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miR-26a attenuates colitis
and colitis-associated cancer by targeting
the multiple intestinal inflammatory pathways
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Patients with inflammatory bowel disease are at increased risk
for colitis-associated colorectal cancer (CAC). Therefore, con-
trolling intestinal inflammation is a key therapeutic strategy
for CAC. MicroRNAs (miRNAs or miRs) are a family of small
noncoding RNAs that have the capacity to regulate funda-
mental biological processes. To date, a number of miRNAs
have been identified as critical regulators of inflammation.
However, the specific role of miR-26a in colonic inflammation
and colitis-associated carcinogenesis is still elusive. Here, we
generated mice with miR-26a myeloid-cell-specific overexpres-
sion to show that miR-26a suppressed the intestinal inflamma-
tory response in macrophages by decreasing nuclear factor kB
(NF-kB)/STAT3 activation and interleukin 6 (IL-6) produc-
tion. At the molecular level, a number of NF-kB regulators,
including TLR3, PTEN, and PKCd, were identified as potential
targets of miR-26a. Our results thus identify a novel miRNA-
mediated mechanism that suppresses carcinogenic inflamma-
tion in the colon.

INTRODUCTION
Inflammatory bowel disease (IBD), including ulcerative colitis
(UC) and Crohn’s disease (CD), is a chronic and relapsing inflam-
matory condition that affects the gastrointestinal tract in millions
of people throughout their lives. IBD affected 1 out of 200 indi-
viduals in western countries, and the incidence of IBD has been
rapidly increasing in South America, Asia, and Africa in the
21st century.1 Because of chronic detrimental damage to the colon
and rectum, individuals with either type of IBD are at increased
risk of developing colorectal cancer.2,3 The mechanism of coli-
tis-induced tumorigenesis has not been fully investigated; previous
study demonstrated that inflammatory responses lead to muta-
tions and epigenetic changes in normal cells. For instance, reac-
tive oxygen species produced by myeloid cells induce mutations
in intestinal epithelial cells (IECs).4 In addition, inflammatory re-
sponses also contribute to creating transformed and malignant
clones. Cytokines produced by macrophages or neutrophils,
such as interleukin-1b (IL-1b) and IL-6, activate their receptor-
signaling pathways in mutated cells, leading to increased survival
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and proliferative probability of the transformed clone.5,6 Azoxy-
methane (AOM) and dextran sodium sulfate (DSS) models have
been used to induce colitis-associated colorectal cancer (CAC)
in mice, which has two distinct stages of cancer development:
initiation and promotion.7 Researchers have found that nuclear
factor kB (NF-kB) and STAT3 signaling in lamina propria (LP)
immune cells and IECs play central roles in the initiation and
promotion of CAC. In unstimulated cells, NF-kB binds with a
set of inhibitory proteins named Inhibitor of kB (IkB) family,
including IkBa. The first step of NF-kB activation is specifically
phosphorylating IkB by IkB kinase (IKK), leading to NF-kB
degradation.8 Activation of NF-kB in LP myeloid cells, mainly
macrophages, can lead to the production of proinflammatory cy-
tokines to recruit other immune cells and results in intestinal
inflammation. Subsequently, the recruited inflammatory cells
stimulate the proliferation of premalignant IECs through the
secretion of a variety of cytokines, particularly IL-6, IL-11, and
IL-22. These cytokines exert their proliferative effect via activation
of the STAT3 pathway in IECs, which further synergize with NF-
kB to increase the expression of survival and proliferating genes
in IECs.9 Therefore, inhibition of NF-kB and STAT3 activation
in immune cells or IECs has been suggested as an effective
approach to treat CAC.
uthor(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. miR-26a transgenic mice are resistant to

DSS-induced colitis

miR-26aTg mice and their WT littermates were challenged

with 1% DSS provided in their drinking water for 7

consecutive days, followed by standard drinking water for

2 days. (A) Body weight was measured every 2 days. (B)

Prior to euthanasia, rectal bleeding was assessed in the

mice. (C and D) Mice were sacrificed on day 9 for colon

length measurement. (E) Representative images of H&E-

stained colon sections. (F) Semiquantitative histopatho-

logical scoring of colon sections on day 9. Data with error

bars are presented to indicate the mean ± SD values. *p <

0.05, **p < 0.01.
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MicroRNAs (miRNAs) constitute a large class of phylogenetically
conserved single-stranded RNAmolecules of 19–25 nt that are involved
in posttranscriptional gene silencing. miRNAs play important roles in
the regulation of cell survival, proliferation, and differentiation as well
as angiogenesis, and a growing body of evidence indicates that miRNAs
are frequently deregulated in humanmalignancies and function as either
oncogenesor tumor suppressor genes.10Recently, there hasbeen consid-
erable interest inunderstanding themechanismbywhichmiRNAs regu-
late carcinogenesis, and accumulating evidence suggests that targeting
miRNAs may lead to the development of novel cancer therapies.

Among miRNAs, miR-26a is ubiquitously expressed in various tis-
sues, including the thymus, testes, placenta, colon, and small intestine.
miR-26a is completely conserved across vertebrates. It plays a dual
role in different cancers, as a tumor suppressor in hepatocellular
carcinoma, myc-induced lymphoma, breast cancer, nasopharyngeal
carcinoma, etc.,11–16 or as a tumor promoter in glioma and cholangio-
carcinoma.17,18 These seemingly conflicting roles suggest that the
functional outcome of miR-26a in carcinogenesis may depend on
the cellular context of its expression and the array of potential
mRNA targets at its disposal.

Other studies have revealed that miR-26a also plays important roles in
regulating inflammatory signaling. miR-26amay directly regulate IFN-
b expression to modulate the innate immune response to viral infec-
Molecular
tions in human and macaque cells.19 Jiang
et al.20 find that miR-26a negatively regulates
Toll-like receptor 3 expression in rat macrophages
and ameliorates pristane-induced arthritis in rats.
Reduced expression of miR-26a in hepatocarci-
noma is associated with the activation of signaling
pathways related to NF-kB and IL-6.21 Another
study reveals that miR-26a is upregulated in UC
and CD mucosa,22 indicating that miR-26a plays
a potential role in colitis. However, the exact role
and mechanism of miR-26a in colonic inflamma-
tion and inflammatory-related cancers, such as
CAC, is still elusive.

In the present study, we generated transgenic (TG)

mice with either global or myeloid-cell-specific miR-26a overexpres-
sion. All TG mice showed reduced susceptibility to colitis and CAC.
We further demonstrated that the reduction in tumorigenesis was asso-
ciated with suppression of NF-kB/STAT3 signaling as well as reduced
expression of IL-6, TLR3, PTEN, and PKCd, which were all identified
as direct targets of miR-26a. Together, our data identify a potential
miRNA-mediated approach for the treatment of colitis and CAC.

RESULTS
miR-26a TG mice are resistant to DSS-induced colitis

To investigate the functionofmiR-26a inDSS-inducedcolitis,wegener-
ated a miR-26a TGmouse line (miR-26aTg)23 using a gain-of-function
approach. We then sought to determine the effect of miR-26a overex-
pression during the development of experimental colitis in mice.
Wild-type (WT) and miR-26aTg mice were challenged with 1% DSS
for 7 consecutive days and then sacrificed for measurement of colitis
severity. Prior to euthanasia, susceptibilitywasmonitored bymeasuring
bodyweight and assessing rectal bleeding. Comparedwith theirWT lit-
termates, miR-26aTg mice exhibited significantly decreased body
weight loss and rectal bleeding (Figures 1Aand1B).DSS typically causes
colon shortening, and this change was also diminished in miR-26aTg
mice (Figures 1C and 1D). Histologic analyses showed that inflamma-
tion wasmore severe inWTmice than that inmiR-26aTgmice. The co-
lons of miR-26aTg mice contained markedly fewer infiltrating inflam-
matory cells and displayed significantly reduced colitis severity
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Figure 2. miR-26a inhibitor-treated mice were

hypersusceptible to DSS-induced colitis

The miR-26a inhibitor (LNA-anti-miR-26a) was adminis-

tered to inhibit endogenous miR-26a expression in the

DSS-induced colitis model. (A) qPCR analysis of miR-26a

expression in LNA-miR-26a-treated and control mice. (B)

The body weight was measured every 2 days in the DSS-

induced colitis model. (C) Prior to euthanasia, rectal

bleeding was assessed in the mice. (D and E) Mice were

sacrificed on day 9 for colon length measurement. (F)

Representative images of H&E-stained colon sections. (G)

Semiquantitative histopathological scoring of colon sec-

tions on day 9. Data with error bars are presented to indi-

cate the mean ± SD values. *p < 0.05, **p < 0.01.
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compared to those of WT mice, with scores of 10.29 ± 3.90 and 6.33 ±
2.07, respectively (p < 0.05) (Figures 1E and 1F).

To further confirm the protective role of miR-26a in DSS-induced
colitis, we used another approach, locked-nucleic-acid-modified
anti-miR-26a (LNA-anti-miR-26a), to inhibit endogenous miR-26a
expression in mice. As shown in Figure 2A, the expression of
miR-26a in the colon was successfully inhibited by LNA-anti-
miR-26a. Pretreatment of mice with the miR-26a inhibitor exacer-
bated DSS-induced colitis, as reflected by the increases in body
weight loss (Figure 2B) and rectal bleeding (Figure 2C), colon short-
ening (Figures 2D and 2E), and mucosal disruption (Figures 2F and
2G).

Taken together, these results indicate that miR-26a plays a protective
role during the progression of acute colitis. However, miR-26a is glob-
ally overexpressed in miR-26aTg mice, and LNA-anti-miR-26a
inhibits endogenous miR-26a expression in multiple cell types.
Therefore, we next investigated which cell type plays the dominant
role in suppressing colitis via miR-26a overexpression.

Overexpression of miR-26a in myeloid cells suppresses DSS-

induced colitis

miR-26a has been reported to regulate macrophage polarization,24

migration,25 and responsiveness.26 To determine whether the regula-
266 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
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tory effects of miR-26a on macrophages affects
the process of colitis and CAC, we crossed
LysM-Cre mice with miR-26aTg mice and
generated a new mouse line that specifically
overexpressed miR-26a in myeloid lineage cells
(M-miR26aTg). As shown in Figure 3A, the
expression of miR-26a in intraperitoneal macro-
phages was approximately 6 times higher in
M-miR26aTg mice than that in their WT litter-
mates. Mice were challenged with 1% DSS for 7
consecutive days and then sacrificed on day 8
for measurement of colitis severity. Consistent
with the results obtained with miR-26aTg mice,
overexpression of miR-26a in myeloid cells
reduced the severity of colitis, as evidenced by the significantly
reduced body weight loss (Figure 3B), colon shortening (Figures 3C
and 3D), and histologic scores (Figures 3E and 3F). These results re-
vealed that specific overexpression of miR-26a in myeloid cells is suf-
ficient to protect mice from DSS-induced colitis.

Overexpression of miR-26a in myeloid cells suppresses colitis-

associated tumorigenesis

Colitis is considered a tumor promoter;2,3 therefore, we asked
whether the colitis-suppressing ability of miR-26a can decrease the
incidence of colitis-induced tumorigenesis.

M-miR26aTg mice and their WT littermates were challenged by
treatment with the gene mutation agent AOM (10 mg/kg) followed
by three cycles of exposure to 1% DSS to induce colitis-associated
cancer (Figure 4A). The tumor burden was assessed 12 weeks after
AOM injection. As shown in Figure 4B, M-miR26aTg mice had
significantly fewer tumors in the colon; the number of tumors in
WT mice (n = 9) and M-miR26aTg mice (n = 9) was 5.2 ± 3.6
and 11.8 ± 6.0, respectively (Figure 4C), and the tumor size distri-
bution was not significantly different (Figure 4D), indicating tha
miR-26a may suppress AOM/DSS-induced tumor initiation. The
decreased tumor number in M-miR26aTg mice was associated
with reduced inflammation and a decreased incidence of dysplasia
(Figures 4E and 4F). Histological analysis of tumors and



Figure 3. Overexpression of miR-26a in myeloid cells

suppresses DSS-induced colitis

Mice with myeloid cell-specific overexpression of miR-26a

(M-miR-26aTg mice) and their WT littermates were chal-

lenged with 1% DSS provided in the drinking water for 7

consecutive day, followed by standard drinking water. (A)

qPCR analysis of miR-26a in intraperitoneal macrophages

of M-miR-26aTg mice and their WT littermates. (B) The

body weight was measured every 2 days in the DSS-

induced colitis model. (C and D) Mice were sacrificed on

day 8 for colon length measurement. (E) Representative

images of H&E-stained colon sections. (F) Semiquantitative

histopathological scoring of colon sections on day 8. Data

with error bars are presented to indicate the mean ± SD

values. *p < 0.05, **p < 0.01.
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adenomatous polyps showed that all WT mice developed tumor-
associated dysplasias, 60% of which was classified as adenocarci-
noma. By contrast, only 80% of mice in the M-miR26aTg cohort
displayed tumor-associated dysplasia in the colon, and the incidence
of adenocarcinoma development was approximately 20% in this
group (Figure 4F). To reveal the human relevance of miR-26a to
suppress colitis and CAC, we sought to measure the expression of
miR-26a and its primary miRNA, Pri-miR26a, in colorectal cancer
patients. The expression of miR-26a in colorectal cancer and adja-
cent normal tissues from 40 patients was examined by quantitative
polymerase chain reaction (qPCR). As shown in Figure S1A, among
the 40 patients, miR-26a was downregulated in 37 tumor samples
compared with the adjacent normal tissues. Consistently, the
expression level of Pri-miR26a in tumor tissues is significantly lower
than adjacent normal tissue (Figure S1B).

Collectively, these results indicated that miR-26a overexpression in
myeloid cells reduced the initiation of colitis-related tumors. In addi-
tion, downregulation of miR-26a is a common feature in human colo-
rectal cancer.
Molecular
miR-26a suppresses the inflammatory

response in myeloid cells as well as

oncogene activation in IECs and IEC

proliferation at the early stage of CAC

To investigate how myeloid-specific miR-26a
overexpression suppresses CAC tumorigenesis,
we carefully examined the histopathological
changes that occur at the early stage of CAC.
Mice were injected with AOM, and 7 days later
mice were challenged with 1% DSS provided in
their drinking water for 7 consecutive days.
Colons were collected on day 21 after AOM in-
jection (Figure 5A). In line with the results in
the DSS-induced acute colitis model, the body
weight loss (Figure S2A) and colon shortening
induced by colitis were significantly reduced in
M-miR26aTg mice (Figures S2B and S2C). In
addition, histological analysis of colon sections
revealed markedly less tissue damage, inflammation, and hyperpla-
sia in M-miR26aTg mice than those in WT mice (Figures S2D and
S2E). To further verify whether the decrease in tumorigenesis
mediated by miR-26a is associated with inhibition of hyperinflam-
matory responses, LP cells and IECs were isolated from the distal
colon and analyzed separately. LP cells of M-miR26aTg mice
exhibited much lower expression levels of proinflammatory
cytokines, including MIP2, tumor necrosis factor alpha (TNF-a),
IL-1b, ICAM1, KC, and IL-6, than those of WT mice (Figure 5B).
Lysates of IECs from M-miR26aTg mice and their WT littermates
were subjected to immunoblot analysis. As shown in Figure 5C,
IECs of M-miR26aTg mice exhibited lower levels of p-STAT3,
P-IkBa, c-myc, and PCNA. Furthermore, we analyzed 50-bromo-
20-deoxyuridine (BrdU) incorporation in IECs after sacrifice, and
these results also demonstrated that miR-26a overexpression in
myeloid cells significantly inhibited the proliferation of IECs (Fig-
ures 5D and 5E). These results revealed that miR-26a overexpres-
sion in myeloid cells reduced the levels of proinflammatory cyto-
kines, resulting in suppression of oncogene activation in IECs
and proliferation of IECs.
Therapy: Nucleic Acids Vol. 24 June 2021 267
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Figure 4. Overexpression of miR-26a in myeloid cells

suppresses AOM/DSS-induced CAC

(A) M-miR26aTg mice and their WT littermates were chal-

lenged with AOM (10 mg/kg) followed by three cycles of

exposure to 1% DSS to induce CAC. (B–D) Mice were

sacrificed on day 87 for tumor number and size measure-

ments. (E and F) Colon tissues were stained with H&E and

classified as dysplasia or adenocarcinoma. Data with error

bars are presented to indicate the mean ± SD values. *p <

0.05, **p < 0.01.
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miR-26a overexpression leads to decreased proinflammatory

cytokine production as well as reduced STAT3 and NF-kB

activation in macrophages

The data shown above indicated that LP cells from the colons of M-
miR-26aTg mice expressed lower levels of proinflammatory cyto-
kines, which ameliorated colitis and tumor initiation in these mice.
However, myeloid cells are a heterogeneous group of immune cells
that includes macrophages, dendritic cells, monocytes granulocytes,
etc. To obtain more specific evidence for suppression of the inflam-
matory response by miR-26a in macrophages, bone-marrow-derived
macrophages (BMDMs) from WT and M-miR26aTg mice were
treated with lipopolysaccharide (LPS) in vitro. qPCR was employed
to analyze the expression of proinflammatory genes. The results
showed that macrophages from M-miR26aTg mice had reduced
expression levels of TNF-a, IL-6, and MCP1 compared with BMDMs
from their WT littermates (Figure 6A). Next, we evaluated the
activation of NF-kB and STAT3 by western blot analysis. As expected,
overexpression of miR-26a in macrophages repressed LPS-induced
phosphorylation of IkB-a and STAT3 (Figure 6B). These data indi-
cated a role of miR-26a in negatively regulating NF-kB and STAT3
pathways downstream of inflammatory signals, resulting in lower
levels of proinflammatory cytokine expression.

miR-26a targets several genes involved in colitis

Previous data have suggested that miR-26a suppresses proinflamma-
tory cytokines by inhibiting the NF-kB/STAT3 pathway, and IL-6 has
been reported to be a direct target of miR-26.11 Consistently, our data
268 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
also indicated that miR-26a significantly reduced
the luciferase activity of the IL-6 reporter con-
taining aWT 30 UTR but did not suppress the ac-
tivity of the IL-6 reporter with a mutant 30 un-
translated region (UTR) (Figures 7A and 7B).
Inhibition of miR-26a by anti-miR-26a increased
the luciferase activity of the IL-6 reporter (Fig-
ure 7B). These results suggested that IL-6 is a
direct target of miR-26a. Next, we attempted to
identify other miR-26a targets that are potentially
involved in the regulation of macrophage activ-
ity, including PTEN,27,28 GSK3b,29 TLR3,30 and
PKCd.31,32 The dual-luciferase reporter assay
showed that coexpression of miR-26a signifi-
cantly suppressed while inhibition of miR-26a
increased the activity of firefly luciferase carrying the 30 UTR of
PTEN, GSK3b, TLR3, or PKCd (Figure 7C), suggesting that miR-26
can bind directly to the sequences in the 30 UTR of these genes.
The effect of miR-26a on the endogenous cellular expression of the
abovementioned targets was examined by qPCR. The results showed
that introduction of miR-26a decreased the expression of TLR3,
PTEN, and PKCd at the mRNA level (Figure 7D). These results indi-
cated that miR-26a inhibited the NF-kB/IL-6/STAT3 pathway in
macrophages by directly targeting IL-6. In addition, we have identi-
fied additional miR-26a targets, including PTEN, TLR3, and PKCd,
which also negatively regulate inflammatory responses. To investigate
whether PTEN, TLR3, and PKCd are involved in the anti-tumor effect
of miR-26a, qPCR was employed to assess their expression level in
colorectal cancer and adjacent normal tissues from 40 patients. The
results show that TLR3 and PKCd were significantly more highly ex-
pressed in adjacent normal tissue than tumor (Figures S3A and S3B).
However, there was no significant difference in expression level of
PTEN between tumor and adjacent normal tissue (Figure S3C).

Taken together, these findings indicate that miR-26 may inhibit mul-
tiple proinflammatory genes, resulting in suppression of colitis and
CAC in both mice and humans.

DISCUSSION
miR-26a is known to play critical roles in various physiological and
pathological processes, including pancreatic cell differentiation,23

liver disorders,33,34 and glucose and lipid metabolism.35 Human



Figure 5. miR-26a reduced proinflammatory cytokine

production in the LP, resulting in suppression of both

oncogene activation in IECs and IEC proliferation

(A) M-miR-26aTg mice and their WT littermates were chal-

lenged with AOM (10 mg/kg), and 7 days later, the mice

were challenged with 1%DSS provided in the drinkingwater

for 7 consecutive days, followed by standard drinking water

for another 7 days. (B) Colons were harvested on day 22,

and LP cells were isolated as described in the Materials and

methods section. The expression levels of MIP2, TNF-a, IL-

1b, ICAM1, KC, and IL-6 were determined by qPCR. (C)

Mice were sacrificed on day 22, and the levels of p-STAT3,

P-IkBa, c-myc, and PCNA in colonic epithelial cells were

determined by immunoblot analysis. (D) Representative

images of BrdU-stained colon tissues. (E) Number of BrdU-

positive cells on day 22. Data with error bars were presented

to indicate the mean ± SD values. *p < 0.05, **p < 0.01.
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cancers often exhibit global underexpression of miRNAs. We have
previously demonstrated that miR-26a enhances miRNA biogenesis
in diverse cancer cell lines, xenograft tumors, and normal human tis-
sues, thereby providing a novel function by which miR-26a acts as a
modulator of miRNA maturation.36

Previous studies also identified miR-26a as a potential tumor suppres-
sor in lymphoma37 and hepatocellular carcinoma (HCC).11,12,38 How-
ever, its role in colorectal cancer is still largely unclear. Zeitels et al.39

crossed miR-26a TG mice with APCmin/+ mice to reveal the protective
role of miR-26a in colorectal cancer. In addition, APCmin/+ mice over-
expressing miR-26a in the intestinal epithelium showed the same
result, indicating the ability of miR-26a to suppress the activity of on-
cogenes in IECs. In the current study, we used miR-26Tg mice and
LNA-miR26a to demonstrate a protective role of miR-26a in DSS-
induced colitis. Next, M-miR-26aTg mice were employed to reveal
that specific overexpression of miR-26 in myeloid cells is sufficient to
increase susceptibility to colitis and CAC. At the early stage of CAC,
miR-26a suppressed the production of proinflammatory cytokines in
the colonic LP, and this ability to suppress colitis inhibited oncogene
activation in IECs and reduced the proliferation of IECs, resulting in
decreased tumor formation. Our data demonstrated that miR-26a sup-
pressed colitis and CAC by regulating immune cells in the tumor
microenvironment rather than by directly affecting IEC proliferation,
apoptosis, or migration. In summary, our results provide a more
comprehensive understanding of the mechanism by which miR-26a
suppresses colon cancer.

Our data showed that BMDMs of M-miR-26aTg mice released lower
levels of TNF-a and IL-6 than those of theirWT littermates when stim-
Molecula
ulated by LPS. Furthermore, miR-26a repressed
LPS-induced phosphorylation of IkB-a and
STAT3, indicating a role of miR-26a in suppressing
proinflammatory cytokine production by nega-
tively regulating NF-kB and STAT3 signaling. In
addition, a dual-luciferase reporter assay was em-
ployed to validate the direct interaction between miR-26a and IL-6.
These results revealed that miR-26a suppressed NF-kB and STAT3
signaling in macrophages by targeting IL-6, consistent with a previous
report.11 Those data showed that a sequence in miR-26a binds to the
30 UTR of IL-6 in HCC cells, and this binding sequence was the same
sequence identified to bind in our experiments (Figure 7A). In contrast,
Chen et al.40 reported that the IL-6 transcript lacks a sequence for direct
binding with miR-26a in human BEAS-2B and A549 cells. These
opposing results may be due to different cell lines being used. Chen
et al.40 demonstrated that although miR-26a lacks a suitable sequence
for binding to IL-6, miR-26a indeed suppresses TNF-a-mediated IL-6
activation by downregulating the NF-kB-related factors HMGA1 and
MALT1. Taken together, these results indicated that miR-26a indeed
downregulated NF-kB and STAT3 signaling as well as IL-6 expression,
but the detailed molecular mechanisms may not be identical across
different cells.

Jiang et al.20 reported that miR-26a directly interacts with TLR3 and
negatively regulates downstream cytokine expression in NR8383 cells,
a macrophage cell line established from normal rat alveolar macro-
phage cells. Zeitels et al.39 reported that miR-26a suppresses colon
cancer by repressing PTEN in the intestinal epithelium. Du et al.41 re-
ported that miR-26a inhibits the apoptosis of oral keratinocytes by
directly targeting PKCd. We also validated TLR3, PTEN, and PKCd
as targets of miR-26a by a dual-luciferase reporter assay and found
that suppression of TLR3, PTEN, and PKCd expression increased sus-
ceptibility to colitis and CAC.

In summary, we demonstrated that miR-26a directly targets IL-6,
TLR3, PTEN, and PKCd and defined the suppressive role of miR-
r Therapy: Nucleic Acids Vol. 24 June 2021 269
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Figure 6. miR-26a suppresses proinflammatory

cytokine expression and NF-kB/STAT3 activation in

bone-marrow-derived macrophages (BMDMs)

(A) BMDMs isolated from M-miR-26aTg mice and their WT

littermates were stimulated with 10 ng/mL LPS for 6 h, and

mRNA was isolated for qPCR analysis of TNF-a, IL-6, and

MCP1. (B) LPS-stimulated WT and miR-26a-over-

expressing BMDMs were collected, and cell lysates were

analyzed by western blotting to determine the levels of p-

IkBa, IkBa, p-STAT3 (Tyr705), and STAT3. Data with error

bars are presented to indicate the mean ± SD values. *p <

0.05, **p < 0.01.

Molecular Therapy: Nucleic Acids
26a in colitis and CAC. These findings revealed new insights into
miRNA-mediated tumor suppression through inhibition of the in-
flammatory response in immune cells, which may provide novel ap-
proaches for the treatment of inflammation-related cancers.

MATERIALS AND METHODS
Mice

As described in a previous study,23 we generatedmiR-26a TGmice. In
brief, a DNA fragment encoding the miR-26a-1 locus was inserted
into the Rosa26 locus. The synthetic CAG promoter and a loxP-
flanked Neo-STOP cassette were inserted upstream of the miR-26a-
1 locus. Targeted embryonic stem cells (ESCs) were injected into
blastocysts to generate mice, and a mixed C57BL/6 and 129 back-
ground was maintained. Hypoxanthine guanine phosphoribosyl-
transferase-Cre mice were bred with mice carrying the target allele
to delete the Neo-STOP cassette during embryogenesis.42 LysM-Cre
mice were bred with mice carrying the target allele to selectively delete
the Neo-STOP cassette inmacrophages.43 Heterozygous TGmice and
their littermate WT mice were used for experiments. All procedures
followed the National Institutes of Health guidelines for the care
and use of laboratory animals.

Induction of acute colitis

Acute colitis was induced with 1% (w/v) DSS (MP Biomedicals) dis-
solved in sterile distilled water provided ad libitum for 7 consecutive
days, followed by standard drinking water until the end of the
experiment.

Induction of colitis-associated cancer

Mice were injected intraperitoneally with 10 mg/kg AOM (Sigma).
After 7 days, 1% DSS was provided in their drinking water for 7
270 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
consecutive days, followed by regular standard
drinking water for 2 weeks. This cycle was
repeated three times, and mice were sacrificed
4 weeks after the last DSS cycle.

In vivo delivery of LNA-modified anti-miR-

26a

The LNA-anti-miR26a oligonucleotides were
purchased from Exiqon (Denmark). Mice
were injected intraperitoneally with 10 mg/kg
anti-miR-26a or vehicle control every 2 days for a total of four
times.

Histological analysis

Formalin-preserved colon sections were processed and embedded in
paraffin by standard techniques. Longitudinal sections of 5 mm thick-
ness were stained with hematoxylin and eosin (H&E) and examined
by a pathologist blinded to the experimental groups. The extent of
inflammation was measured and scored as described previously.44

In situ intestinal proliferation assay

The number of proliferating cells in the intestinal epithelium was
determined using the immunoperoxidase staining protocol with the
thymidine analog BrdU as described earlier.45 In brief, 1 mg/mL
BrdU in PBS was injected intraperitoneally. Three hours later, colon
tissue was collected, fixed with 10% neutral buffered formalin, and
embedded in paraffin. Immunohistochemistry was performed using
an in situ BrdU staining kit (BD Biosciences) according to the man-
ufacturer’s recommendations. Tissues were counterstained with
hematoxylin.

Isolation of LP cells and IECs

Colons were dissected, washed with ice-cold PBS supplemented with
antibiotics (penicillin plus streptomycin), and cut into small pieces.
Colon pieces were then incubated with RPMI medium supplemented
with 3% FBS, 0.5 mM DTT, 5 mM EDTA, and antibiotics at 37�C for
30 min with gentle shaking. After removing the epithelial layer, the
remaining colon segments were incubated at 37�C with RPMI me-
dium containing 0.5% Collagenase D (Roche) and 0.05% DNase
(Roche) for 30 min with gentle shaking. The supernatant was passed
through a 70 mm cell strainer to isolate LP cells.



Figure 7. miR-26a targets several genes involved in

colitis

(A) Putative binding sequence for miR-26a in IL-6. (B) miR-

26a significantly reduced the luciferase activity of the IL-6

reporter containing a WT 30 UTR but not that of the IL-6

reporter containing a mutant 30 UTR. Inhibition of miR-26a

by anti-miR-26a increased the luciferase activity of the IL-6

reporter. (C) Coexpression of miR-26a significantly sup-

pressed while inhibition of miR-26a increased the activity of

firefly luciferase carrying the 30 UTR of PTEN, GSK3b,

TLR3, or PKCd. (D) qPCRwas used to analyze endogenous

expression of GSK3b, IL-6, TLR3, PTEN, and PKCd after

miR-26a introduction. Data with error bars are presented to

indicate the mean ± SD values. *p < 0.05, **p < 0.01.
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BMDM culture and stimulation

Bone marrow cells were harvested from mouse femurs and filtered
through a 70 mm strainer. After red blood cells were lysed with
ACK lysis buffer (Thermo Fisher), the cell pellet was washed and sus-
pended in DMEM containing 20% FBS and 10 ng/mLmurine macro-
phage colony-stimulating factor (M-CSF) (Biolegend), and cells were
plated in a six-well tissue culture plate at 2 � 106 cells/well and incu-
Molecular
bated for 7 days. To activate BMDMs, 10 ng/mL
LPS (Sigma) was added to the medium, and cells
were harvested after 6 h.

miR-26a and LNA miR-26a inhibitor

transfections

The miRNA mimic and miRCURY LNA miR-
26a inhibitor were purchased from Ambion
(Austin, TX, USA) and Exiqon (Vedbaek,
Denmark), respectively. Transfections of miR-
NAs or inhibitors were performed using HiPer-
fect (QIAGEN, Valencia, CA, USA) according
to the manufacturer’s protocol.

Luciferase activity assays

HeLa cells were transfected with 40 nM miRNA
precursors (GenePharma, Shanghai, China) and
200 ng of psiCHECK-2.2 (Promega) constructs
containing an insert of the 30 UTR or flanking se-
quences of seed nucleotides of miR-26a target
genes using Attractene (QIAGEN) in 96-well
plates. Twenty-four hours after transfection, cells
were analyzed with a dual-luciferase reporter
assay system (Promega). To generate mutant re-
porter constructs, the seed sequence in the 30

UTR (50-TACTTGA-30) was mutated to 50-ATG
ATGA-30.

Cell culture and transfection

Cell lines were purchased from American Type
Culture Collection. Transfection was performed
with Attractene (QIAGEN, Valencia, CA, USA)
according to the manufacturer’s instructions. Stable transformants
were selected in complete medium containing 500 mg/mL G418
(Sigma, St. Louis, MO, USA).

Real-time PCR analysis

For analysis of miR-26a, reverse transcription was performed with
Superscript III reverse transcriptase (Invitrogen, Carlsbad, CA, USA).
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Real-timePCRwas performedusing the Power SYBRGreenPCRMaster
Mix protocol (Applied Biosystems, Foster City, CA, USA). To analyze
mRNAs, reverse transcriptionwasperformedwithSuperscript III reverse
transcriptase and Oligo(dT)20 primers at 50�C for 1 h. The expression
levels of miRNAs were normalized to those of 5S RNA. mRNA expres-
sion levels were normalized to those of b-actin (Ambion, Austin, TX,
USA). The sequences of the primers used are listed in Table S1.

Immunoblot analysis

Cell lysates were separated by appropriate sodium dodecyl sulfate-
polyacrylamide gel electrophoresis methods and transferred to nitro-
cellulose membranes. After blocking in 5% nonfat milk, membranes
were incubated with the following primary antibodies: anti-phos-
pho-STAT3, anti-total STAT3, and anti- IkBa, obtained from Cell
Signaling Technology (Danvers, MA, USA) and anti-c-myc, anti-
PCNA, and anti-GAPDH, purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Membranes were washed and reacted with
peroxidase-conjugated secondary antibodies (Amersham Biosci-
ences, UK).

Statistical analysis

Experiments were repeated at least three times with consistent results.
The results were analyzed for statistical significance with Student’s t
test for unpaired samples in Excel (Microsoft), and p <0.05 was
considered significant.
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