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h i g h l i g h t s

� The expression of miR-7, operated by
transcriptional factor C/EBPa, is
increased in IECs in IBD.

� MiR-7 controls the
immunomodulation and regeneration
of IECs through EGFR signaling
pathways.

� Epithelial cell-specific miR-7
silencing alleviates the pathology of
Colitis model.
g r a p h i c a l a b s t r a c t

The epithelial immunomodulation and regeneration are fundamental and intrinsic critical events against
inflammatory bowel disease (IBD). MiR-7 is well implicated as a promising regulator in the pathologies of
inflammatory diseases. Herein, we investigate the role of miR-7 in intestinal epithelial cells (IECs) in IBD.
We found that miR-7 expression, which is mainly derived from miR-7a-1 operated by transcriptional fac-
tor C/EBPa, is increased in IECs from IBD model and Crohn’s disease patients. MiR-7 controls the
immunomodulation and regeneration of epithelial cells through EGFR/NF-jB/ERK/AKT signaling path-
ways. Epithelial cell-specific miR-7 silencing alleviates the pathology of IBD model. Therefore, our data
reveal the unknown role of miR-7/EGFR axis in IEC immunomodulation and regeneration in IBD and
might provide a clue for the development of miRNA-based therapeutic strategy applications in colonic
diseases.
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Introduction: The epithelial immunomodulation and regeneration are intrinsic critical events against
inflammatory bowel disease (IBD). MiR-7 is well documented as a promising regulator in the develop-
ment of various diseases including inflammatory diseases.
Objectives: This study aimed to assess the effect of miR-7 in intestinal epithelial cells (IECs) in IBD.
Methods: MiR-7def mice were given dextran sulfate sodium (DSS) to induce enteritis model. The infiltra-
tion of inflammatory cells was measured by FCM and immunofluorescence assay. 50deletion assay and
EMSA assays were performed to study the regulatory mechanism of miR-7 expression in IECs. The inflam-
matory signals and the targets of miR-7 were analyzed by RNA-seq and FISH assay. IECs were isolated
from miR-7def, miR-7oe and WT mice to identify the immunomodulation and regeneration capacity.
IEC-specific miR-7 silencing expression vector was designed and administered by the tail vein into mur-
ine DSS-induced enteritis model to evaluate the pathological lesions of IBD.
Results: We found miR-7 deficiency improved the pathological lesions of DSS-induced murine enteritis
model, accompanied by elevated proliferation and enhanced transduction of NF-jB/AKT/ERK signals in
colonic IECs, as well as decreased local infiltration of inflammatory cells. MiR-7 was dominantly upreg-
ulated in colonic IECs in colitis. Moreover, the transcription of pre-miR-7a-1, orchestrated by transcription
factor C/EBPa, was a main resource of mature miR-7 in IECs. As for the mechanism, EGFR, a miR-7 target
gene, was downregulated in colonic IECs in colitis model and Crohn’s disease patients. Furthermore, miR-
7 also controlled the proliferation and inflammatory-cytokine secretion of IECs in response to
inflammatory-signals through EGFR/NF-jB/AKT/ERK pathway. Finally, IEC-specific miR-7 silencing pro-
moted the proliferation and transduction of NF-jB pathway in IECs and alleviated the pathological dam-
age of colitis.
Conclusion: Our results present the unknown role of miR-7/EGFR axis in IEC immunomodulation and
regeneration in IBD and might provide clues for the application of miRNA-based therapeutic strategies
in colonic diseases.
� 2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Inflammatory bowel disease (IBD) is a chronic inflammatory
disease that includes Crohn’s disease (CD) and ulcerative colitis
(UC), and characterized by accumulation of submucosal inflamma-
tory cells and damage to the epithelial layer [1]. Increasing evi-
dence has shown that the interaction among intestinal epithelial
cells (IECs), immune cells and other immune-related cells such as
epithelial stem cells and paneth cells in a cellular cross-talk is a
major etiology for IBD development [2,3]. During this biological
process, IECs play a central part in regulating mucosal immunity
at the local immune reaction sites. In inflammatory condition, IECs
secrete many inflammatory cytokines that affect the accumulation
and function of a variety of immune cells, such as T cells, CD19+ B
cells, and CD11b+ cells as well [4]. Thus, epithelial immunomodu-
lation and regeneration are fundamental and intrinsic critical
events against IBD. Studies have shown that multiple signaling
pathways, such as AKT, ERK, and NF-jB, control the immunomod-
ulation and proliferation of IECs in IBD. For example, the loss of
STAT3 alleviates the epithelial erosions and impairs the regenera-
tion of IECs induced by DSS [5]. Moreover, RORa/HDAC3 controls
the balance of inflammatory responses through mediating the
attenuation of NF-jB signaling in IECs in IBD [6]. Although certain
factors seem to influence immune responses and epithelial regen-
eration, it is still largely unknown how the signals are regulated in
controlling the immunomodulatory and regenerative function of
IECs in IBD. This is fundamental for understanding the precise
mechanism of IBD development and will provide avenues for ther-
apeutic strategy development.

MIcroRNA-7 (MiR-7), as a distinct member of miRNA family,
plays a significant part in the context of organ development and
differentiation [7,8]. Recently, further studies have shown that
miR-7 is closely related to the various diseases occurrence and pro-
gression, including colon-related diseases. For exemple, Kong et al.
suggested that miR-7 was a novel regulator through controlling
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inflammatory response to promote gastric tumorigenesis [9]. Fur-
thermore, Chen et al. demonstrated that the miR-7 could inhibit
the effect of LPS on the activation and function of Macrophage
via the TLR4 signal transduction [10]. Our series of studies recently
revealed that miR-7 is also involved in inflammatory diseases,
including autoimmune hepatitis [11], acute lung injury [12], and
brain tissue inflammatory injury [13]. Concerning IBD, Guo et al.
suggested that inhibition of miR-7 expression improved the patho-
logical manifestations of TNBS-induced colitis mice [14]. These
data raise an interesting issue: whether miR-7 might play a vital
part in IBD progression. However, how and to what extent miR-7
contributes to the development of IBD, including the epithelial
immunomodulation and regeneration, are not well defined.

In the present work, we aimed to explore the potential biolog-
ical role of miR-7 in IECs in IBD. We speculated that miR-7 could
be a key intrinsic regulator in epithelial immunomodulation and
regeneration and promote colitis pathology. Our data showed that
miR-7 deficiency could ameliorate the inflammatory response by
regulating EGFR signaling pathways within IECs, while concomi-
tantly promoting epithelial cell proliferation and reducing inflam-
matory cell infiltration in colon tissue in colitis. In turn, we showed
that miR-7 expression, operated by transcription factor C/EBPa,
was upregulated in IECs in colitis model and IBD patients. Notably,
epithelial cell-specific miR-7 silencing could alleviate the pathol-
ogy of colitis model, which might be valuable for the proceeding
of effective clinical IBD gene therapy strategy.
Materials and methods

Ethics statement

All experiments involving animals were evaluated and
approved by the Zunyi Medical University Laboratory Animal Care
and Use Committee (permit number: SYXK-2021–0004).

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Mice and subjects

The miR-7 deficiency (miR-7def) mice [11,12,13], and miR-7
overexpression (miR-7oe) mice [15] (Male, 8–10 weeks) have been
described in our previous study.

Tissue of Clinical CD patients and healthy controls were pur-
chased from Cybrdi (no. DC-Col00013, Shanxi Chao Ying Biotech-
nology Co., LTD). The clinical characteristics and pathologic
information for the patients were listed (Supplementary Table 1).

Plasmids and luciferase reporter assay

We designed and generated the pGL3.0-Villin1 promoter-miR-
7Sponge (p-v-miR-7sp) vector (contained the sequence of
1,799 bp Villin1 promoter and the 140 bp miR-7 sponge), the
mouse or human pGL3.0–1000-miR-7, �500-miR-7, �100-miR-7
expression plasmids (contained chemically synthesized 1000 bp,
500 bp, and 100 bp product of the 50 flanking region of the mouse
and human miR-7a-1 gene), respectively. The sequence of miR-7
inhibitor, negative inhibitor control, miR-7 mimics, and control
were obtained from the Guangzhou Ribobio Biological Engineering
CO. All recombinant plasmids were confirmed by sequencing.

The luciferase reporter assay was performed to determine
whether EGFR was a direct target of miR-7. The putative miR-7
binding sites (560 bp–566 bp, 2858 bp–2864 bp and 6,112 bp–6,
118 bp segment) in 30-UTR of EGFR mRNA were predicted using
miRDB database. 3 fragment of 200 bp containing these putative
binding sites of EGFR 30-UTR were directly synthesized (Sangon)
and ligated to pEZX-FR02 reporter vector (saved in lab), respec-
tively. Then, the 3 recombinant vector containing different wild-
type binding site fragments of EGFR 30-UTR were co-transfected
into murine IECs in 12-well plates with miR-7 mimics or control
(200 nM) by Lipofectamine 3000 (Invitrogen), respectively. At
48 h the results were assessed as previously reported [13].

DSS-induced murine colitis model

DSS-treated mice received 2 % (wt/vol) DSS (MP Biomedicals), in
their drinking water for seven days, then the mice were given nor-
mal drinking water for another three days and were sacrificed on
the 10 th day. The EGFR tyrosine kinase inhibitor-Erlotinib was
given i.p. three times (50 mg/kg body weight, at days �1, 3, 5,
n = 6); p-v-miR-7sp was given i.v. three times (5 mg/kg body
weight, at days 2, 4 and 6, n = 6). The percent weight change of
mice were detected and calculated. The disease activity index
was measured as previously reported (16).

Western blot

Western blot was performed as previously reports [12,13].
Immunoblotting has performed using a mAb to NF-jB (CST,
no.4764), p-NF-jB (CST, no.3039), AKT (CST, no.4691), phos-AKT
(CST, no.4060), ERK (CST, no.9012), p-ERK (CST, no.4370), EGFR
(Sigma-Aldrich, no.SAB4300481), p-EGFR (CST, no.3777), Ras
(Abcam, no.ab.52939), PDK1 (Abcam, no.ab207450), PI3K (Abcam,
no.ab191606), p-PI3K (Abcam, no.ab182651), C/EBPa (Abcam, no.
ab40764), and GAPDH (Abcam, no.ab9484) at a recommended
dilution in a non-fat milk-Tris buffer.

Cell culture and transfection

Human normal colonic epithelial FHC cells (saved in our lab)
were cultured in completed RPMI-1640 (GIBCO). FHC cells were
transfected using Lipofectamine 3000 reagent with 200 nM of
miR-7 inhibitors and the inhibitors-negative control (NC) or miR-
7 mimics and mimics-NC according to the previously study (11).
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Twelve hours later, these cells were treated with LPS (200 ng/ml)
for 24 h. Then Erlotinib (5 nM) was administrated for 24 h. The
cells were harvested at the indicated times.

Intestinal epithelial cell isolation and culture in vitro

Colonic intestinal epithelial cells (IECs) were isolated from suck-
ling mice of WT/miR-7def/miR-7oe mice, and the colonic tract was
cut into 1–3 mm pieces, and digested for 45 min at 37 �C in RPMI
medium containing 0.5 % FBS, 1 mg/mL of collagenase IV (GIBCO,
no. 17104019), and 0.08 mg/mL of DNase I (Solarbio, no. D8071)
at 37 �C. These pellets were centrifuged and resuspended in PBS.
Then recovered < 100 lm and greater than 40 lm fraction to cul-
ture in a plate with completed DMEM/F12 (GIBCO, no. A4192001).
5 days later, these cells were treated with LPS (500 ng/ml) or Erlo-
tinib (5 nM).

Viruses and infections

Colonic IECs were isolated, then 2 � 105 cells were seeded per
well of a 6-well plate, and after 24 h infected C/EBPa RNAi and
RNAi-NC or C/EBPa overexpression and overexpression-NC virus
particles (Shanghai GenePharma Co., Ltd, stock titer � 1 � 108

pfu/ml), 48 h later, these cells were harvested and analyzed.

RNA-seq

RNA-seq was performed by Xiuyue Biol (Jinan, China). Global
Gene expression array data are available at the NCBI GEO under
accession number GSE174331.

EMSA

EMSA was performed using biotin-labeled oligonucleotide
probes for the core promoter region of the miR-7a-1 gene. Accord-
ing to the manufacturer’s instructions (20148, Thermo Scientific,
USA), the nuclear extracts were prepared from IECs with/without
LPS treatment (78833, Thermo Scientific, USA). The biotinylated/
un-biotinylated probes (C/EBPa1: forward:50-CGGATTAAA
CAAATTCGTCATG-30, reverse:50-CATGACGAATTTGTTTAAT-CCG-30;
C/EBPa2: forward: 50-GCATCAATCAAAATTGATGAAC-30, reverse:50

-GTTCATCAATTTTGATTG-ATGC-30; C/EBPa3: forward: 50-CGCACAG
TATTTGCTGCAGAAC-30, reverse:50-GTTCTGCAGCAAATAC-TGTGC
G-30; C/EBPa4: forward: 50-TCTAACTTCTAAATATTCTAAT-30,
reverse:50-ATTAGAATATTTAGA-AGTTAGA-30; C/EBPa5: forward:
50-CCTTAATTTTCTTCTGTTTTCTTACTAAAATGAAGA-30, reverse:50-T
CTTCATTTTA-GTAAGAAAACAGAAGAAAATTAAGG-30) were synthe-
sized (Sangon, China).

Statistical analyses

The data were analyzed with GraphPad Prism 7.0 and were pre-
sented as the mean ± SD for 3 independent experiments. Student’s
unpaired t-test was used when two conditions were compared. P-
values of < 0.05 were considered to be statistically significant.

For all other Materials and Methods, see the Supplementary
Materials.

Results

MiR-7 deficiency ameliorates the pathological damage of IBD and
elevates epithelial regeneration

To evaluate the role of miR-7 in the epithelial immunomodula-
tion and regeneration in IBD, we first examined the effect of miR-7
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in colitis, we established a DSS-induced experimental model of col-
itis. Compared with the WT mice of DSS group, the loss of body
weight was decreased in the miR-7def mice of DSS group (Fig. 1A
and B), along with a marked increase in the survival rate, signifi-
cantly longer in colon tissue, and dramatically improved clinical
disease scores (Fig. 1C–E). Histology assessment and mucous layer
analysis further showed a slight inflammatory response and upreg-
ulated the number of goblet cells and mucin production (Fig. 1F,
Supplementary Fig. 1A and B). Meanwhile, the levels of pro-
inflammatory factors TNF-a, TGF-b1, IL-6, CSF3, CCL4, CXCL3 and
CX3CL1 decreased obviously, while the anti-inflammatory IL-10
level increased dramatically in the colon tissue from miR-7def mice
with DSS (Fig. 1G).

Further analysis showed that miR-7 deficiency increased
epithelial cell proliferation (Fig. 1H). Multiple signaling pathways,
such as ERK, AKT, and NF-jB, are also involved in the pathological
lesions of colitis, including epithelial regeneration [16–19]. Expect-
edly, miR-7 deficiency elevated the levels of p-NF-kB, p-ERK and p-
AKT in colon tissue (Supplementary Fig. 2A and B). We further
evaluated the expression levels of these molecules in colon tis-
sue–infiltrating inflammatory cells (CD45+ cells) or colonic epithe-
lial cells (CD45� cells) in colitis mice. Data showed that the
expression levels of p-NF-kB, p-ERK and p-AKT increased obviously
in total colonic tissue cells in DSS-treated miR-7def mice (Supple-
mentary Fig. 2C). Notably, these factors were dominantly
expressed in CD45� cells but not in CD45± cells (Supplementary
Fig. 2D and E). To verify this result, we detected and analyzed
the expression level of p-NF-jB, a representative molecule among
these signaling pathways, in IECs. Consistently, p-NF-jB level in
IECs in DSS-treated miR7def mice increased obviously (Fig. 1I). Col-
lectively, these data demonstrated that miR-7 deficiency could
mitigate the onset of colitis, accompanied by elevated proliferation
and altered transduction of inflammatory-related signaling path-
ways in IECs of colitis mice.
MiR-7 deficiency reduces the infiltration of inflammatory cells in colon
in IBD

The local infiltration of inflammatory cells, mediated by
chemokines secreted by epithelial cells, plays a critical part in
the pathogenesis and progression of colitis [20]. Therefore, we fur-
ther evaluated the change of global genes in colon tissue in DSS-
treated miR-7def mice using RNA-seq assay and confirmed that
miR-7 deficiency reduced the enrichment of the cytokine-
cytokine receptor interaction, leukocyte transendothelial migra-
tion and TCR signaling pathway (Fig. 2A and B, Supplementary
Fig. 3A and B). Furthermore, the levels of chemokines, such as
CCL4, CXCL3, and CX3CL1, which are pivotal to mediate inflamma-
tory cell migration, decreased obviously in DSS-treated miR7def

mice (Fig. 2 B). Consistent with these findings, the local infiltration
of CD45± inflammatory cells in the colon tissue decreased signifi-
cantly (Fig. 2C and D). Next, we analyzed the possible changes in
the proportion of the innate immune cell populations in colon tis-
sue. Even though the percentage of CD11c+ DCs, cd+ T cells and
F4/80±Mu in colon tissue did not change significantly, the propor-
Fig. 1. MiR-7 deficiency alleviates the pathology of murine IBD and promotes epithel
induced IBD. MiR-7def mice and WT mice (8–10 weeks old, n = 8) were given 2% DSS solu
model; the mice were sacrificed on the 10th day. The weight loss (B), the survival curve (C
gross images of colon and colon length were detected and analyzed (D); The clinical sco
production measured by Alcian blue staining (�200) (F); The relative expression level
CX3CL1 were assessed in the colon tissue by Real-time PCR assay (G); Double immunofl
CD45, p-NF-kB and EPCAM were determined by multiplexed fluorescent immunohistoch
*P < 0.05, **P < 0.01. (For interpretation of the references to colour in this figure legend
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tion of NK1.1± T cells, Gr-1± neutrophil cells and CD11b± cells was
reduced in miR7def IBD mice (Fig. 2E–H). Consistently, the propor-
tions of adaptive immune cells CD8+ T cells, CD19+ B cells and CD4+

T cells were always obviously reduced (Fig. 2E, G and H). Finally,
immunofluorescence assay also confirmed the decreased local
infiltration of CD11b± cells, CD4+ T cells, and CD8+ T cells in the
colon tissue of miR7def IBD mice (Fig. 2I). These results illustrated
that miR-7 deficiency could reduce the local infiltration of multiple
inflammatory related-cells in colonic tissue, which is positively
correlated with the improved histopathological damage in mice
with enteritis.
MiR-7 expression in colonic epithelial cells in IBD

Next, we further monitored miR-7 expression pattern in the IBD
model. The levels of proinflammatory cytokines TNF-a, CXCL3,
CSF3, and CX3CL1 increased significantly in the colonic tissue from
mice following DSS treatment for 7 days (Supplementary Fig. 4A
and B). Conversely, the anti-inflammatory cytokines TGF-b and
IL-10 levels downregulated obviously (Supplementary Fig. 4C).
Histopathological analysis indicated notable intestinal defects,
including mucosal edema and the tissue content of mucins in colo-
nic tissue, concomitantly with infiltration of CD45+ inflammation
cells (Supplementary Fig. 4D–F). Expectedly, the expression level
of miR-7 steadily upregulated in the colonic tissue of IBD mice
(Fig. 3A and B). Next, the expression levels of TNF-a, CSF3, CXCL3,
and CX3CL1 decreased significantly in colonic tissue, whereas the
expression levels of TGF-b and IL-10 increased obviously in 3 days
after withdrawal of DSS treatment (Supplementary Fig. 4B and C).
Consistently, the pathological change of colon tissues improved
and the infiltration of CD45+ inflammation cells decreased (Supple-
mentary Fig. 4D–F). Notably, miR-7 expression decreased obvi-
ously (Fig. 3B), indicating a positive connection with a
pathological change of colon tissues. Furthermore, we noticed that
the expression level of miR-7 was increased dominantly in CD45�

cells (mainly epithelial cells) but not in CD45+ infiltrated inflam-
matory cells in colonic tissue in IBD mice (Fig. 3C). Consistent with
previous data, FISH assay confirmed that miR-7, dominantly
expressed in EPCAM+ IECs, was upregulated following DSS treat-
ment for 7 days and decreased in 3 days after withdrawal of DSS
treatment (Fig. 3D). These results demonstrated that the expres-
sion level of miR-7 in IECs was upregulated at the acute phase
and decreased at the resolution phase of IBD. Finally, in vitro anal-
ysis also revealed that the expression level of miR-7 increased
obviously in human/mouse colonic IECs induced by LPS (Fig. 3E
and F).

Above studies have consistently suggested that miR-7 is highly
expressed in IECs in colitis. So, we next assessed the potential
mechanism of miR-7 expression-transcriptional regulation in IECs.
The expression levels of precursor sequences from murine miR-7,
including pri-miR-7a-1, pri-miR-7a-2, and pri-miR-7b, was
assessed. Unexpectedly, even though pri-miR-7a-2 expression in
CD45� cells slightly increased, pri-miR-7a-1 expression was upreg-
ulated obviously in colonic tissue, especially in CD45� cells (Sup-
plementary Fig. 5A–C). Consistently, pri-miR-7a-1expression was
ial regeneration. (A) Schematic representation of the establishment of murine DSS-
tion for 7 days and changed water to continue feeding for 3 days to induce the IBD
) of WT and miR-7def littermates after DSS treatment were observed; Representative
res were estimated (E); Histopathology was performed by H&E staining and mucin
s of proinflammatory cytokines IL-6, TNF-a, TGF-b, IL-10, CSF4, CCL4, CXCL3, and
uorescence for Ki67 and EPCAM in the colon tissue (�200) (H); The expression of
emical staining in the colon (�3, �400) (I). The values are the means ± SD (n = 3).
, the reader is referred to the web version of this article.)



Fig. 2. MiR-7 deficiency reduces the infiltration of inflammatory cells in colon tissue in IBD. (A–B) The gene-expression profiles in the colorectal tissues of miR-7def and
WT IBD mice were performed and analyzed using RNA-seq assay. GSEA plots from RNA-seq data observed the inflammatory-related genes. (C) The proportion of CD45+ cells
were detected and analyzed in the colon tissue by FCM; The expression of CD45 was determined by IF (D); The expression of CD4+ T cells, CD8+ T cells, CD19+ B cells, Gr-1+

cells, CD11b+ cells, NK1.1+ T cells, CD11c+ cells, F4/80+ cells and cd+ T cells in CD45+ cells were analyzed and calculated by FCM (E–H); The expression of CD4+ T cells, CD8+ T
cells, and CD11b+ cells were detected by Multiplexed fluorescent immunohistochemical staining (I). The values are the means ± SD (n = 3). *P < 0.05, **P < 0.01.
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Fig. 3. MiR-7 expression is upregulated in colonic epithelial cells of mouse colitis. (A) Schematic representation of the establishment of murine DSS-induced IBD. WTmice
(8–10 weeks old, n = 8) were given 2% DSS solution for 7 days and changed water to continue feeding for 3 days to induce IBD model; MiR-7 expression was detected in the
colon tissue at the indicated time points by Real-time PCR (B). (C) CD45+ inflammatory cells in colorectal tissue and CD45� colonic epithelial cells of colorectal tissue were
purified by MACS, then the levels of miR-7 were detected using Real-time PCR assay. (D) The expression and localization of miR-7 in EPCAM+ IECs of colorectal tissue was
verified by FISH. (E) Human colonic epithelium cells FHC cells were treated with LPS (200 ng/ml), and the expression of miR-7 at different time points (0, 6, 12, and 18 h) was
detected and analyzed by Real-time PCR. (F) IECs fromWT mice were treated by LPS (500 ng/ml); 48 h later, miR-7 expression was analyzed by Real-time PCR. The values are
the means ± SD (n = 3). *P < 0.05, **P < 0.01.
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Fig. 4. C/EBPa is an upstream regulator of murine miR-7 expression in IECs. (A) WT-IECs were isolated, cultured and stimulated with LPS (500 ng/ml) or a control. 24 h
later, Real-time PCR analysis for pri-miR-7a-1, pri-miR-7a-2, and pri-miR-7b; (B) WT-IECs transferred with different plasmids (p-1000-miR-7, p-500-miR-7, or p-100-miR-7)
were cultured as described previously. 48 h later, Real-time PCR analysis for mature miR-7. (C) Biological analysis showed the potential binding sites (from � 500 to � 100
site) for transcription factor C/EBPa in themiR-7a-1 promoter sequence (yellow A1-A5). (D) WT-IECs were stimulated with LPS or a control. 24 h later, Real-time PCR analysis
for C/EBPa; (E-F, I-J) WT-IECs were infected with C/EBPa RNAi and RNAi-NC or C/EBPa overexpression and oe-NC virus particle, 48 h later, Immunoblot and Real-time PCR
analysis of C/EBPa, and Real-time PCR analysis for miR-7; the cell proliferation capacity was observed at the indicated time points by CCK8 (G, K). Real-time PCR analysis for
inflammatory cytokines TNF-a, IL-10, CSF4, CCL4 and CX3CL1 (H, L). (M) EMSA analysis showed the ability of C/EBPa binding to the core promoter sequence (A5) of the miR-
7a-1 gene. The values are the means ± SD (n = 3). *P < 0.05, **P < 0.01, NS no significant. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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significantly increased, whereas pri-miR-7b and pri-miR-7a-2
expression did not change in IECs treated by LPS in vitro
(Fig. 4A). These results indicated that pri-miR-7a-1 was the leading
resource of mature miR-7 in IECs in response to inflammatory
126
stimulation. 50deletion assay further showed that the sequence
from �500 site to �100 site, was miR-7a-1 promoter core region
(Fig. 4B). Our recent study showed that the transcription factor
C/EBPa can regulate miR-7 expression in T cell population [11].



Fig. 5. EGFR is a target of MiR-7. (A) The gene-expression profiles in the colorectal tissues of miR-7def and WT IBD mice were performed and analyzed using RNA-seq; (B–C)
Wenny analysis of miR-7 target genes, whole-genome gene-expression analysis, and related literature; the overlapping 10 genes were screened out as the potential
interesting genes. (D) Real-time PCR analysis for KLF4, EGFR, Basp1, TFF1, TLR4, mafG, PAX6, YY1, RORa, and LPHN2 in murine colitis tissue. (E) Putative miR-7 binding sites in
the 30UTR of EGFR from murine species (up); luciferase activity of miR-7 mimics vs mimics NC in WT murine IECs for EGFR (2858–2864 bp site) (down). (F) The protein level
of EGFR was detected in the miR-7def and WT murine colitis tissue. (G). The mRNA and protein expression of EGFR in the WT murine colitis tissue were analyzed at indicated
time points. (H) The expression of miR-7 and EGFR was detected in colorectal tissues by FISH. The values are the means ± SD (n = 3). (I, K-M) The expression of miR-7 and
EGFR were detected in the colon specimens from Normal colon (n = 5) and CD (n = 5) by FISH, then the level and relation of miR-7 and EGFR in EPCAM+ IECs from these
specimens were analyzed. Statistical analysis was performed using an unpaired t-test. (J) Representative images of FISH (1, 2, 3) from the CD in Figure I. *P < 0.05, **P < 0.01.
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Fig. 6. Downregulated EGFR signaling aggravates the pathology of the miR-7def IBDmodel. (A) Schematic representation of the in vivo experiment. MiR-7def mice (8–10W,
n = 6) were injected intraperitoneally with Erlotinib (50 mg/kg) on DSS for �1, 3 and 5 days, and the IBD model was established as described previously (The mice were
injected intraperitoneally with cosolvent PBS for contrast); The body weight loss (B), the survival curve (C), representative gross images of colon (D), and the clinical scores (E)
were analyzed; Histopathology was performed by H&E staining and mucin production detected by Alcian blue staining (�100, �200) (F); The expression of Ki67 and EPCAM
(G) or CD45 (H) were detected by IF (�200, �400); FCM analysis of CD45+ cells in colon (I); Real-time PCR analysis of inflammatory cytokines IL-6, TNF-a, TGF-b, IL-10, CSF4,
CCL4, CXCL3 and CX3CL1 in the colon (J); Immunoblot analysis of p-EGFR, EGFR, PI3K, p-PI3K, NF-kB, p-NF-kB, AKT, p-AKT, ERK, p-ERK, Ras and PDK1 in colorectal tissues (K–
L); The expression of p-NF-kB and EPCAM were determined by multiplexed fluorescent immunohistochemical staining in colon (�5, �400). The values are the means ± SD
(n = 6). *P < 0.05, **P < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Similarly, screening analysis of CISTER database and TRANSFAC
database revealed 5 putative binding sites (from �500 bp to
�100 bp) for C/EBPa at this region of the miR-7a-1 promoter
(Fig. 4C). Moreover, C/EBPa expression was sharply increased in
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IECs in response to LPS stimulation (Fig. 4D). Further analysis
showed that C/EBPa silencing reduced miR-7 expression in IECs
in response to LPS stimulation (Fig. 4E and F), accompanied by a
significantly increased proliferation capacity (Fig. 4G). Importantly,
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the levels of proinflammatory factors CSF3, TNF-a, CCL4, and
CX3CL1 decreased significantly, while the level of anti-
inflammatory cytokine IL-10 upregulated remarkedly (Fig. 4H).
Conversely, after C/EBPa overexpression, the expression level of
miR-7 was obviously upregulated in IECs, accompanied by
decreased proliferation capacity, increased levels of TNF-a, CSF3,
CCL4, and CX3CL1 and decreased level of IL-10 (Fig. 4I–L). Finally,
EMSA assay confirmed that C/EBPa could bind to the core pro-
moter region (from �159 site to �154 site, A5) of miR-7a-1 gene
(Fig. 4M).

Next, we analyzed the role of C/EBPa on miR-7 expression in
human colonic IECs. Interestingly, 50deletion assay showed that
the sequence from the �500 site to �100 site was also the core
region of the miR-7a-1 promoter for mature miR-7 in human IECs
(Supplementary Fig. 6A). Moreover, the homology rate reached
90% in the sequence from �500 site to �100 site of human and
mouse miR-7a-1 promoter (Supplementary Fig. 6B). Further analy-
sis revealed 5 putative binding sites for C/EBPa in this region of
human miR-7a-1 promoter (Supplementary Fig. 6C). Similarly, C/
EBPa silencing also reduced the expression level of miR-7 in IECs
in response to LPS stimulation (Supplementary Fig. 6D, E), together
with a significant increase in proliferative capacity (Supplementary
Fig. 6F). And, the levels of proinflammatory factors CSF3, TNF-a, IL-
6, TGF-b, CCL4, and CX3CL1 downregulated remarkedly (Supple-
mentary Fig. 6G). All of these results proved that C/EBPa is an
important upstream transcription regulator in operating the
expression of miR-7 in IECs in IBD.
EGFR is a distinct target of miR-7 in the IBD model

To further elucidate the underlying molecular mechanism of
miR-7 in IBD, we conducted RNA-seq analyses in colon tissues of
the WT and miR-7def colitis model, and then used the miRbase, Tar-
getscan databases, Venny analysis software to screen out 10 puta-
tive target genes of miR-7, including TFF3[21], KLF4[22], EGFR[23],
LPHN2[24], TLR4[25], MAFG[26], PAX6[27], YY1[28], RORa[13],
Basp1[29] (Fig. 5A–C), which always were closely related to inflam-
matory related-reaction according to the previous literature. Unex-
pectedly, we identified the changes of these genes expression
levels and found that EGFR and Basp1, among all predicted target
genes of miR-7, were markedly increased by more than 100-fold
in the colonic tissue of DSS-treated miR-7def IBD mice (Fig. 5D).
Recent studies have shown that EGFR is a vital target of miR-7 in
various diseases [30]. Importantly, EGFR is also a critical protective
regulator in the DSS-induced inflammatory response through the
activation of the NF-jB pathway [31,32]. BLAST analysis further
showed 3 putative binding sites of miR-7 in the 30UTR-region of
EGFR, and luciferase gene reporter assay suggested that miR-7
could negatively control the expression level of EGFR through
directly binding to 30UTR-region (2858–2864 bp site) (Fig. 5E),
but not other regions (560–566 bp and 6112–6118 bp sites) (data
not shown). Western blot analysis showed a higher expression in
the EGFR protein level in colon tissue from miR-7def mice induced
by DSS compared with WT mice induced by DSS (Fig. 5F).

We further showed that the expression level of EGFR steadily
decreased in colonic tissue from WT IBD mice (Fig. 5G), which
was negative correlation with miR-7 expression (Fig. 3B). Next,
the FISH assay always revealed that the EGFR expression was
remarkable increase in colon with DSS-treated miR-7def mice
(Fig. 5H). Furthermore, the expression of EGFR was downregulated
observably in colonic tissue, dominantly in CD45� cells, but not in
CD45+ infiltrated inflammatory cells in IBD mice (Supplementary
Fig. 7A). A FISH assay suggested that the expression level of miR-
7 increased dramatically. Meanwhile, the expression level of EGFR
decreased significantly in colon tissue from DSS-treated WT mice;
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More importantly, EGFR and miR-7 were dominantly colocalized in
IECs from DSS-treated WT mice (Supplementary Fig. 7B). Finally,
Immunofluorescence assay suggested that the expression level of
miR-7 in EPCAM+ epithelial cells also increased obviously in clini-
cal CD, accompanied by decreased level of EGFR (Fig. 5I–M), dis-
playing a significant negative correlation. Together, these results
revealed that EGFR is one of the key targets of miR-7 in IECs in IBD.

Downregulation of EGFR signaling aggravates the pathologies of the
miR-7def IBD model

To next investigate the potential role of EGFR in the effect of
miR-7 deficiency on IBD, we silenced the EGFR signaling pathway
in miR-7def mice using Erlotinib, an inhibitor of EGFR tyrosine
kinase, and then established colitis model, as in the description
of Fig. 6A: miR-7def mice were injected with Erlotinib (50 mg/kg,
i.p.) on DSS induction for �1, 3 and 5 days, and colitis model was
established by feeding mice with 2 % DSS for 7 days and then
changing water for 3 days. Erlotinib treatment resulted in consid-
erably more weight loss (Fig. 6B), significantly lower survival
(Fig. 6C) and shorter colon length (Fig. 6D), as well as higher clin-
ical disease scores (Fig. 6E), as accompanied by a severe inflamma-
tory response and reduced the number of goblet cells and mucin
production, compared with control treatment (Fig. 6F). Further
Western Blot analysis revealed that the levels of p-EGFR, p-PI3K,
PDK1, Ras, p-NF-jB, p-ERK and p-AKT also decreased visibly in
colon tissue (Fig. 6K and L). These results revealed that inhibition
of EGFR signaling could reverse the effect of miR-7 deficiency on
pathological damage in colitis.

Expectedly, regenerative response in epithelial cells in colon tis-
sue was obviously impaired (Fig. 6G), accompanied by a decreased
level of p-NF-jB (Fig. 6M). Meanwhile, IF and FCM analysis also
showed CD45+ inflammatory cell infiltration was elevated signifi-
cantly (Fig. 6H and I), accompanied with elevated levels of some
pro-inflammatory cytokines such as IL-6, TNF-a, and CSF3 and so
on, as well as a decreased level of anti-inflammatory cytokine IL-
10 (Fig. 6J). Together with these results suggested that EGFR plays
a crucial role in miR-7 deficiency on the epithelial immunomodu-
latory and regeneration of IECs in IBD.

MiR-7 controls the epithelial immunomodulation and regeneration via
EGFR in vitro

To confirm the role of the MiR-7/EGFR axis in the immunomod-
ulation and regeneration of IECs, we further observed the expres-
sion of EGFR in human colonic IECs in response to inflammatory
stimulation. As the Fig. 7A showed that, after LPS stimulation, the
expression level of EGFR decreased distinctly in colonic IECs, dis-
playing an opposite pattern to miR-7 expression (Fig. 3E). Then,
we silenced miR-7 expression using a miR-7 inhibitor to observe
the possible change of EGFR expression. After miR-7 inhibitor
treatment, EGFR expression increased dramatically (Fig. 7B) in IECs
in response to LPS stimulation, accompanied with decreased levels
of proinflammatory factors such as TGF-b, TNF-a, IL-6, and
chemokines CSF3 and so on and increased anti-inflammatory fac-
tor IL-10 level (Fig. 7C). In line with these findings, the migration
capacity of IECs was enhanced significantly in miR-7 inhibitor
treatment group (Supplementary Figure 13A). Immunofluores-
cence assay also confirmed the elevated expression of EGFR and
upregulated levels of Ki-67 and p-NF-jB (Fig. 7D). In addition,
we further evaluated the change of global genes using RNA-seq.
Expectedly, miR-7 inhibitor treatment group’s transcriptome pro-
file was lowly enriched in cytokine/chemokines (Supplementary
Fig. 8A–B). Moreover, the capacity of the supernatants of miR-7
inhibitor treatment group to attract CD45+ immune cells also
decreased (Fig. 7H).



Fig. 7. MiR-7 controls epithelial immunomodulation and regeneration via EGFR in vitro. (A) The normal colonic epithelial cell FHC cells were treated with LPS (200 ng/
ml) in vitro, and the mRNA and protein expression of EGFR was detected and analyzed at different time points. (B–C) FHC cells were transfected with miR-7 inhibitors/NC
(200 nM) following LPS treatment, 48 h later, Real-time PCR analysis for miR-7, EGFR, and inflammatory cytokines IL-6, TNF-a, TGF-b, IL-10, CSF4, CCL4, CXCL3, and CX3CL1.
The expression of phos-NF-kB, phos-EGFR, and Ki-67 were observed by multiplexed fluorescent immunohistochemical staining (D). (E) FHC cells were transfected with miR-7
inhibitors / miR-7 inhibitors plus Erlotinib (5 nM) following LPS treatment, the relative expression of inflammatory cytokines IL-6, TNF-a, TGF-b, IL-10, CSF4, CCL4, CXCL3, and
CX3CL1 was detected and analyzed by Real-time PCR; and the expression of phos-NF-kB, phos-EGFR, and Ki-67 was observed by multiplexed fluorescent
immunohistochemical staining (F); (G) Immunoblot analysis of p-EGFR, EGFR, PI3K, p-PI3K, NF-kB, p-NF-kB, AKT, p-AKT, ERK, p-ERK, Ras and PDK1 in the cells of each
group; (H) The cell migration was assessed by transwell assay. The values are the means ± SD (n = 3). *P < 0.05, **P < 0.01.
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Furthermore, our analysis also displayed that miR-7 mimics
obviously suppressed the proliferation of human colonic IECs in
response to LPS stimulation, accompanied by the increased levels
of TNF-a, IL-6, TGF-b, CSF3, CCL4 and CX3CL1 and the decreased
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level of IL-10. Meanwhile, the related signaling pathway including
EGFR, p-PI3K, PDK1, Ras, p-NF-jB, p-ERK1/2 and p-AKT also
decreased significantly (Supplementary figure 9A–F). Moreover,
we also observed miR-7 expression in colonic epithelial cells



Fig. 8. Intestinal epithelial cell-specific miR-7 silencing alleviates the pathology of IBD. (A) Schematic representation of the establishment of WT IBD mice challenged
with the p-v-miR-7sp vector. p-v-miR-7sp vector was injected into WT mice (8–10 W, n = 6/per group) via tail vein at an interval of 5 mg/kg, every 2 days, for 3 times, and
establish IBD model, then the body weight loss (B) and the survival curve (C) were analyzed; Representative gross images of colon were observed (D); Histopathology was
performed by H&E staining and mucin production was measured by Alcian blue staining (�100, �200) (E); IF analysis of CD45+ cell and Ki-67 expression in colorectal tissue
(�200, �400) (F–G); FCM analysis of CD45+ cells and CD4+ T cells, CD8+ T cells, CD19+ B cells, Gr-1+ cells, CD11b+ cells and NK1.1+ T cells in CD45+ cells (H–I); Real-time PCR
analysis of cytokines IL-6, TNF-a, TGF-b, IL-10, CSF4, CCL4, CXCL3 and CX3CL1 in colon (J); the relative expression of miR-7 was detected by Real-time PCR in colon tissue (K);
IF analysis for p-NF-jB, EGFR and EPCAM in colon (�0.5, �630) (L). The values are the means ± SD (n = 6). *P < 0.05, **P < 0.01. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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derived from miR-7 overexpression transgenic mice (miR-7oe

mice). Data showed that the expression of miR-7 increased dra-
matically in miR-7oe colonic epithelial cells stimulated by LPS (Sup-
plementary Figure 10A). In addition, the expression level of EGFR
decreased significantly (Supplementary Figure 10A). Consistent
with the above findings, the proliferation of miR-7oe colonic epithe-
lial cells decreased obviously (Supplementary Figure 10B). Further-
more, the expression levels of inflammatory factor TNF-a, TGF-b,
IL-6, CSF3, CCL4, and CX3CL1 increased significantly (Supplemen-
tary Figure 10C), while IL-10 level decreased remarkedly (Supple-
mentary Figure 10C). Finally, the levels of EGFR, p-PI3K, PDK1,
Ras, p-NF-jB, p-ERK1/2, and p-AKT in miR-7oe colonic epithelial
cells decreased significantly (Supplementary Figure 10D and E).

To next confirm the role of EGFR in the effect of miR-7 inhibi-
tion colonic IECs, we silenced the EGFR signaling pathway of
miR-7 inhibited colonic IECs using Erlotinib. As expected, Erlotinib
treatment resulted in increased levels of TNF-a, IL-6 and so on,
whereas decreased IL-10 level (Fig. 7E). Moreover, the expression
levels of p-NF-jB and Ki-67 were dramatically downregulated
(Fig. 7F). RNA-seq results also revealed that Erlotinib treatment
group’s transcriptome profile was highly enriched in cytokine/
chemokines (Supplementary Figure 11A and B). Consistently, the
capacity of the Erlotinib treatment group’s supernatants on attrac-
tive migration of CD45+ immune cells was significantly elevated
(Fig. 7H). Furthermore, the levels of p-EGFR, EGFR, p-PI3K, PDK1,
Ras, p-AKT, p-ERK1/2, and p-NF-jB in the miR-7-inhibitor-
transfection alone group increased visibly compared with those
in the control group (Fig. 7G). Importantly, Erlotinib treatment
reversed the levels of these signaling factors (Fig. 7G).

Consistently, we found that EGFR expression decreased dis-
tinctly in mouse colonic IECs in response to inflammatory stimula-
tion. And the miR-7 deficiency colonic IECs with LPS treatment
always had a higher EGFR expression (Supplementary Fig-
ure 12A–C). Furthermore, miR-7 deficiency promoted the prolifer-
ation of murine colonic IECs with LPS treatment, accompanied with
the increased levels of inflammatory signals such as p-NF-jB, p-
ERK and so on, and decreased levels of pro-inflammatory cytokines
such as IL-6, TNF-a, and CSF3, etc., (Supplementary Figure 12A–F);
Meanwhile, the migration capacity of IECs was also significantly
enhanced (Supplementary Figure 13B). Notably, Erlotinib treat-
ment also could reverse the effect of miR-7 deficiency on the pro-
liferation, inflammatory signals (p-PI3K, PDK1, Ras, p-NF-jB, p-
ERK and p-AKT, etc.), and inflammatory cytokines (CSF3 and IL6,
etc.) secretion of murine IECs stimulated by LPS (Supplementary
Figure 12G–I). Finally, the capacity of the supernatants to attract
CD45+ immune cells also was elevated (Supplementary Figure 12 J),
which was in keeping with our above data (Fig. 7H). Together,
these observations demonstrated that miR-7 could control the
immunomodulation and regeneration of colonic IECs through
EGFR, which was positively correlated with the transduction of
the NF-jB, AKT, and ERK signaling pathways.

Intestinal epithelial cell-specific miR-7 silencing alleviates the
pathology of murine IBD model

To explore the potential value of targeting miR-7 in IECs in ther-
apy against IBD, we designed a Villin1-promoter-operating miR-7
sponge expression vector. We monitored the possible effect of tar-
geting silence of miR-7 in IECs on the pathology injury of colitis
(Fig. 8A). Compared with the p-Cont NC group, p-v-miR-7sp treat-
ment caused a slower body weight loss, a higher survival rate, and
decreased colon shortening (Fig. 8B–D). Histology assessment and
mucous layer analysis showed alleviated damage and elevated
mucin production in colon tissue (Fig. 8E). Importantly, epithelial
cell proliferation increased obviously (Fig. 8F), accompanied by
the reduced infiltration of inflammatory cell populations and the
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altered expression levels of inflammatory cytokines such as IL-6,
TNF-a, CCL4, and so on (Fig. 8G–J). Expectedly, the miR-7 level also
dominantly decreased significantly in the colon tissue (Fig. 8K),
indicating that Villin1 promoter might effectively operate miR-7
sponge expression to reduce miR-7 level in colon tissue. Impor-
tantly, the levels of p-AKT, p-ERK, and p-NF-KB were elevated in
colon tissue (Supplementary Figure 14A–B). To further validate
these results, we analyzed the level of p-NF-KB in IECs in colon tis-
sue and found that the p-NF-jB level in IECs also increased obvi-
ously (Fig. 8L), consistent with our above results (Fig. 1I). These
combined data indicated that the targeting silence of miR-7 in IECs
could significantly alleviate the pathology damage of DSS-induced
colitis.
Discussion

In this study, we first found that miR-7 deficiency could elevate
the proliferation and transduction of inflammatory-related NF-jB/
AKT/ERK signaling pathways of IECs in the DSS-induced colitis
model, accompanied with decreased expression profiles of proin-
flammatory cytokines and infiltration of various immune cells in
colon tissue. Moreover, the expression of miR-7, mainly operated
by C/EBPa which binds to the core sequence of the promoter of
miR-7a-1, was upregulated in IECs in the murine colitis model
and CD patients. Mechanistically, miR-7 controlled the
immunomodulation and regeneration of colonic IECs through
EGFR/NF-jB/AKT/ERK pathway. Notably, IEC-specific miR-7 silenc-
ing alleviated the pathology of colonic tissue in IBD model.

Recently, accumulating evidence have shown that miR-7 plays a
promising controller in regulating the biological process of various
diseases, including inflammatory diseases [33]. In our recent study,
we revealed that miR-7 could also regulate the pathologies of
autoimmune hepatitis [11], acute lung injury [12], and brain tissue
inflammatory injury [13], displaying that miR-7 might be a novel
intrinsic regulator in inflammatory-related diseases. Concerning
IBD, one recent study has reported that RNF183, a target of miR-
7, promoted intestinal inflammation in TNBS-induced IBD, indicat-
ing that miR-7 has a protective effect on the pathological process of
IBD [34]. However, Guo et al. suggested that miR-7 expression was
upregulated in the colon tissue and inhibition of miR-7 could
reduce the pathological lesion of TNBS-induced colitis inflamma-
tion [14]. In line with these findings, in this study, we revealed that
miR-7 deficiency could relieve the symptoms and pathological
injury of DSS-induced colitis. Importantly, we extended previous
findings by illustrating that miR-7 deficiency promoted the local
proliferation of IECs in colon tissue. Furthermore, we revealed that
the expression of miR-7, dominantly expressed by IECs except for
inflammatory cells in colon tissue, increased at the acute phase
of colitis and decreased at the resolution phase. Our recent study
has shown that the transcription factor C/EBPabind to the pro-
moter of miR-7b to regulate the expression of miR-7 in CD4+ T cells
[11]. Different from our previous findings [11], we herein found
that the expression of miR-7 was dominantly derived from
pri-miR-7a-1, but not pri-miR-7a-2 in human and murine IECs. Fur-
thermore, C/EBPa could bind to the core sequence of the promoter
of pri-miR-7a-1 to control miR-7 expression, thereby affecting the
proliferation and secretion of inflammatory cytokines in IECs.
These results further demonstrate the vital effect of miR-7 in
inflammation diseases. Finally, because of the complex etiology
of IBD and the limitation of clinical specimens in present study,
we believe that further studies on miR-7 expression in the patho-
logical damage process of colitis, especially in the different phases,
might be valuable for the ultimate exploration of the exact role of
miR-7 in colitis development.
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More and more evidence has suggested that the IECs
immunomodulatory capacity is well involved in the pathogenesis
and progression of multiple colon diseases [35,36]. In response to
inflammatory signals, IECs secrete many inflammatory cytokines/
chemokines to affect the local accumulation of lymphoid cells,
such as CD19+ B cells, T cells, NKTs, and cd+ T cells, as well. Subse-
quently affecting the pathologic damage of colon diseases [20]. In
the current study, we revealed that the miR-7 deficiency altered
the expression pattern of inflammatory cytokines/chemokines,
such as IL-6 and TNF-a as well. were significantly decreased in
the colitis model. Moreover, the proportions of innate immune
cells, such as Gr-1 and NK1.1+ T cells, and adaptive immune cells,
including CD8+ T cells, CD4+ T cells, and CD19+ B cells, in colon tis-
sue also decreased dramatically. Importantly, the altered miR-7
expression also affected the levels of pro-inflammatory cytoki-
nes/chemokines and the proliferation capacity of colon IECs stimu-
lated by LPS. These results indicated that, under the condition of
inflammation stimuli, miR-7 could regulate the immunomodula-
tory capacity and regeneration of IECs, thereby remodeling the
local infiltration of immune cells in colon tissues and subsequently
affecting the pathological process of colitis. In addition, in our most
recent works, we reveal that miR-7 can control the CD4+ T cells
activation and function in AIH [11]. Unfortunately, it is regretful
that the exact roles of miR-7 in other immune cells remain largely
unknown. Given the fact that the inflammatory cytokines or other
bioactive molecules secreted by colonic IECs can activate CD19+ B
cells, CD4+ T cells, and other immune cells [37,38], our current data
still support the important associations between colonic IECs and
immune cells in colitis. Finally, the potential roles of miR-7 in these
immune cells and other immune-related cells such as epithelial
stem cells and paneth cells in IBD remain to be further elucidated,
which might helpful to further explore the cellular mechanism of
IBD pathogenesis. Herein, our present data might provide valuable
data for future research on the interactions among epithelial cells,
immune and immune-related cells, which should help understand
the role of miR-7 in the pathogenesis of IBD.

EGFR is a transmembrane glycoprotein with tyrosine kinase
activity by activating the transduction of the AKT/ERK/NF-jB sig-
naling pathways; it is widely recognized for its importance in
organ development and disease [39,40]. Accumulating evidence
has shown that EGFR signaling plays an essential role in regulating
the biological function and immune-regulation of colonic IECs and
the response to injury and inflammation [32]. Similarly, we found
that EGFR expression decreased in the colonic IECs in murine col-
itis model and clinical IBD patients. In addition, some factors such
as TFF3, which are regulated by miR-7, have been documented play
roles in the development of colitis model and clinical IBD patients
[41]. Of note, the repression of EGFR signaling could decrease the
epithelial regeneration and exacerbate the colitis pathology of
miR-7 deficiency mice, accompanied by increased inflammatory
cell infiltration, elevated transduction of the NF-jB signaling path-
way in the colonic IECs. Furthermore, EGFR and miR-7 were dom-
inantly co-located in colonic IECs, but not CD45+ inflammatory
cells in colon tissue in IBD. Importantly, in the inhibition of miR-
7, silencing of EGFR signaling encouraged the production of pro-
inflammatory cytokines/chemokines of colonic IECs induced by
LPS, which was closely related to changes in the NF-jB signal
transduction pathway. Hence, these data revealed the vital role
of the MiR-7/EGFR axis in the immunomodulatory capacity and
regeneration of IECs in pathologies of colitis. Actually, we also
noticed that the other possible targets such as Basp1 and TFF3, also
were upregulated in colitis tissue in the absence of miR-7. More-
over, blockade of EGFR pathway did not totally abrogate the effect
of miR-7 in IECs, indicating that these factors, which did not be ver-
ified in current study, also might contribute to the effect of miR-7
in IECs.
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Gene targeted expression techniques, such as the different
delivery systems and specific gene-promoter-operating gene
expression, are vital strategies for gene therapy of multiple inflam-
matory diseases [37]. However, in IBD gene therapy, studies on the
underlying significance of the targeted expression of protector
genes through operating promoters remain scarce. The Villin1 gene
is dominantly expressed in colon tissue and used for the spa-
tiotemporal control of gene expression in the colon IECs [37]. In
the current study, we aimed at design and built a eukaryotic vector
encoding a miR-7 sponge, which was operated by the Villin1 pro-
moter, to reduce miR-7 expression in colon IECs in colitis. Interest-
ingly, we found that the Villin1-promoter-operating miR-7 down-
expression could dramatically decrease the level of miR-7 in colon
tissue in colitis model. Importantly, the pathology of DSS-induced
colitis in mice was obviously alleviated, accompanied by the pro-
motion of colonic epithelial regeneration and the reduction of the
infiltration of inflammatory cells, as well as elevated EGFR/AKT/
ERK/NF-jB signaling. Together, all the above data revealed that
miR-7 might be an attractive candidate for therapeutic strategies
for IBD gene therapy, which was beneficial to the development of
miRNA-based molecule intervention in clinical IBD.

In summary, we demonstrated that miR-7, mainly derived from
miR-7a-1 operated by C/EBPa, could control the immunomodula-
tion and regeneration of epithelial cells, thereby orchestrating
the pathologies of DSS-induced IBD through EGFR, altered the
transduction of the NF-jB, ERK and AKT signals (Supplementary
Figure 16A). Furthermore, IEC-specific miR-7 silencing using Vil-
lin1 promoter driving the miR-7 sponge expression could alleviate
the pathology of IBD (Supplementary Figure 16B). Therefore, our
current data reveal the vital value of miR-7/EGFR axis in the
immunomodulation and regeneration of epithelial cells in colonic
diseases and might provide a light on the development of
miRNA-based therapeutic strategy applications in inflammation
colonic diseases.
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