DAPI. Scale bar: 50 mm.
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expressed Muc2, CK-18, and E-cadherin10 (Figure 4D). Moreover, we
also confirmed that MSC-derived enterocytes could absorb b-Ala-Lys
(AMCA), a fluorescent dipeptide, which indicated that the induced
enterocytes expressed the enterocyte-specific transporter PEPT111

(Figure 4F). Taken together, all of these results revealed that exoge-
nous miR-17 greatly enhanced the expression of ISC markers via
the activation of the Wnt/b-catenin pathway and the reduction of
WIF1 and E2F1 levels. Our protocol was summarized in Figures 4G
and 4H.

ISC-like Cells Rescue Damaged Epithelium

To test the therapeutic potential of ISC-like cells, we established an
animal model of colonic mucosal damage by feeding BALB/c 3%
dextran sulfate sodium (DSS) for 7 days.31Most of the mice developed
acute colitis, which was characterized by weight loss, bloody stool, and
diarrhea. At 7 and 9 days after initiating DSS administration, we
instilled the induced ISCs by enema into the recipient mice. The
whole transplantation protocol was shown in Figure 5A. DSS+ISC-
treated mice showed significantly reduced weight loss and faster
body weight recovery compared with DSS+PBS-treated mice from
day 8 to the end of the observation period (Figure 5B, with statistically
significant differences on days 9, 10, 11, and 12; p < 0.05). Colitis was
correlated with colon damage and inflammation, which were charac-
terized by colon shortening and higher inflammatory cytokine levels.
A significant decrease in colon shortening was observed in the
DSS+ISC-treated mice (Figure 5C). Histopathological examination
of the distal colon section showed that ISC treatment significantly
reduced the severity of epithelial damage and inflammatory cell infil-
tration compared with DSS-treated mice that received only PBS (Fig-
ure 5D). We next investigated the in vivo effect of ISCs on the
Molecular Therapy: Nucleic Acids Vol. 13 December 2018 113
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Figure 3. miR-17 Worked Cooperatively with FGF2 to Drive BM-MSCs Toward Intestinal Stem Cell-like Cells

(A) The expression of miR-17 was measured throughout the whole protocol (MSCs were induced into endoderm by activin A and then were subsequently induced into ISC-

like cells by FGF2). The results were calculated by normalizing to those untreated MSCs. Data are shown as the mean ± SEM; n = 3. *p < 0.05. (B) qRT-PCR confirming

induced overexpression of miR-17. Gene expression levels of miR-17 were analyzed by qRT-PCR. The results were calculated by normalizing to endoderm cells without

transfection. Data are shown as themean ±SEM; n = 3. Scale bar: 100 mm. (C)Western blot analysis of cells infected with Lenti-miR-1 or Lenti-NC. (D) Gene expression levels

of Lgr5 and Musashi-1 were analyzed by qRT-PCR. The results were calculated by normalizing to those in the day 9 untreated endoderm cells (above figures) or in the nine

untreatedMSCs (below figures). Data are shown as themean ± SEM; n = 3. (E) Immunofluorescence staining of Lgr5 andMusashi-1 in Lenti-miR-17-transfected cells. Nuclei

were stainedwith DAPI. Scale bars: 25 mm (left); 12.5 mm (right). (F) The proportion of Lgr5-positive cells following treatment with miR-17 and FGF2 for 2 days was analyzed by

flow cytometry.
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production of inflammatory mediators that were presumed to be
downregulated. The colons of ISC-treated mice contained reduced
levels of inflammatory cytokines (interferon-g [IFN-g], interleukin-
10 [IL-10], IL-6, and TNF-a) (Figure 5E). We also determined the
plasma levels of IFN-g, IL-10, IL-6, IL-1b, and TNF-a. The results
showed that ISC treatment could reduce the systemic inflammatory
responses in DSS-treated mice (Figure S1).

The Swiss roll technique revealed that multiple GFP+ areas were
concentrated in the middle and lower parts of the colon, which
were the most severe sections of the induced colitis model (Figure S2).
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GFP+ cells could migrate to the inflamed areas. Figure 6E showed that
parts of crypts and the epithelium were surrounded by neutrophils
marked by CD11b, and GFP+ cells could be observed in these areas.
They moved through the gut tract, and some of them formed flat
or slightly invaginated linings, connecting to the recipient colon
epithelium (Figures 6C and 6D). Below the epithelium surface,
GFP+ cells were also observed in the cystic areas (Figures 6A and
6B). The higher magnification view was shown in Figure S3. The
migration process was captured by confocal microscopy (Figure S4).
Four weeks after DSS administration, the structure of the epithelium
in the treated mice has recovered and appeared similar to normal



Figure 4. miR-17 Activated the Wnt/b-Catenin Signaling Pathway by Downregulating E2F1 and WIF1

(A) Western blot analysis of WIF1, E2F1, b-catenin, and P-b-catenin expression in the presence of exogenousmiR-17. (B) Predicted consequential pairing of the target region

of WIF1 and E2F1 with miR-17-5p. (C) Interaction of miR-17-5p with the 30 UTR of WIF1, E2F1, WIF1 Mutant, or E2F1 Mutant, as determined by luciferase activity. *p < 0.05.

(D and E) The induced intestinal stem cells were treated with 20 ng/mL EGF for 16 days. qRT-PCR and immunofluorescence staining confirmed the expression of epithelial

cell markers (D: Muc2, CK-18, and E-cadherin; E: ISX, villin 1, DDP4). The results were calculated by normalizing to those ISC-like cells without EGF treatment for 16 days.

Data are shown as the mean ± SEM; n = 3. *p < 0.05. Nuclei were stained with DAPI. Scale bar: 50 mm. (F) b-Lys-Ala (AMCA) intake assayed at day 16. AMCA exhibited blue

fluorescent. Arrows showed the morphology of cells in a white light confocal microscope. Scale bar: 25 mm. (G and H) Differentiation protocol for the generation of definitive

endoderm and intestinal stem cell-like cells from BM-MSCs (G); the signaling pathway was confirmed after miR-17 transfection (H).
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morphology. Some GFP+ cells were found in the epithelium, and the
merged image shows that these cells also expressed CK-18, themarker
of epithelial absorptive cells (Figure 6F), which meant that the trans-
planted cells could survive well in the colons of the recipients and
differentiate into epithelial cells.

DISCUSSION
In the past two decades, we have seen an explosion of scientific and
clinical interest in stem cell transplantation for a variety of diseases,
including IBD. Compared with the accumulating studies on MSCs,
there is limited literature on ISCs. The main reason is that the
method to obtain ISCs is far more complicated than that to obtain
MSCs. The establishment of a simple and efficient differentiation
method with which to induce BM-MSCs into ISC-like cells
in vitro seems to be a promising solution. Ogaki et al.10 have suc-
cessfully induced ESCs into intestinal lineages by activating Wnt/
b-catenin and inhibiting the Notch signaling pathway. However,
they failed to manipulate the differentiation of ISCs by activating
the Wnt or Notch signaling pathway. Iwao et al.12 have reported
that the expression of Lgr5 has been detected in the human induced
pluripotent stem cell (hiPSC) differentiation system. Nevertheless,
neither the proportion of the Lgr5+ cells nor whether the ISC-like
cells could function well in vivo was reported in their work. Thus,
our work is very important. We have successfully directed BM-
MSCs into ISC-like cells by activating Wnt and FGF signaling.
Moreover, when cultured with EGF, the Lgr5+ and Musashi-1+ cells
could further differentiate into intestinal absorptive cells. In vivo,
the transplanted GFP+ ISC-like cells readily integrate into the mouse
colon, covering the epithelium and residing in the crypts. At
4 weeks after DSS administration, these cells formed a single-layered
Molecular Therapy: Nucleic Acids Vol. 13 December 2018 115
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Figure 5. Treatment with Intestinal Stem Cell-like Cells Protected against DSS-Induced Colitis

(A) Experimental protocols. (B) The progression of colitis was monitored by body weight changes, which were presented as a percentage of their initial weight (day 0: 100%).

CTR, healthy control mice (n = 9); DSS+ISCs, DSS-treated mice that received intestinal stem cell-like cells (n = 11); DSS+PBS, DSS-treated mice that received only PBS

(n = 10). Data are shown as the mean ± SEM. *p < 0.05; **p < 0.01. (C) Macroscopic image of mouse colons harvested on day 14 and the assessment of the colonic length.

The groups from left to right are CTR, DSS+PBS, and DSS+ISCs. Data are shown as the mean ± SEM. **p < 0.01. (D) Photomicrographs of H&E-stained paraffin sections of

mouse colons harvested at day 14. A representative example of each group was shown. Scale bar: 200 mm. (E) Cytokine levels of colons were analyzed by qRT-PCR. The

results were calculated by normalizing to the control group. Data are shown as the mean ± SEM; n = 5. *p < 0.05; **p < 0.01; ***p < 0.001.
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villus that was histologically normal. Overall, these data suggest the
potential of ISC therapy based on the differentiation of BM-MSCs
in vitro.

miR-17, a member of the miR-17/92 cluster, has been shown to be a
tumor promoter in many studies.32–34 Recently, a study from Mao
et al.35 demonstrated that the miR-17/92 cluster stimulated the
neuronal differentiation of neural stem cells. In addition, miR-17
has been reported to facilitate the adipogenic differentiation of BM-
MSCs.36 Here, in our MSC differentiation system, we found that
miR-17 alone could greatly enhance the activity of theWnt/b-catenin
signaling pathway through downregulating its direct suppressors
E2F1 and WIF1, subsequently increasing the abundance of ISC-like
cells.

The simple and efficient protocol with which to direct BM-MSCs into
ISC-like cells was first proposed by our team. These results revealed
an important role for miR-17 and Wnt/b-catenin in posteriorizing
the endoderm. FGF2 signaling works cooperatively with miR-17 to
drive DE cells toward an Lgr5-expressing ISC lineage. Our study indi-
116 Molecular Therapy: Nucleic Acids Vol. 13 December 2018
cated that miR-17 participates in a variety of physiological and path-
ological processes, except for tumorigenesis. An miRNA cluster is
defined as several miRNA genes located adjacent to each other on
the chromosome that often, but not always, target common mRNAs,
which are often present in the same pathway. Therefore, other mem-
bers of the miR-17/92 cluster should also be investigated in the differ-
entiation system.37,38 Additionally, the long-term safety of stem cell
transplantation still needs to be evaluated. MSCs have been shown
to favor tumor growth due to its immunologic effects.39,40 Therefore,
the safety of long-term ISC engraftment (>6 months) should be inves-
tigated in future research.

Conclusions

In summary, our results suggest that miR-17 effectively facilitates the
differentiation of BM-MSCs toward ISC-like cells through activating
the Wnt/b-catenin signaling pathway. Furthermore, cultured BM-
MSC-derived ISC-like cells could migrate to the damaged mucosa
and help rescue the damaged epithelium by differentiating into enter-
ocytes and alleviating intestinal inflammation. These findings support
the clinical application of ISC therapy.



Figure 6. Recipient Colon Sections after Transplantation Were Analyzed by Confocal Microscopy

(A and B) GFP+ cystic structures were observed: lower magnification (A) and higher magnification (B). (C and D) The GFP+ cells forming flat linings cover the damaged

mucosa: lower magnification (C) and higher magnification (D). (E) GFP+ cells could migrate to the inflamed areas. Neutrophils were stained with anti-CD11b antibody. (F) One

month after DSS administration, merged images show GFP+ cells in the epithelium of the colon, which were positively immunostained for CK-18. Nuclei were stained with

DAPI. Scale bars: 25 mm (B and D); 50 mm (E); 75 mm (A and F); 200 mm (C).
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MATERIALS AND METHODS
Isolation and Culture of MSCs

Four-week-old male Sprague-Dawley rats, which were purchased
from Shanghai Super–B&K Laboratory Animal, were killed by cervi-
cal dislocation, and bone marrow cells were harvested by inserting a
needle into the shaft of the tibias and femurs, and flushing it with
10 mL of DMEM medium (GIBCO) supplemented with 10% fetal
bovine serum (FBS) (GIBCO) and 1% penicillin and streptomycin
(GIBCO). Cell suspensions were filtered through a 40-mm nylon filter
and plated in 10-cm dishes. The cells were maintained in DMEMwith
10% FBS at 37�C and 5% CO2. The medium was changed every
3 days. The adherent cells were passaged when the cells were �80%
confluent. Cells between passages 3 and 6 were used for experiments.
Here, we thank Prof. P.P. Shen from the Life Science School of
Nanjing University for providing us with human BM-MSCs. The
culture conditions of human BM-MSCs were the same with those
of rat BM-MSCs.

Fluorescence-Activated Cell Sorting Analysis of MSCs

Cultured cells were subjected to fluorescence-activated cell sorting
(FACS) analysis for the expression of various markers of MSCs. Cells
were trypsinized, collected, and incubated in PBS with 2% BSA for
1 hr, which was followed by incubation in fluorescein-labeled anti-
rat CD29, CD3,CD45, CD90, and CD10 (BD, USA) for 30 min at
room temperature. The dilution was 1 mL of primary antibodies per
100 mL of PBS containing 2% BSA. After washing and resuspending
Molecular Therapy: Nucleic Acids Vol. 13 December 2018 117
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in 300 mL of PBS, the immunofluorescence signal was detected using
BD FACSCalibur. A negative control was processed by incubating
cells in buffer without primary antibodies.

Differentiation Program

BM-MSCs of passage 3 were seeded onto six-well plates. After
adherence, the medium was changed to DMEM+1% FBS. Different
concentrations of activin A (0, 1, 5, 10, 20, and 100 ng/mL) were
added to the medium. Activin A was purchased from Sino Biolog-
ical. After 5 days, the expression of Foxa2 and Sox17 was measured
by qRT-PCR and western blot. Then the optimal concentration of
activin A was used in the following experiment. For ISC-like cell dif-
ferentiation, DMEM/F12 (GIBCO)+2% FBS supplemented with
250 ng/mL FGF2 (R&D Systems) was applied to the cells for
4 days. Lgr5 and Musashi-1, two ISC markers, were evaluated at
the end of the protocol. To further observe whether the induced
ISC-like cells could differentiate into intestinal epithelial cells, we
cultured cells in DMEM/F12 containing 2% FBS and 20 ng/mL
EGF (R&D systems) for 16 days. The medium was changed every
2 days.

FACS Analysis of Lgr5-Expressing MSC-Derived ISCs

MSC-derived ISCs were trypsinized and resuspended in DMEM/F12
supplemented with 2% FBS. Cells were then centrifuged at 600 � g
for 5 min. Non-specific binding was blocked using 300 mL of 2%
BSA in PBS for 1 hr at 4�C; then the cells were treated for
30 min with 100 mL of solution containing a rabbit anti-rat
Lgr5 antibody diluted 1:100 (Abcam). Alexa Fluor 594 mouse
anti-rabbit antibody diluted 1:200 was added to the cells for
30 min at room temperature. Cells were washed three times with
1 mL of PBS, resuspended in 500 mL of PBS, and sorted using a
flow cytometer.

Lentiviral miR-17 Infection

The immunodeficiency lentiviral system with GFP-expressing miR-
17 or lenti-NC (lentivirus expressing negative control miRNAs) was
purchased from Hanbio (Shanghai Hanbio). The DE cells were
infected with the lentiviral system expressing miR-17 or lenti-NC
according to the manufacturer’s instructions. FGF2 was added to
the medium on the second day when the lentivirus was confirmed
to be introduced into the cells. The medium was changed every
2 days.

RNA Extraction, Reverse Transcription, and Real-Time PCR

Total RNA was extracted from the cultured cells using TRIzol
Reagent (Ambion) according to the manufacturer’s instructions.
Relative mRNA expression levels were determined using the SYBR
Green method. The sequences of primers are provided in Table S1.
All primers were synthesized by GenScript (Nanjing, China). All of
the reactions were run in triplicates. After the reactions were com-
plete, the CT values were determined by setting a fixed threshold.
The relative amount of eachmRNAwas normalized to GAPDH using
the equation 2�DDCT. For miRNA analysis, rat U6 was used to
normalize target miRNA expression.
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Protein Extraction and Western Blotting

Cells were rinsed with PBS (pH 7.4) and lysed in radioimmunopreci-
pitation assay (RIPA) lysis buffer (Beyotime, Shanghai, China) with
freshly added PMSF (Beyotime, Shanghai, China) for 20 min on
ice. Sonication was used to facilitate cell lysis. After centrifugation
at 14,000 � g at 4�C for 10 min, the supernatants were collected,
and the protein concentration was quantified using a bicinchoninic
acid (BCA) protein assay kit (Thermo Scientific). The protein levels
were quantified by western blotting analysis of the cell extracts using
antibodies listed in Table S2.

Immunofluorescence Assays

Cultured cells were washed three times in PBS and then fixed for
15 min in paraformaldehyde (PFA) at room temperature. Then the
cells were washed three times in PBS followed by permeabilization
and blocking for 1 hr in PBS+0.1% Triton X-100 containing 2%
BSA. Primary antibodies were incubated overnight at 4�C. Then the
cells were washed with PBS and incubated with secondary antibodies
at room temperature for 1 hr. Subsequently, the incubated cells were
washed in PBS, and DAPI was used to visualize nuclei. The antibodies
and dilutions are listed in Table S2.

Luciferase Assay

The E2F1 or WIF1 30 UTR containing the predicted target sequence
was cloned and inserted into the pMIR-Report plasmid (Ambion) at
the SpeI-HindIII site. We also constructed a pMIR-Report plasmid
that carried a mutant E2F1 or WIF1 30 UTR region. 293T cells
were cultured in 24-well plates for 24 hr; then each well was trans-
fected with 0.5 mg of firefly luciferase reporter plasmid, 0.3 mg of
b-galactosidase expression vector (Ambion), and 15 pmol of miR-
17 or miR-NC using Lipofectamine 2000 (Invitrogen). Cells were
harvested for the luciferase assay (Promega) 48 hr later, and luciferase
activity was normalized to the b-galactosidase activity.

Induction of Experimental Colitis and the Transplantation

Experiment

Thirty-seven-week-old male BALB/c mice were randomly assigned
into three groups. The first group was the control group, the second
group was the sham transplantation group, and the third group was
the cell injection group. Acute colitis was induced in the second
and third groups by feeding mice 3%DSS (Mpbio) dissolved in drink-
ing water for 7 days. Then on the seventh and ninth days after the start
of DSS administration, a total of 150 mL of cell suspension containing
1� 106 GFP+ BM-MSC-derived ISCs was transplanted into the third
group by enema, whereas an equal amount of PBS was injected into
the colons of the second group. After the transplantation, the mice
were maintained as usual; then, on day 14, five mice from each group
were sacrificed and analyzed. The cell suspension was instilled into
the colonic lumen using a 1-mL syringe and a gastric catheter. Mice
were anaesthetized using diethyl ether before the injection. The
distance between one end of the needle and the anus was 4 cm. After
cell injection, the mice were held by the tail in a vertical position for
30 s to ensure that the cell suspension was not ejected. The colon was
excised for histopathological analysis, as well as immunofluorescence
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and cytokine measurements. Weight loss and bloody stool of mice
were monitored daily to evaluate the severity of colitis. Then the
rest of the mice were sacrificed 1 month after DSS administration,
and colon sections were analyzed by immunofluorescence staining.
The animal studies were approved by the Animal Care and Use
Committee at Nanjing University. All animal care and handling pro-
cedures were performed in accordance with the NIH’s Guide for the
Care and Use of Laboratory Animals.

Cytokine Measurements

Blood was collected after removing the eyeballs. Plasma was ob-
tained following centrifugation 3,000 � g for 5 min at room temper-
ature. Cytokine levels were measured using ELISA Kits (BioPlex;
Bio-Rad, Segrate, Italy). For tissue inflammatory cytokine analysis,
one section of colon (0.5 g) from each mouse was evaluated by
qRT-PCR.

Histopathological Analysis

All mice were sacrificed by cervical dislocation, and the colon was
excised. The length of each colon was recorded. In addition, the colon
was rinsed with PBS, fixed in 4% PFA, and embedded in Optimal Cut-
ting Temperature compound or paraffin wax. Tissue sections were
stained with H&E. The Swiss roll technique was used for the immu-
nofluorescence analysis.41

Statistical Analysis

Data are presented as the mean ± SEM. Each experiment was per-
formed at least three times. Data were analyzed with Student’s
t test, the Mann-Whitney test, and the ANOVA F-test. Statistical
analysis was performed with GraphPad Prism software version 5.0
(La Jolla, CA, USA). p < 0.05 was considered to be statistically
significant.
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Figure S1. Systemic inflammatory response as reflected by plasma cytokine levels 

measured by ELISA. Data are shown as the mean±standard error of the mean; n=5, * 

P<0.05, and ** P<0.01. INF-γ, interferon gamma; IL, interleukin; TNF-a, 

tumournecrosis factor alpha. 

 

Figure S2. Seven days after transplantation, the colon swiss roll technique showed 

that the GFP
+
 area was concentrated in the middle and lower parts of the colon. 

Nuclei were stained with DAPI. Scale bar: 12.5μm. 



 

Figure S3. High-powered views of the GFP
+
 cystic structures. Nuclei were stained 

with DAPI. Scale bar: 50μm. 

 

Figure S4. The migration process of the engrafted cells. Nuclei were stained with 

DAPI. Scale bar: 75μm. 



 



Supplementary Table 1 Primers used in the study 
Name Sequence 5’—3’ 

Sox17-F TCTGACGGTTGCCGATTT 
Sox17-R CTGGACAGTGATGGTGGG 
Foxa2-F CAGTGGCGGAGGCAAGAAGAC 
Foxa2-R CTCAGCGCAGAGGCAGGTGTT 
Lgr5-F AATGCCATACGCTTACCA 
Lgr5-R TCTTCAAGGTCCCGCTCA 

Musashi-1-F TACAGCCATCCCTCTCACTG 
Musashi-1-R GCTGGGAGTAGAACCTGGAG 

(rat)GAPDH-F CCTGGAGAAACCTGCCAG 
(rat)GAPDH-R CACAGGAGACAACCTGGTCC 

WIF1-F TGGCATGGGAGACACTGCAA 
WIF1-R AGGCTGTGAACTCGGCGTAA 
E2F1-F CTCTGAAGCAAGGGCAGGGT 
E2F1-R ATCAGCCAAGGCCCTCACTC 

β-catenin-F TACCGAGCCTGCCATCTGTG 
β-catenin-R TTTGCTGGGCAAAGGGCAAG 

ISX-F TACCCAGAGCTTGCCATTA 
ISX-R CATCCCAGCCCTTAGTCA 

Villin 1-F AAAGCCAAGCAGTACCCACCTAG 
Villin 1-R CATCAAACTTCACCTGTTCCACC 
DDP4-F CGGAATAAATGACTGGG 
DDP4-R TTGCATGGGAATCGTAG 
IFN-γ-F GGATGGTGACATGAAAATCCTGC 
IFN-γ-R TGCTGATGGCCTGATTGTCTT 
IL-10-F GCTCTTACTGACTGGCATGAG 
IL-10-R CGCAGCTCTAGGAGCATGTG 
IL-6-F TAGTCCTTCCTACCCCAATTTCC 
IL-6-R TTGGTCCTTAGCCACTCCTTC 

TNF-a-F CCCTCACACTCAGATCATCTTCT 
TNF-a-R GCTACGACGTGGGCTACAG 

(mouse)GAPDH-F AGGTCGGTGTGAACGGATTTG 
(mouse)GAPDH-R TGTAGACCATGTAGTTGAGGTCA 

 
 
 
 
 
 
 
 
 



Supplementary Table 2  Primary antibodies used in the study 
Primary antibodies for Western blot 

Name Company Catalog no. Dilution 
Sox17 Abcam ab191699 1:1000 
Foxa2 CST 8186p 1:1000 
Lgr5 Abcam ab75850 1:1000 

Musashi-1 Novus NB100-1759 1:500 
WIF1 absin abs116623 1:1000 
E2F1 Abcam ab179445 1:1000 

β-catenin CST 8480p 1:1000 
β-catenin(phospho 

Y142) 
Abcam ab27798 1:1000 

GAPDH Santa Cruz sc32233 1:2000 
 

Primary antibodies for immunofluorescence assay 
Name Company Catalog no. Dilution 
Sox17 Abcam ab191699 1:50 
Foxa2 Abcam ab108396 1:100 
Lgr5 absin abs106134 1:50 

Musashi-1 Novus NB100-1759 1:20 
E-cadherin  Abcam ab40772 1:100 

MUC2 Abcam ab76774 1:300 
CK-18 Abcam ab133263 1:100 

Phalloidin Yeasen 40735ES75 1:200 
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