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Deficiency of miRNA-149-3p shaped gut microbiota
and enhanced dextran sulfate sodium-induced
colitis
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Genetic predisposition and disruption of host gut microbiota
and immune system can result in inflammatory bowel disease
(IBD). Here, we show that miRNA-149-5p (miR-149-5p) and
miRNA-149-3p (miR-149-3p) play crucial roles in IBD. Mice
lacking miR-149-3p were considerably more susceptible to
dextran sulfate sodium (DSS)-induced colitis than wild-type
(WT) mice, accompanied by more serious inflammatory symp-
toms and increased gene expression of certain inflammatory
cytokines. Both miR-149-5p and miR-149-3p suppressed colon
inflammatory response in vitro and in vivo. Furthermore, we
found significant differences in the composition of the gut mi-
crobiota between WT and miR-149-3p�/� mice by 16S rRNA
sequencing. Co-housing endowed susceptibility to WT mice
against DSS-induced colitis compared with the WT control
group. However, susceptibility of miR-149-3p�/� mice against
DSS-induced colitis was still present after antibiotic treatment.
These findings suggest that the deletion of miR-149-3p altered
gut microbiota and influenced pathogenesis of intestinal
inflammation, but sensitivity of miR-149-3p�/� mice to DSS-
induced colitis is not conferred by microbiota. In addition,
we identified the roles of miR-149-5p and miR-149-3p in colon
inflammation, whichmay serve as an attractive therapeutic tool
for colitis or IBD, and even colitis-associated carcinoma.
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INTRODUCTION
Inflammatory bowel disease (IBD) is generally classified into ulcera-
tive colitis (UC) and Crohn’s disease (CD), and is a chronic heteroge-
neous group of diseases in the gastrointestinal tract.1,2 From a clinical
perspective, IBD is not a life-threatening disease in many patients, but
it is a life-long burden that frequently relapses.3 Multiple inflamma-
tory pathways, genetic variations, and the gut microbiota have been
identified as the main etiopathogenesis of IBD.2,4,5 A growing number
of investigations have revealed that patients with IBD have increased
risk of colorectal cancer (CRC).6 Thus, it remains imperative to un-
derstand the pathogenetic mechanisms of IBD and develop effective
strategies for the management of IBD.
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Adenosine monophosphate-activated kinase (AMPK), as a heterotri-
meric complex, is a pivotal molecule that maintains energy meta-
bolism.7 There is growing evidence supporting that AMPK phosphor-
ylation (Thr-172) in the a-subunit plays an extensive role in
prevention of diseases, including diabetes and multiple cancers.8–12

Recent studies support that activation of AMPK may function as a
protector in gut epithelial integrity, barrier function, and gut immu-
nity.13–17 Consistent with this notion, the gut microbial metabolite
butyrate may contribute to maintaining the intestinal barrier via acti-
vation of AMPK.18 In response to dextran sulfate sodium (DSS)-
induced colitis, metformin may impair pathological damages in the
intestine in an AMPK-dependent manner.7 These past studies suggest
that AMPK activation can be a therapeutic strategy for intestinal dis-
ease and IBD.

Activated NF-kB is a ubiquitous nuclear transcription factor in mul-
tiple immune diseases, including IBD.19,20 The transcription factors
of the NF-kB family, RelA, RelB, c-Rel, NF-kB1 (p50), and NF-kB2
(p52), form homo- and heterodimers, and then regulate the expres-
sion of the genes with kB sites in their promoter region. In response
to diverse stimuli, including tumor necrosis factor (TNF) receptor
superfamily members (lipopolysaccharide [LPS], TNF, double-
stranded RNA and others), pattern-recognition receptors, various
cytokine receptors, T cell receptor and B cell receptor,21 IKBa is
phosphorylated by a multi-subunit IkB kinase complex, resulting
in nuclear translocation of canonical NF-kB members and induc-
tion of the expression of proinflammatory genes.22,23 In IBD, acti-
vated NF-kB upregulating the expression of many proinflammatory
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cytokines and chemokines, is highly dynamic in the IBD pathogen-
esis and may serve as a promising therapeutic target or diagnostic
marker.24–29 In addition, some inhibitors for the NF-kB signaling
pathway have been used for alleviating IBD in vivo.30,31 Thus,
discovering novel therapeutic targets that block NF-kB activation
would be valuable for developing novel appropriate therapeutic stra-
tegies for IBD.

The gut microbiota, which colonize the gastrointestinal tract of the
host, is a major regulatory factor in intestinal diseases.5 Generally,
the gut microbiota play a role in maintenance of physiology status
through regulating genes, proteins, or metabolites, such as the major
metabolite short-chain fatty acid formed by anaerobic fermentation,
which is normally absorbed by the intestinal mucosa as an energy
source, or alternatively modulates gene expression to affect host
physiology.5,32–34 Typically, butyrate is involved in inhibiting his-
tone deacetylases and NF-kB activation, activating HIF-1 and
SP-1, increasing intestinal epithelial barrier function and reducing
inflammation.33,34 MicroRNAs (miRNAs) are short (about 18–
25 bp) and non-coding RNAs. Generally, the guide strand directly
mediates the RNA-induced silencing complex (RISC, miRNA
duplex binds with Argonaute) to the 30 UTR complementary region
of the target mRNAs, and binds to the complementary region by
incomplete complement or complete complement, thereby causing
translation inhibition or degradation of the target mRNAs.35,36

Functional studies indicate that miRNAs are post-transcriptional
regulators of inflammation and cancer through targeting mRNAs.37

Both the gut microbiota and miRNAs may function as the regula-
tors in intestinal inflammation. Furthermore, miRNAs may regulate
intestinal disease, accompanied with changes in the intestinal micro-
bial composition. For example, Johnston et al. reported that loss of
miRNA-21 reduced the susceptibility of mice to DSS-induced colitis
via influencing the gut microbiota.38 Runtsch et al. found that
miRNA-146a deficiency in mice heightens resistance to DSS-
induced colitis and shapes the gut microbiota.39 Therefore, miRNAs
could represent a potential target for treatment of IBD and inflam-
mation-associated colon carcinogenesis.

miRNA-149-5p (miR-149-5p) and miRNA-149-3p (miR-149-5p) are
located in the first intron of the glypican-1 (GPC1) gene on the
genome. After miRNA processing and synthesis, the sense strand is
processed and matured into miR-149-5p (has: UCUGGCUCCGUG
UCUUCACUCCC), while the antisense strand is processed tomature
miR-149-3p (has: AGGGAGGGACGGGGGCUGUG) and is highly
conserved across species.40 Some reports on the functions of miR-
149-3p and miR-149-5p in different diseases, including cancer and
inflammation, have been published. Previous studies have indicated
that miR-149-5p plays a tumor-suppressing role in CRC.41,42 Also,
the function of miR-149-3p has been clarified as a suppressor in
breast cancer and bladder cancer, and recent research has reported
that enterotoxigenic Bacteroides fragilis participates in cancer and
inflammation by regulating exosome-packaged miR-149-3p.43–45 In
addition, our recent publication supported the role of miR-149-3p
in liver inflammation by negatively regulating STAT3-mediated cell
signaling.46 Based on this, we reasoned that it would be important
to identify the role of miR-149-3p in colitis and colon carcinogenesis.
In this study, we showed that deletion of miR-149-3p in mice (miR-
149-3p�/�) reduced resistance to DSS administration compared with
WTmice. The survival rate of miR-149-3p�/�mice was low after DSS
administration, and the colitis characteristics were more serious in
miR-149-3p�/� mice. Also, miR-149-3p deficiency influenced the
composition of gut microbiota. In addition, we revealed that miR-
149-3p activated AMPK signaling and inhibited NF-kB signaling
in vitro and in vivo. Overall, this study showed that the deletion of
miR-149-3p in mice shaped the gut microbiota composition and
increased sensitivity to DSS-induced colitis.

RESULTS
miR-149-3p–/– mouse colon tissue displayed increased level of

proinflammatory genes

Our recent report supported the role of miR-149-3p in liver inflam-
mation.46 To verify the effects of miR-149-3p on colonic infla-
mmatory response, of which outcomes are affected by miR-149-3p
deletion, we firstly examined the mRNA levels of proinflammatory
genes derived from WT and miR-149-3p�/� (KO) mouse colons.
Deficiency of miR-149-3p in the colon showed upregulated expres-
sion levels of inflammation-related genes compared withWT controls
(Figure 1). These upregulated genes include cyclooxygenase-2 (Ptgs2),
intercellular cell adhesion molecule-1 (Icam1), C-X-C motif
chemokine (Cxcl1), transforming growth factor-b1 (Tgfb1), and
interleukin-6 (Il6) (*p < 0.05). These results indicate that miR-149-
3p deletion may cause colonic inflammation.

miR-149-3p–/– mice were more sensitive to DSS toxicity

Next, we explored the function of miR-149-3p in a long-term DSS-
induced mouse model. WT mice and miR-149-3p�/� mice were
supplied with 2% DSS for 7 consecutive days followed by 7 days of
drinking water. Unexpectedly, all miR-149-3p�/� mice died in the
first cycle, while all WT mice survived (Figure 2A).

Next, based on the above mortality differences, we determined
whether the genetic deletion of miR-149-3p affected DSS-induced co-
litis. WT and miR-149-3p�/� mice were treated with drinking water
(control group) or 2% DSS (w/v) ad libitum for 7 days. Mice were
weighed on day 0 and disease activity index (DAI) of each mouse
was tested every other day. In detail, DAI = 0, normal stool, no blood,
and no body weight reduction; DAI = 1, 1%–3% body weight reduc-
tion; DAI = 2, loose stool, blood visible in stool, and 3%–6% body
weight reduction; DAI = 3, 6%–9% body weight reduction; and
DAI = 4, diarrhea-type stools and gross bleeding, and >9% body
weight reduction. After 7 days of DSS administration, weight reduc-
tion, colon length, and colon weight of eachmouse were recorded and
the DAI scores were calculated. We found that miR-149-3p�/� mice
had more severe colitis symptoms in response to DSS-induced acute
colitis thanWTmice. Compared withWTmice (0.2 ± 0.4), miR-149-
3p�/� mice showed a significantly increased DAI score on day 5
(1.67 ± 0.47) (Figure 2B). After 7 days of DSS administration, defi-
ciency of miR-149-3p resulted in an approximately 2.9-fold weight
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Figure 1. Deficiency of miR-149-3p increased expression of proinflammatory genes in mouse colon tissues

n = 5. WT, wild-type mice; KO, miR-149-3p�/� mice. *p < 0.05 versus the WT groups.
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reduction relative to WT mice (Figure 2C). Moreover, the miR-149-
3p�/� colons were shorter (4.40 ± 0.78 cm) and lighter (0.13 ± 0.02 g)
in response to DSS treatment compared with WT mice (6.22 ±

0.34 cm; 0.18 ± 0.02 g) (Figures 2D–2F).

From histological analysis of colonic sections, the colons of control
KO mice had reduced mucosal thickness, reduced and uneven dis-
tribution of functional layers, hyperplasia of the basal layer, and
proliferation of fibroblasts in the mucosal stroma and submucosa
with lymphocyte infiltration compared with the WT control group
(Figure 2G). Mucosal space was enlarged and the crypt structure
was deformed in DSS-treated WT colons. In contrast, DSS-treated
miR-149-3p�/� colons had a disintegrative loss of lamina propria
and the crypt structure was no longer visible, accompanied by in-
flammatory cell infiltration. Overall, deficiency of miR-149-3p re-
sulted in more serious colon damage than WT mice in DSS-induced
colitis.

To further address whether deficiency of miR-149-3p promotes
colonic inflammation after DSS treatment, we examined expression
of the proinflammatory cytokines in mouse colons. We found that
DSS administration significantly upregulated interleukin-2 (Il2),
interleukin-6 (Il6), monocyte chemotactic protein-1 (Ccl2), and
transforming growth factor-b2 (Tgfb2) (*p < 0.05) in miR-149-
3p�/� colons (Figure 2H). Overall, these data indicate that deficiency
of miR-149-3p promoted incidence of colonic inflammation and co-
litis in DSS-induced mouse model.
210 Molecular Therapy: Nucleic Acids Vol. 30 December 2022
miR-149-3p–/– mouse colon tissues displayed elevated NF-kB

activity and reduced AMPK activity

Our previous work explored the role of miR-149-3p in the mouse liver
and found that miR-149-3p�/� mice had enhanced LPS-induced
STAT3 phosphorylation levels compared with WT liver.46 In the cur-
rent study, we found that some proinflammatory genes such as Ptgs2,
Icam1, Cxcl1, Tgfb2, and Il6were upregulated in the colon of miR-149-
3p�/� mice (*p < 0.05) (Figure 1), and the expression of these genes is
regulated by NF-kB signaling. To understand the mechanism of miR-
149-3p in the regulation of colonic inflammatory responses, we per-
formed immunoblot analysis to examine the phosphorylation levels
of IkBa in the colon of 8-week-old miR-149-3p�/� mice. We observed
that the phosphorylation levels of IkBa were significantly elevated in
miR-149-3p�/� mice colons compared with WT mice (Figure 3A).

Previous studies have addressed the protective role of activated
AMPK in gut epithelial integrity and barrier function.13,14 Here, we
examined the phosphorylation levels of AMPK in 8-week-old miR-
149-3p�/� mouse colons. Deficiency of miR-149-3p resulted in 2.3-
fold reduction in the phosphorylation levels of AMPK relative to
the WT group (Figure 3A). Moreover, the phosphorylation levels of
IkBa were significantly elevated and the phosphorylation levels of
AMPK were significantly weakened in the colons of aged miR-149-
3p�/� mice (15 months old) (Figure 3B). These results suggested
that the deletion of miR-149-3p may impair barrier function and
aggravate colitis through activating NF-kB signaling and reducing
AMPK activity.



Figure 2. miR-149-3p–/– (KO) mice are more sensitive to DSS-induced colitis

(A) Percentage of death fromWT (n = 8) andmiR-149-3p�/� (KO) mice (n = 17), observed for 11 days after administration of 2%DSS (2%DSS for 7 consecutive days followed

by drinking water). (B) WT andmiR-149-3p�/� (KO)malemice at 8weeks of agewere weighed on day 0 and given drinkingwater (control group) or 2%DSS (w/v) ad libitum for

7 days (n = 5). Disease activity index (DAI) of each mouse was calculated every other day. (C) After 7 days of DSS administration, the weight of mice was recorded and weight

reduction was calculated. (D–F) The colon of WT and KO was removed and photographed (D), and colon length (E), and colon weight (F) of each mouse were recorded. (G)

Representative hematoxylin and eosin staining of colonic tissues from water- and 2% DSS-treated WT and KO mice are shown (magnification, �200). (H) Relative mRNA

levels of proinflammatory genes of colon from WT and KO mice after DSS administration. WT, wild-type mice; KO, miR-149-3p�/� mice. *p < 0.05.
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miR-149-5p and miR-149-3p regulated colon inflammatory

response in vivo

To investigate the roles of miR-149-5p and miR-149-3p in colon in-
flammatory development, Firstly, we examined the responses of miR-
149-3p and miR-149-5p to LPS-induced colonic inflammation. LPS
can induce systemic inflammation47,48 and is also used for colonic
inflammation model in vivo.49 Mice were given miRNA agomirs by
a tail vein injection for 48 h. And then mice were fasted overnight
and were injected intraperitoneally with LPS (30 mg/kg body weight).
At 6 h after LPS exposure, mice were sacrificed (Figure S1A). In our
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Figure 3. miR-149-3p–/– mouse colon tissues display elevated NF-kB activity and reduced AMPK activity

(A) The phosphorylated IkBa (p-IkBa) levels are upregulated and phosphorylated AMPK (p-AMPK) levels are downregulated in young KO colon compared with WT colon.

Total IkBa (T-IkBa) and total AMPK (T-AMPK) were used for normalization of protein levels (n = 5). (B) Immunoblot analysis for the phosphorylated IkBa (p-IkBa) and

phosphorylated AMPK (p-AMPK) in total protein pools from aged WT and miR-149-3p�/� mouse (KO) colon. Total IkBa (T-IkBa) and total AMPK (T-AMPK) were used for

normalization of protein levels (n = 5). WT, wild-type mice; KO, miR-149-3p�/� mice. *p < 0.05.

Molecular Therapy: Nucleic Acids
present study, LPS increased the mRNA levels of proinflammatory
genes Cxcl10, Il6, Ccl2, Mmp13, Ccl5, and Mmp12 (*p < 0.05). miR-
149-5p agomirs repressed the expression of LPS-induced Cxcl10,
Il6, Ccl2, and Mmp13 in mouse colons (Figure S1B). Moreover,
miR-149-3p agomirs downregulated LPS-induced Il6, Ccl5, Mmp13,
Mmp12, and Ccl2 levels (*p < 0.05) (Figure S1C). These results collec-
tively demonstrate that bothmiR-149-5p andmiR-149-3p suppressed
LPS-induced colon inflammatory responses in vivo.

Next, WT mice were injected with miR-149-3p agomirs or miR-149-
5p agomirs before DSS-induced colon inflammatory response. In the
DSS-induced colitis model, WTmice were administered miRNA ago-
mirs on days 0 and 4, and 2% DSS was administered from day 1 to
induce colitis, and the inflammatory response was analyzed on day
7 (Figure 4A). Both WT mice treated with miR-149-3p agomirs or
miR-149-5p agomirs had significantly lower DAI scores (1.83 ±

0.41 or 1.71 ± 0.49) compared with WT mice treated with negative
control (NC) agomirs (3.00 ± 0.45) on day 7 (Figure 4B). And
miR-149-3p agomir or miR-149-5p agomir treatment alleviated
weight lost induced by DSS (Figure 4C). Moreover, the colon lengths
and weights in mice treated with miR-149-3p agomirs (5.82 ±

0.59 cm; 0.16 ± 0.01 g) or miR-149-5p agomirs (6.27 ± 0.83 cm;
0.17 ± 0.01 g) were longer and heavier, respectively, in response to
DSS treatment compared with those of the NC agomir with DSS-
212 Molecular Therapy: Nucleic Acids Vol. 30 December 2022
treated group (4.77 ± 0.01 cm; 0.11 ± 0.01 g) (Figures 4D–4F). Hema-
toxylin and eosin (H&E) staining to analyze the histopathological
changes of mouse colons, compared with the NC agomirs with DSS
treatment, both miR-149-3p and miR-149-5p agomirs reduced the
area of inflammatory cell infiltration (Figure 4G). Moreover, both
miR-149-3p and miR-149-5p agomirs significantly inhibited Ptgs2,
Cxcl1, Icam1, Nos2, Cxcl10, Ccl2, Mmp13, Mmp2, Tgfb1, and Tgfb2
mRNA levels induced by DSS, and miR-149-5p agomirs also in-
hibited Tnfa induced by DSS (Figure S2). These results indicated
that overexpression of both miR-149-3p and miR-149-5p could alle-
viate DSS-induced colitis in vivo.

miR-149-5p suppressed colon inflammatory responses in vitro

To further establish the role of miR-149-5p in colitis, we firstly
measured mRNA levels of proinflammatory genes after the transfec-
tion of miR-149-5p mimics (50 nM, 24-h treatment) into Caco-2
and SW480 cells. miR-149-5p decreased NOS2 and IL1B (*p < 0.05)
expression levels in Caco-2 cells, and suppressed NOS2, CXCL17,
CCL5, MMP2, and MMP12 mRNA expression (*p < 0.05) in SW480
cells (Figures 5A and 5B). These results suggest that miR-149-5p sup-
pressed the inflammatory response of colon adenocarcinoma cells.

Then we used TNF-a as a stimulator to induce inflammation
response in Caco-2 and SW480 cells50 and further examined the effect



Figure 4. miR-149-5p and miR-149-3p agomirs regulate DSS-induced colitis in vivo

(A) Schematic diagram of the experimental process. WTmice were administered miRNA agomirs on days 0 and 4, and 2%DSSwas administered from day 1 to induce colitis,

and the inflammatory responsewas analyzed on day 7. (B) Disease activity index (DAI) was calculated every other day. (C) After 7 days of DSS administration, weight reduction

(g) was calculated. (D) After 7 days of DSS administration, the mouse colons were removed and photographed, and colon length (E) and colon weight (F) of each mouse were

recorded. (G) Representative hematoxylin and eosin staining of colonic tissues from WT-Control, NC agomir (DSS), miR-149-3p agomirs (DSS), and miR-149-5p agomirs

(DSS) are shown (magnification, �100).
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Figure 5. miR-149-5p suppressed inflammatory response in colon adenocarcinoma cells

(A) miR-149-5p mimics suppressed the proinflammatory gene expression in Caco2 cells (n = 3). (B) miR-149-5p mimics significantly decreased the expression of the

proinflammatory genes and chemokines in SW480 cells. *p < 0.05 (n = 3). (C) Relative mRNA levels of inflammatory genes induced by TNF-awere reduced uponmiR-149-5p

mimics in Caco2 cells (n = 3). (D) miR-149-5p decreased the mRNA levels of the inflammatory genes induced by TNF-a in SW480 cells (n = 3). *p < 0.05.
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of miR-149-5p mimics on TNF-a-induced inflammation in colon
adenocarcinoma cells. Cells were transfected with miRNA mimics
or control mimics. Next, cells were incubated with TNF-a (10 ng/
mL) for 6 h and then harvested for RNA extraction. We found that
214 Molecular Therapy: Nucleic Acids Vol. 30 December 2022
miR-149-5p mimics suppressed TNF-a-induced expression of
CXCL8, TNFA, ICAM1, and COX2 (*p < 0.05) in Caco-2 cells (Fig-
ure 5C), and inhibited TNF-a-induced MMP7, IL6, CCL22, and
IL17A (*p < 0.05) in SW480 cells (Figure 5D).
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miR-149-3p antagonized the NF-kB cell signaling pathway and

activated AMPK in vitro

To analyze the effect of miR-149-3p on colon inflammation in colon
adenocarcinoma cells, relative expression of proinflammatory genes
in colon adenocarcinoma cells was determined after transfection of
miRNA mimics. We found that miR-149-3p mimics caused a signif-
icant downregulation of expression of multiple genes induced by
TNF-a compared with NC mimics (Scramble-miRNA mimics [Scr-
miR]) in Caco-2 cells, including IL1A, TNFA, CXCl10, NOS2, and
CCL2 mRNAs (*p < 0.05) mediated by NF-kB (Figure 6A). It is
known that NF-kB signaling is one of key regulators for IBD.51

Here, the overexpression of p65 was used to induce NF-kB signaling
pathway. The expression of inflammatory genes such as IL1A, TNFA,
ICAM1, CXCL8, and CCL2 (*p < 0.05), induced by p65 overexpres-
sion, were also reduced in Caco-2 cells post-transfection with miR-
149-3p mimics (Figure S3A). Similarly, miR-149-3p mimics reduced
TNF-a-induced mRNA levels of TNFA, CCL2, CXCl10, and ICAM1
(*p < 0.05) in SW480 cells (Figure 6B).

To investigate whether miR-149-3p suppresses NF-kB signaling in
colon cells, we transfected miR-149-3p mimics and measured p-
IkBa levels in Caco-2 and SW480 cells. TNF-a (10 ng/mL) was uti-
lized to induce IkBa phosphorylation, and incubation time was
30 min and 1 h in Caco-2 and SW480 cells, respectively. miR-149-
3p mimics suppressed TNF-a-stimulated p-IkBa by about 23% in
Caco-2 cells (Figure 6C). Similarly, miR-149-3p mimics in SW480
cells also blocked TNF-a-induced p-IkBa by about 27% (Figure 6D).

To further investigate the effect of miR-149-3p mimics on NF-kB
transcriptional activity, we monitored the luciferase report in
Caco-2 and SW480 cells. Cells were transiently transfected with
1 mg/well of NF-kB-LUC plasmid (3� NF-kB binding sites under
CMV promoter) and control thymidine kinase-driven Renilla lucif-
erase plasmid phRL-TK in combination with 50 nM control mimics
(Scr-miR) or miR-149-3p mimics. Eighteen hours post-transfection,
cells were treated with TNF-a (10 ng/mL) for 6 h. The luciferase ac-
tivity was evaluated by the proportion of firefly luciferase to Renilla
luciferase. In the luciferase assay, colon adenocarcinoma cells were
treated with TNF-a for 6 h to activate the NF-kB pathway, while
the activation was suppressed by miR-149-3p mimics in Caco-2
and SW480 cells (*p < 0.05) (Figures 6E and 6F). Moreover, to
confirm a direct effect of miR-149-3p on NF-kB transactivation
induced by p65 overexpression, p65 overexpression plasmid was
co-transfected with 50 nM miRNA mimics to activate the NF-kB
reporter.21,52 p65 overexpression led to 12.5- and 7.2-fold greater
NF-kB reporter activity (*p < 0.05) in Caco-2 and SW480 cells,
respectively. miR-149-3p mimics inhibited p65-induced NF-kB
transactivity (*p < 0.05) (Figures S3B and S3C). These findings
strongly support the notion that miR-149-3p can antagonize NF-kB
transactivity.

We next investigated whether miR-149-3p could activate AMPK in
colon adenocarcinoma cells after transfection with miR-149-3p
mimics in Caco-2 and SW480 cells. In Caco-2 cells, miR-149-3p
mimics did not activate AMPK at the protein levels (data not shown).
In contrast, miR-149-3p mimics promoted the phosphorylation of
AMPK in SW480 cells (Figure 6G). This result illustrates that the
role of miR-149-3p in activating AMPK in colon adenocarcinoma
cells may be cell-type dependent.

miR-149-3p–/– mice shaped the microbiota composition

The role of the gut microbiota in host health and disease cannot be
ignored.5 To characterize the role of miR-149-3p deletion on the
gut microbiome composition, WT and miR-149-3p�/� males at
4 weeks were co-housed and single-housed at the same conditions
for 4 weeks. Then the detected bacteria were assigned into one of
13 phyla. As reported previously, Bacteroidetes and Firmicutes repre-
sented the dominant bacteria at the phylum level (Figure S4).53 More-
over, Verrucomicrobia, represented by the Akkermansia genus, was
more common in some WT control mice (DA) than in the miR-
149-3p�/� mice (DB), but there were individual differences within
the groups (Figure S4).

Next, we selected the top 50 dominant genera to performheatmap anal-
ysis (Figure 7A). There were visible differences between the WT (DA)
and miR-149-3p�/� control groups (DB), with miR-149-3p�/� mice
having a higher proportion of Escherichia-Shigella,Bacteroides,Allopre-
votella, Quinella, unclassified Desulfovibrionaceae and Alistipes, and a
lower abundance of Akkermansia, Faecalibaculum, and Coriobacteria-
ceae_UCG-002 (Figure 7A). Combined with nonmetric multidimen-
sional scaling (NMDS) analysis based on weighted UniFrac distances,
the gut microbial community structure similarities and differences of
all samples were visualized (Figure 7B). We found that the WT control
group and miR-149-3p�/� control group displayed a clear and distinct
separation on the heatmap;moreover, the DSS-treatedWT group (DC)
andDSS-treatedmiR-149-3p�/� group (DC) showed a distinct location
on theheatmap.Regardless ofwhetherDSSwas administeredornot, the
gutmicrobiota structure and composition were different in theWTand
miR-149-3p�/� groups. Following further observation, the microbial
composition and abundance were altered in response to DSS adminis-
tration in the WT (DA versus DC) and miR-149-3p�/� group (DB
versusDD). Having observedmicrobiota differences among 24 samples
in four groups, we further explored the community differences and dif-
ferential species between the two groups based on ANOSIM test
analysis. The comparison of communities between WT (DA) and
miR-149-3p�/� control group (DB) showed significance (DA versus
DB, R = 0.82, p = 0.003), and the significance between the two groups
increased after DSS treatment (DC versus DD, R = 0.906, p = 0.007) ac-
cording to the ANOSIM test (Figure 7C). Colitis-related genera, such as
Akkermansia, Bacteroides, and Escherichia-Shigella, showed significant
differences between the WT (DA) and KO group (DB) (Figure 7D).
These results reveal that the deficiency of miR-149-3p shaped the gut
microbiota community and structure.

Co-housing with KO mice increased susceptibility of WT mice

against DSS-induced colitis

Deficiency of miR-149-3p in mice caused some alterations in the
composition of the microbiota compared with WT controls, thus
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Figure 6. miR-149-3p antagonized the NF-kB cell signaling pathway and activated AMPK in colon adenocarcinoma cells

(A) Relative mRNA levels of NF-kB-mediated inflammatory cytokines induced by TNF-a are decreased upon miR-149-3p mimics in Caco2 cells (n = 3). (B) Relative mRNA

levels of NF-kB-mediated inflammatory cytokines induced by TNF-a are reduced upon miR-149-3p mimics in SW480 cells (n = 3). (C) miR-149-3p mimics suppressed TNF-

a-induced p-IkBa in Caco2 cells. Caco2 cells were induced with TNF-a (10 ng/mL) for 1 h after being transfected with miR-149-3pmimics or control mimics (Scr-miR) (n = 3).

(D) miR-149-3p mimics suppressed TNF-a-induced p-IkBa in SW480 cells. (E–F) miR-149-3p mimics lessened the luciferase signal of NF-kB activity induced by TNF-a in

Caco2 (E) and SW480 cells (F) (n = 3). RLU, relative luciferase units. (G) miR-149-3p mimics increased the phospho-AMPK (p-AMPK) levels in SW480 cells (n = 3). (H) Group

information. *p < 0.05.
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we tested whether natural transfer of the gut microbiota would affect
the sensitivity of WT or KO mice to inflammatory infections. Four-
week-old WT and miR-149-3p�/� males were co-housed to allow
natural transfer of the microbiota. In addition, mice from single
type control group were fed under the same conditions for 4 weeks.
Then, 2% of DSS was administrated for 7 days, and weight, colon
length, and colon weight were analyzed for each mouse (Figure 8A).

After 7 days of DSS administration, WT mice co-housed with miR-
149-3p�/� mice (CH-WT) had a significantly increased DAI score
(3.00 ± 0.47) compared with WT mice housed with other WT mice
(1.75 ± 0.38) (Figure 8B), and CH-WT mice had a higher percentage
of weight reduction relative to theWT control (Figure 8C). Moreover,
the colon lengths (5.50 ± 0.44 cm) of CH-WT mice were shorter in
response to DSS administration compared with those of the WT con-
trols (6.48 ± 0.43 cm), while the changes in the weight of the colons
were not significantly different (Figures 8D–8F). Next, we used
H&E staining to analyze the histopathological changes of WT, KO,
CH-WT, and CH-KOmouse colons. Compared with the DSS-treated
WT control mice, CH-WT colons had a disintegrative loss of lamina
propria and the crypt structure, accompanied by a larger area of in-
flammatory cell infiltration (Figure 8G). Then, examination of the
proinflammatory cytokine expression revealed that CH-WT (DSS)
mice exhibited significantly upregulated mRNA levels of Cxcl1,
Icam1, Il1a, Il6, Ccl2, Tnfa, Tgfb1, Tgfb2, Mmp13, Mmp2, and
Mmp12s in the colons compared with WT (DSS) mice (Figure S5).
These subtle phenotypic results and inflammatory factor analysis sup-
port that CH-WT mice become more susceptible against DSS-
induced colitis, and suggest that natural transfer of fecal microbiota
from KO mice endows some susceptibility to WT mice against
DSS-induced colitis.

Next, we analyzed the changes of the structure and composition of
fecal microbiota in the natural transfer group compared with the
group without natural transfer. As expected, when compared with
the WT control group (DA), members from Verrucomicrobia were
reduced in CH-WT mice (HA) at the phylum level (Figure S4).
From a heatmap including the top 50 dominant genera, relative abun-
dance of Akkermansia (phylum Verrucomicrobia) and Escherichia-
Shigella (phylum Bacteroidetes) were significantly lower and higher,
respectively, in CH-WT mice (Figure 7A). After NMDS analysis, all
groups of mice clustered along NMDS1 and NMDS2 (Figure 7B).
Although individual samples showed some overlap, the CH-WT
Figure 7. Deficiency of miR-149-3p in mice shaped the gut microbiota compos

To allow natural transfer of the microbiota, WT and miR-149-3p�/� males at 4 weeks

conditions as when the mice reached 8 weeks, then 2% of DSS was given for 7 days,

homogenous patterns of the top 50 dominant genus among 48 sample different group

project.org/) based on data of operational taxonomic units (OTUs). The "visible differen

The Z score value is defined as the number of sequences affiliated with that OTU divided

color key corresponding to the Z score value. (B) Nonmetric multidimensional scaling (

demonstrated similarities between two groups. (D) Relative abundance of Akkermansia,

and CH-KO groups. DA, WT control group (WT); DB, miR-149-3p�/� control group (KO

mice co-housed with WT mice (CH-KO); DC, DSS-treated WT control group (WT (DSS)

WT group (CH-WT (DSS); HD, DSS-treated CH-KO group (CH-KO (DSS)).
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mice (HA) andWT control (DA) groups were clearly separated, while
CH-WTmice (HA), CH-KOmice (HB), and KO control (DB) groups
showed similar and intersected locations. After DSS administration,
there were similar clusters among the WT control (DSS) group
(DC), KO control (DSS) group (DD), CH-WT (DSS) mice (HC),
and CH-KO (DSS) group (HD) along NMDS1 (Figure 7B).
ANOSIM test analysis between the WT control (DA) and CH-WT
(HA) groups showed significance (DA versus HA, R = 0.885, p =
0.004). Notably, ANOSIM test of the CH-WT mice (HA) and CH-
KO mice (HB) was very low (HA versus HB, R = 0.196, p = 0.064).
After DSS administration, the microbiota composition between the
WT control (DSS) group (DC) and CH-WT (DSS) mice (HC)
changed significantly (DC versus HC, R = 0.891, p = 0.002). The
CH-WT (DSS) mice group (HC) and CH-KO (DSS) group (HD)
was more similar (HC versus HD, R = 0.106, p = 0.143) (Figure 7C).
These findings suggested that the WT mouse microbiota were in-
fected by the microbiota of KOmice after natural transfer of fecal mi-
crobiota. More noteworthy, the relative abundance inWTmice of the
Akkermansia genus decreased significantly, while the Escherichia-
Shigella and Bacteroides genera increased significantly after co-hous-
ing (Figure 7D). The diversity and composition of fecal microbiota
supported this pathological phenotype, which indicates that the
changes of the gut microbiota could participate in the process of
DSS-induced colitis.

Susceptibility ofmiR-149-3p–/– mice against DSS-induced colitis

was still present after antibiotic treatment

To determine whether the response of miR-149-3p�/� mice to DSS-
induced colitis depends on the gut microbiota, WT and miR-149-
3p�/� mice were pretreated with antibiotics before DSS administra-
tion. Mice were co-administrated for 2 weeks with four antibiotics
in drinking water: vancomycin (0.5 g/L), ampicillin (1 g/L), kana-
mycin (1 g/L), and metronidazole (1 g/L). Then, these mice were
treated with 2% DSS ad libitum and the mouse body weight was
measured and fecal occult blood test was performed (Figure 9A).
Mice were sacrificed on day 7 after DSS induction, and colons were
collected and measured (Figure 9A). The DAI index did not show a
significant difference between WT-DSS (2.20 ± 0.80) and KO-DSS
(2.29 ± 0.43) mice with antibiotic pretreatment when DSS was admin-
istered for 5 days. Seven days after DSS treatment, the difference be-
tween the WT-DSS (2.40 ± 0.60) and KO-DSS (4.00 ± 0.00) groups
was apparent (Figure 9B). In addition, after 7 days of DSS administra-
tion, deficiency of miR-149-3p still resulted in approximately 2.9-fold
ition

were co-housed. As a control, single type control group was fed under the same

and fecal microbiota were detected by Illumina Miseq (n = 6). (A) Heatmap revealed

s. Heatmap analysis was performed using the gplots package of R (http://www.r-

ce" here refers to the difference in relative abundance of top 50 dominant genus.

by the total number of sequences per sample. The abundance is determined by the

NMDS) analysis revealed clustering of samples. (C) Analysis of similarities (Anosim)

Bacteroides, and Escherichia-Shigella genus was shown among WT, KO, CH-WT,

); HA, WT mice co-housed with miR-149-3p�/� mice (CH-WT); HB, miR-149-3p�/�

); DD, DSS-treated miR-149-3p�/� control group (WT (DSS)); HC, DSS-treated CH-

http://www.r-project.org/
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Figure 8. WT mice co-housed with miR-149-3p–/– mice (CH-WT) endow susceptibility to DSS-induced colitis

(A) Schematic diagram of the experimental process. WT andmiR-149-3p�/�males at 4 weeks were co-housed for 4 weeks. As a control, a single type control group was fed

under the same conditions, and then 2% of DSSwas given for 7 days (n = 6). (B) Disease activity index (DAI) was calculated every other day. (C) Weight was determined daily.

(D) After 7 days of DSS administration, the colon of WT and KO mice was removed and photographed, and colon length (E) and colon weight (F) of each mouse were

measured and recorded. (G) Representative hematoxylin and eosin staining of colonic tissues from the different groups (WT (DSS), KO (DSS), CH-WT (DSS), CH-KO (DSS))

are shown (magnification, �100). WT (DSS), wild-type mice with DSS treatment; KO (DSS), miR-149-3p�/� mice with DSS treatment; CH-WT (DSS), WT mice co-housed

with miR-149-3p�/� mice after DSS treatment; CH-KO, miR-149-3p�/� mice co-housed with WT mice after DSS treatment.
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weight reduction (*p < 0.05) relative to WT mice following antibiotic
pretreatment (Figure 9C). The difference in colon length and weight
between the WT and miR-149-3p�/� mice was already present after
antibiotic pretreatment after DSS induction. Compared with WT-
DSS (6.80 ± 0.25 cm, 0.18 ± 0.01 g), the miR-149-3p�/� colons
(KO-DSS) remained shorter (5.11 ± 0.43 cm) and lighter (0.14 ±

0.01 g) in response to DSS treatment (Figures 9D–9F). Furthermore,
deficiency of miR-149-3p still caused more serious damage with a
disintegrative loss of the lamina propria upon pretreatment with an-
tibiotics in histological analysis (Figure 9G). Overall, these pheno-
types suggest that susceptibility of miR-149-3p�/� mice against
DSS-induced colitis is not mainly dependent on the gut microbiota.

DISCUSSION
IBD, including colorectal inflammation, is an idiopathic disease, and a
growing number of investigations suggest that IBD is involved in the
development of colitis-associated tumorigenesis.54 DSS-mediated co-
litis is a mature chemically induced colitis as well as a colon cancer
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Figure 9. Susceptibility of miR-149-3p–/– mice against DSS-colitis is still present after antibiotic treatment

(A) Schematic diagram of the experimental process. WT mice and miR-149-3p�/� mice at age 6 weeks were pretreated with antibiotics mix for 2 weeks, then 2% DSS was

administered for 7 days (n = 5–6). (B) Disease activity index (DAI) was calculated every other day. (C) Weight reduction was calculated. (D) The colons ofWT and KOmice were

removed and photographed. Colon length (E) and colon weight (F) of each mouse were recorded. (G) Representative hematoxylin and eosin staining of colonic tissues from

antibiotic-treated WT and KO mice with/without DSS administration (magnification, �100). *p < 0.05, WT, wild-type; KO, miR-149-3p�/�.
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model in animals; accumulating evidence shows that clinical and his-
tological features fromDSS-induced colitis is similar with human UC,
and that this model can be used for exploring molecular mechanisms
and identifying novel therapeutic targets for repressing human coli-
tis.55,56 This study demonstrates that the deletion of miR-149-3p
enhanced DSS-induced colitis in a mouse model, whereby both
miR-149-5p and miR-149-3p could suppress colonic inflammation
in vivo and in vitro. Furthermore, we found that deficiency of miR-
149-3p reshaped the gut microbiota. Our results indicate that both
220 Molecular Therapy: Nucleic Acids Vol. 30 December 2022
miR-149-5p and miR-149-3p may be the suppressors for develop-
ment of colitis.

miRNAs have been described as molecules that regulate colonic
inflammation and colitis-associated tumorigenesis.57–59 For example,
miR-148a has a role as a suppressor in colitis and colitis-associated
tumorigenesis through antagonizing the NF-kB and STAT3
signaling.57 Furthermore, deficiency of miRNA-21 increased resis-
tance to DSS-induced colitis by shaping the gut microbiota.38
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Previous studies have suggested that miR-149-5p has a role as a tumor
suppressor in diverse human cancers, including CRC.41,42,60,61 Previ-
ous reports have shown that miR-149-3p has an important role in hu-
man melanoma and T cell acute lymphoblastic leukemia.62,63 Our
recent report identified the role of miR-149-3p in liver inflammation
and liver cancer.46,64 In addition, miR-149-3p was significantly
increased in the blood of active CD patients and has potential as a
marker in differentiate UC from CD.35,65 Cao et al. reported that
plasma exosomes of IBD and CRC patients had reduced miR-149-
3p, and enterotoxigenic Bacteroides fragilis promoted colon cancer
cell proliferation depended on down-regulating miR-149-3p.45 In
the present study, we further confirmed that miR-149-3p may inhibit
colitis response and our findings show that miR-149-3p may function
as a suppressor in colitis development by negatively regulating NF-kB
activation and upregulating AMPK activation.

The constitutive activation of NF-kB is involved in colitis-associated
tumorigenesis and CRC development,57 and blocking of NF-kB acti-
vation may be a potential treatment approach for suppressing colon
inflammation and tumorigenesis.66 Moreover, the natural inhibitors
of NF-kB are considered a safe strategy for IBD treatment.51 It seems
that inhibition of NF-kB is a potential therapeutic strategy for treat-
ment of colonic inflammation, and even colitis-associated tumorigen-
esis. In this study, we found that the deletion of miR-149-3p elevated
the phosphorylation of IkBa and inflammatory responses in vivo, and
miR-149-3p mimics decreased the phosphorylation of IkBa, NF-kB
transactivity, and some NF-kB-mediated inflammatory cytokines
in vitro. These results support a suppressing function of miR-149-
3p against colitis, and suggest that miR-149-3p may be a potential
therapeutic target for treating colitis and even colitis-associated can-
cer via inhibiting activation of NF-kB. Recent reports have suggested
that activated AMPK exhibited antitumor activity in human cancers,
including CRC.67,68 Sun et al. demonstrated that specific deletion of
AMPKa1 villin is more susceptible to DSS-induced colitis, and re-
vealed that activated AMPK enhances intestinal barrier function.13

Furthermore, several previous studies suggest a restoring intestinal
barrier effect of metformin against experimental colitis and
colitis-associated cancer via activation of AMPK.7,13,69 Herein, we
discovered that AMPK activation in miR-149-3p�/� colon tissue is
significantly suppressed in the DSS-untreated and DSS-treated
mice. Meanwhile, miR-149-3p mimics enhanced the phosphorylation
levels of AMPK in SW480 cells. Our results support one conceivable
mechanism by which miR-149-3p attenuates colitis.

We noted that deficiency of miR-149-3p in mouse colons is sensitive
to the specific sets of inflammatory genes compared withWT control,
and that miR-149-3p or 5p repressed specific sets of inflammatory
genes, but not all the inflammatory-related genes in response to
LPS, TNF-a, or DSS. This phenomenon has also been observed for
other miRNAs in inflammatory responses. Yin et al. demonstrated
that a cohort of inflammatory genes was sensitive to anti-miR-217-
mediated repression in cells induced by ethanol + LPS but the other
set of the inflammatory genes was sensitive to miR-217 treatment
in vivo.70 Similar results were obtained in that miR-182 mediated
the functions on inflammatory gene expression.71 One possibility is
that the transrepression programs that are mediated by miRNAs
are regulated in a signal-specific manner. In addition, the transrepres-
sion pathways themselves may be subject to further regulation and
can be overridden by specific signals in a gene-specific manner. It
will be interesting to define the mechanism by which specific miRNA
inhibits the inflammatory genes in a gene-specific manner.

As an “integral moderator” in the gastrointestinal tract, the gut micro-
biota dysbiosis is involved in a series of disorders, including DSS-
induced colitis.5,72 miRNAs have previously been reported to affect
the gut microbiota and thus may functionally regulate host heath.73

However, it is unknown whether the deletion of miR-149-3p is
capable of shaping the gut microbiota. In the present study, we
observed a significant difference in fecal microbiota composition be-
tween WT and miR-149-3p�/� mice. The miR-149-3p�/� mouse
group was characterized by increased relative abundance of inflam-
matory-associated microbiota and decreased relative abundance of
beneficial microbes. Escherichia-Shigella are generally considered to
be inflammatory drivers, as they contain mucosa-associated Escheri-
chia coli, which is the main pathogens associated with infectious
diarrhea.74 In addition, the Bacteroides genus, which includes the en-
terotoxigenic Bacteroides fragilis, is also considered to be the main
risk factor of IBD and CRC.75 Similarly, some anti-inflammatory bac-
teria were reduced in miR-149-3p�/� mice. Most notably, the Akker-
mansia genus has the most significant difference between WT and
miR-149-3p�/�mice. Moreover, the relative abundance of the Akker-
mansia genus decreased significantly after co-housing. Akkermansia
are next-generation beneficial microbes, and the extracellular vesicles
of Akkermansia have been reported to be effective against DSS-
induced colitis.76–78 In addition, Png et al. described that abundance
of Akkermansia muciniphila decreased in patients with IBD.79

Recently, Zhai et al. identified the anti-inflammatory function of
two A. muciniphila strains against DSS-induced colitis, and further
suggested the potential effect of A. muciniphila on treatment of
IBD.80 These altered gut microbiota compositions may be involved
in the development of DSS-induced colitis. All the data have sug-
gested that miR-149-3p shaped the microbiota composition, and
that altered bacteria may have opportunistically aggravated DSS-
induced colitis.

Next, to verify a hypothetical mechanism that miR-149-3p�/� mice
confers enhanced DSS-induced colitis dependent on the gut micro-
biota, we pretreated mice with antibiotics prior to DSS administra-
tion. However, the susceptibility phenotype previously observed in
the miR-149-3p�/� mice group was still present after antibiotic treat-
ment according to DAI score, colon length and weight, and histolog-
ical analysis. This finding confirms that sensitivity of miR-149-3p�/�

mice to DSS-induced colitis is not conferred by the microbiota.

In summary, this study defines an essential role of miR-149-5p and
miR-149-3p in regulating colitis development. We demonstrate that
deficiency of miR-149-3p shaped the gut microbiota, which may
be one of the mediators that aggravate DSS-induced colitis in
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miR-149-3p�/� mice. We reveal that genetic deletion of miR-149-3p
promotes DSS-induced colitis response, thus establishing a founda-
tion for evaluating miR-149-5p and miR-149-3p initiators as poten-
tial adjuvant therapies for colitis or IBD, and even colitis-associated
carcinoma.

MATERIALS AND METHODS
Antibodies and reagents

Antibodies used for western blot analysis are shown in Table S1. TNF-
a was from PeproTech (Cranbury, NJ). Vancomycin, ampicillin,
kanamycin, and metronidazole were purchased from Solarbio (Bei-
jing, China).

Animals

miR-149-3p�/� mice were generated with a C57B/6 background, as
described previously,46 and wild-type C57B/6 mice were purchased
from Beijing Experimental Animal Center (license no. SCXK (Jing)
2002-0003). All experiments were subject to ethical approval by the
Ethics Committee of Henan University (permit no. 2020-001X) in
China. All experiments followed the NIH guidelines for the care
and use of laboratory animals.

For the resistance assay to DSS toxicity, WT and miR-149-3p�/�

males at age 8 weeks were both randomly divided into two groups.
DSS (36–50 kDa; MP Biomedicals, Canada) was dissolved and diluted
to 2% w/v concentration with drinking water. Mice were provided
with drinking water (control group) or DSS ad libitum, and water
was replaced with fresh DSS water every other day. After DSS provi-
sion for 7 days, the DSS water was swapped with normal drinking
water.

For initiating DSS-induced colitis, WT and miR-149-3p�/� males
were treated in the same manner as above. Mouse body weight was
measured, mortality rate was examined and fecal occult blood test
was performed and recorded every other day. DAI of each mouse
was calculated every other day according to the report of Johnston
et al.38 After 7 days of DSS administration, mice were sacrificed,
and the colon was removed to measure length and weight and
collected for further analysis.

For the role of miRNAs in LPS-induced colon inflammatory
response, 8-week-old male mice were given miRNA agomirs (Ribo-
bio, Guangzhou, P.R. China) by a tail vein injection for 48 h. And
then mice were fasted overnight and injected intraperitoneally with
LPS (30mg/kg body weight, St. Louis, MO). At 6 h after LPS exposure,
mice were sacrificed.

To allow natural transfer of the microbiota, WT and miR-149-3p�/�

males at age 4 weeks were co-housed. As a control, mice in a single
type control group were fed under the same conditions. When the
mice reached age 8 weeks, 2% DSS was given for 7 days, then body
weight was measured and fecal occult blood test was performed every
other day, and length and weight of colons were measured. On the
fourth day of DSS administration, mouse feces were collected. The
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fecal pellets of each mouse were collected in a 1.5 mL sterile separa-
tion tube using the clean catch method and stored at �80�C.

Antibiotic treatment of mice was performed according to the descrip-
tion of Johnston et al.38 Mice were co-administrated for 2 weeks with
four antibiotics in drinking water: vancomycin (0.5 g/L), ampicillin (1
g/L), kanamycin (1 g/L), and metronidazole (1 g/L). Then, these mice
were treated with 2% DSS ad libitum and the mouse body weight was
measured and fecal occult blood test was performed. The mice were
sacrificed after 7 days of DSS induction, and length and weight of co-
lon were measured.
Cell culture and transient transfection

miRNAmimics were purchased from RiboBio (Guangzhou). Human
colon adenocarcinoma Caco-2 and SW480 cells were purchased from
China Infrastructure of Cell Line Resource, and cultured in Dulbec-
co’s modified essential medium (with L-glutamine) (Corning, NY)
with 10% fetal bovine serum (Gibco, NY) and 1% penicillin-strepto-
mycin (Caisson Laboratories, North Logan). Cells were pre-plated
into six-well plates and then transfected with miRNA mimics
(50 nM) or siRNA mimics (50 nM) using Lipofectamine 2000 (Invi-
trogen, Carlsbad, CA). Next, cells were incubated with TNF-a (10 ng/
mL, PeproTech, Cranbury, NJ) for 6 h and then harvested for RNA
extraction. For induction of p65, cells were co-transfected with
miR-149-3p mimics (50 nM) or NC mimics (Scr-miR) and p65
expression plasmid (200 ng/mL). After 24 h, cells were harvested
for RNA extraction and quantitative real-time PCR (qRT-PCR)
analysis.
Dual-luciferase reporter assay

For the luciferase assay, cells were transiently transfected with 1 mg/
well of NF-kB-LUC plasmid (provided by Dr. Peter Tontonoz and
Dr. Bruce Blumberg, UCLA, Los Angeles, CA) and 100 ng/well of
the control thymidine kinase-driven Renilla luciferase plasmid
phRL-TK (provided by Akio Kruoda, City of Hope, Duarte, CA) in
combination with 50 nM control mimics (Scr-miR) or miR-149-3p
mimics. The luciferase activity was evaluated by the proportion of
firefly luciferase to Renilla luciferase. Eighteen hours post-transfec-
tion, cells were treated with TNF-a (10 ng/mL) for 6 h. Then, lucif-
erase activity was measured according to the instructions of the
Dual-Luciferase Reporter Assay System (Promega, MD). If p65 over-
expression was used for inducing NF-kB, then 100 ng/well p65
plasmid (provided by Xufeng Chen, City of Hope) was co-transfected
with 50 nM miRNA mimics.
qRT-PCR

Total RNA was extracted from cells and colons using TRIzol Reagent
(Invitrogen, Carlsbad, CA), following the detailed procedures that
have been described previously.48,81 Amplification of human b-actin
or mouse 36B4 was used as an internal reference for normalization of
gene expression. Relative mRNA expression levels are described in
our results. Primer sequences are shown in Table S2.
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Immunoblot analysis

Proteins were isolated from cells or mouse colons, and then SDS-
PAGE was performed to separate proteins as described previ-
ously.21,47 Bands on blots were visualized, and protein expression
was analyzed with a computerized digital imaging system using Ta-
non software.

Histology

Fresh colon sections of each mouse underwent formalin fixation and
paraffin embedding, and then 3-mm-thick longitudinal sections were
visualized following H&E staining.

16S sequencing

Genomic DNA extraction from fecal microbiota was performed using
a QIAamp DNA stool mini kit according to the manufacturer’s in-
structions. The hypervariable V3-V4 region of 16S rRNA was
sequenced using paired-end sequencing in Illumina Miseq. The
amplification primers used were 338F (50-ACTCCTACGGGAGG
CAGCA-30) and 806 (50-GGACTACHVGGGTWTCTAAT-30).
Raw reads were processed using QIIME and sequences with R97%
homology were assigned to the same operational taxonomic units
(OTUs).82 The representative read of each OTU was annotated using
Silva database (Release 132).83 NMDS and analysis of similarities
(ANOSIM) were calculated using the vegan package implemented
in R.

Statistics

All data represent at least three independent experiments and are ex-
pressed as the mean ± SEM. The Student’s t test and two-way analysis
of variance (ANOVA), followed by Bonferroni’s post-hoc test, were
performed. A p value <0.05 was considered significant.
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