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miR-148a inhibits colitis and colitis-associated
tumorigenesis in mice

Yahui Zhu"%, Li Gu™®, Yajun Li'?, Xi Lin"?, Hongxing Shen"?, Kaisa Cui"?, Li Chen"? Feng Zhou**, Qiu Zhao®*, Jinxiang Zhang?,
Bo Zhong"?, Edward Prochownik®’ and Youjun Li*"?

miR-148a has been shown to regulate inflammation, immunity and the growth of certain tumors, but its roles in colitis and
colorectal tumorigenesis remain largely undetermined. Here we found miR-148a-deficient mice to be more susceptible to colitis
and colitis-associated tumorigenesis. Both were associated with increased nuclear factor kB (NF-xB) and signal transducer and
activator of transcription 3 (STAT3) signaling. Bone marrow- and non-bone marrow-derived miR-148a contributed to colitis and
colitis-associated tumorigenesis. miR-148a loss of heterozygosity exacerbated Apc™™* colon and small intestinal spontaneous
tumor development. Restoring miR-148a expression prevented both spontaneous and carcinogen-induced colon tumor
development. miR-148a was downregulated in human inflammatory bowel disease (IBD) and colorectal cancer patient tissues. This
correlated with a high degree of miR-148a promoter methylation mediated by a complex comprised of P65 and DNA
methyltransferase 3 alpha (DNMT3A). miR-148a directly targets several well-accepted upstream regulators of NF-«<B and STAT3
signaling, including GP130, IKKa, IKKg, IL1R1 and TNFR2, which leads to decreased NF-xB and STAT3 activation in macrophages
and colon tissues. Our findings reveal that miR-148a is an indirect tumor suppressor that modulates colitis and colitis-associated

tumorigenesis by suppressing the expression of signaling by NF-xB and STAT3 and their pro-inflammatory consequences.
Cell Death and Differentiation (2017) 24, 2199-2209; doi:10.1038/cdd.2017.151; published online 29 September 2017

Colorectal cancer (CRC) is a leading cause of cancer-related
deaths. Inflammation, as observed in inflammatory bowel
disease (IBD), has important roles in CRC development.
Strong links have been found between colorectal inflammation
and increased colitis-associated tumorigenesis as indicated
by numerous epidemiological and clinical studies."? In colitis-
associated tumorigenesis, cancer susceptibility is enhanced
by the activation of inflammation-associated factors such as
signal transducer and activator of transcription 3 (STAT3) and
nuclear factor (NF)-«B, which contribute to CRC development.
Their activation not only promotes CRC growth and survival
but also stimulates the production of numerous growth factors
and cytokines.'™” Colitis also alters colonic epithelial cellular
DNA genetically or epigenetically thereby further contributing
to transformation.®°

miRNAs are critical mediators and regulators of inflamma-
tory signaling pathways, contributing to the pathogenesis of
different human inflammatory diseases, including IBD. miRNA
expression is also abnormal in IBD patients, indicating that this
family of molecules may be involved in IBD pathogenesis.'®"
However, specific roles for miRNAs in IBD remain to be
elucidated. One such miRNA, miR-148a, was previously
demonstrated to impair the innate response and antigen
presentation of TLR-triggered dendritic cells,' to repress
NF-kB signaling and inflammatory gene expression in human

aortic valve cells,”® to regulate B-cell tolerance and
autoimmunity'* and to inhibit tumor growth.'® However, the
intrinsic physiological roles of miR-148a in colitis and colitis-
associated tumorigenesis have not been reported. Here we
show that miR-148a-deficienct mice are highly susceptible to
intestinal inflammation and colitis-associated tumorigenesis.
miR-148a protects against colon tumorigenesis by inhibiting
several upstream regulators of NF-kB and STATS signaling.
These findings suggest that miR-148a has a critical role in
colitis-associated tumorigenesis by negatively regulating the
pro-inflammatory environment.

Results

Ablation of miR-148a enhances DSS-induced colitis. To
identify potential tumor-suppressor miRNAs in colon cancer,
1255 individual human miRNA expression vectors were
screened for their ability to inhibit the viability of colon cancer
cells and miR-148a was identified as a candidate
(Supplementary Figure S1A). To study the physiological roles
of miR-148a in the colon, a knockout (KO) mouse model was
generated (Supplementary Figure S1B) and the loss of
miR-148a was confirmed (Supplementary Figure S1C). As
shown in Supplementary Figure S1D, the expression of
miR-148a-3p/5p was undetectable in a variety of tissues from
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miR-148a KO mice; however, this did not affect the
expression of several other miRNAs such as miR-124-3p.
The consequences of miR-148a’s absence were first
examined in DSS-induced colitis after providing mice 3.5%
DSS in their drinking water for 6 days. The severity of colitis
was evaluated by assessing survival, body weight, stool
consistency, rectal bleeding and colon length. Drastically
reduced miR-148a-3p/5p expression was observed after
DSS-treated in wild-type (WT) colons (Figure 1a). Compared
with WT animals, miR-148a KO mice had much more severe
colitis as indicated by greater weight loss, worse survival and
increased colon shortening and rectal bleeding (Figures 1b—f).
To evaluate the impact of miR-148a deficiency on NF-kB
and STAT3 activity, colons were isolated and analyzed by
western blotting. The colons of miR-148a KO mice had higher
levels of phosphorylated P65, IkBa, AKT1, STAT3 and ERK1/2
compared with colons from WTanimals (Figure 1g). KO colons
also showed elevated levels of mMRNAs (Supplementary
Figure S1E) and proteins (Figure 1h) for pro-inflammatory
cytokines, such as G-CSF, IL-18, IL6, IL8, KC and tumor
necrosis factor-a (TNFa). Elevated serum levels of the above
cytokines were confirmed in miR-148a KO mice
(Supplementary Figure S1F). Significantly worse colon
inflammation was observed by H&E staining and F4/80
immuno-staining in miR-148a KO mice (Figures 1i and j).
Consistent with these findings, more apoptotic cells were
observed on days 9 and 12 after DSS treatment in the colons

of miR-148a KO mice (Supplementary Figure S1G). These
data show that miR-148a deficiency significantly enhances the
severity of DSS-induced colitis.

miR-148a deficiency exacerbates AOM-DSS-induced CRC.
To investigate the effects of miR-148a deficiency in colorectal
tumorigenesis, we used an established colitis-associated color-
ectal tumorigenesis model in which mice were treated with the
DNA-methylation agent azoxymethane (AOM) followed by three
rounds of DSS treatment (Supplementary Figure S2A).36
Notably, the miR-148a-3p/5p expression was drastically
reduced in the colons of WT mice 30 or 120 days after AOM/
DSS ftreatment (Figure 2a). miR-148a KO mice showed
significantly more weight loss (Figure 2b) and shorter survival
(Figure 2c). Although colon weights were increased in these
mice, the overall length was less than that of WT mice
(Figures 2d and e). This was likely due to the fact that
miR-148a KO mice developed significantly more and larger-
sized CRCs (Figures 2f and g) compared with WT mice that
tended to be associated with more pronounced inflammation
and hyperplasia (Figure 2h). The colonic tissue from miR-148a
KO mice also showed enhanced activation of NF-kB and STAT3
signaling (Figure 2i) and increased production of pro-
inflammatory cytokines (Figure 2j and Supplementary Figures
S2B and C). These results suggested that miR-148a normally
suppresses colorectal tumorigenesis.
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Figure 1

miR-148a KO mice are more susceptible to dextran sodium sulfate (DSS)-induced colitis. (a) Changes in miR-148a-3p/5p expression in colon tissues from WT mice

atthe indicated times after DSS treatment (n= 3). (a—-j) WTand miR-148a KO mice were treated with 3.5% DSS in drinking water for 6 days and followed by regular drinking water.
(b) Body weight changes. (c) Survival curves. (d) Rectal bleeding (Left) and stool consistency (Right) were scored daily. () Colon length was measured at the indicated times
after killing. (f) Typical colon images on day 9 after DSS treatment. (g) Activation of NF-«xB and STAT3 signaling was determined in colon tissues at the indicated times. Each lane
represents an individual mouse. (h) The level of each indicated cytokines was determined by ELISA in colon tissues. (i and j) Hematoxylin and eosin (H&E) images of colon
tissues (i) and immuno-histochemical stains for the macrophage marker F4/80 (j). Scale bars, 100 zm. Data indicate the mean + S.D. in panels (a, b, d, e and h). *P<0.05,

**P<0.01, **P<0.001
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Figure 2 miR-148a KO mice are more susceptible to AOM/dextran sodium sulfate (DSS)-induced colorectal tumorigenesis. (a) Changes of miR-148a-3p/5p expression in
colon tissues collected from WT mice at days 0, 30 and 120 after AOM/DSS treatment. (a—j) WT and miR-148a KO mice were injected with AOM on day 0 and were treated with
three rounds of DSS for 7 days. (b) Body weight changes of WT (n=26) and miR-148a KO (n= 37) mice. (c) Survival analysis. (d) Typical images of colon tumors from WT and
miR-148a KO mice 120 days after AOM/DSS treatment. () Colon length (Top) and weight (Bottom) were determined from WT (n= 13) and miR-148a KO (n= 16) mice on day
120 after AOM/DSS treatment. (f and g) Colon tumor number (f, Left), average volume (f, right) and size (g) in WT (n= 13) and miR-148a KO (n= 16) mice from panel (d). (h)
Colon tissues collected from panel (d) were fixed, stained with hematoxylin and eosin (H&E; Top) and immuno-stained for Ki-67 (Bottom). Scale bars, 100 xm. (i) Activation of NF-
xB and STAT3 signaling were determined in the colons collected from WT and miR-148a KO mice from panel (d). Each lane represents an individual mouse. (j) The levels of the
indicated cytokines were determined by ELISA in colon tissues collected from WT and miR-148a KO mice from panel (d). Data present mean + S.D. in panels (a, b and g).
*P<0.05,**P<0.01, **P<0.001. Significance was determined using Wilcoxon signed-rank test in panels (e, f and j). The horizontal lines in the box plots represent the median,

the boxes represent the interquartile range and the whiskers represent the minimal and maximal values

miR-148a expression in both bone marrow and non-bone
marrow compartments suppresses colitis and colitis-
associated tumorigenesis. In additional to intestinal tis-
sues, miR-148a-3p/5p was also widely expressed in macro-
phages, dendritic cells and mesenteric lymph nodes
(Supplementary Figure S3A). Four groups of miR-148a bone
marrow chimeric animals were therefore generated in order
to study which cell populations were the most critical for colitis
and colitis-associated tumorigenesis.®>®'® Six weeks after
bone marrow transplantation, these mice were exposed to
DSS and AOM/DSS as described above. As predicted,
miR-148a KO mice transplanted with bone marrow from
miR-148a KO mice were more susceptible to colitis and
colitis-associated tumor than WT mice receiving bone
marrow from WT mice (Figures 3a—k and Supplementary
Figures S3B-G). However, WT mice transplanted with
miR-148a KO bone marrow also showed increased suscept-
ibility to colitis and colitis-associated CRC compared with WT
mice that received WT bone marrow. miR-148a KO mice
transplanted with WT bone marrow were more susceptible to
colitis and colitis-associated CRC as well (Figures 3a—k and
Supplementary Figures S3B-G). These data indicate that
miR-148a expression both in the bone marrow and intestine

is critical for colitis and colitis-associated tumorigenesis and
that both tissue compartments participate in these processes.

miR-148a deficiency enhances activation of NF-xB and
STAT3 signaling in macrophages. Given that miR-148a
expression in bone marrow is important for colitis and colitis-
associated tumorigenesis, bone marrow-derived macro-
phages from WT and miR-148a KO mice were stimulated
with lipopolysaccharide (LPS) and examined for the expres-
sion of NF-kB and STAT3.® miR-148a-3p/5p expression was
drastically reduced in the macrophages of WT mice 1, 2 or
4 h after LPS treatment (Supplementary Figure S3H). As
shown in Supplementary Figure S3I, increased expression of
p-P65, p-lkBa, p-AKT1, p-STAT3 and p-ERK1/2 was
observed in miR-148a KO macrophages. Significantly
increased expression of multiple cytokine mRNAs and
proteins were also detected in LPS-stimulated miR-148a
KO macrophages (Supplementary Figures S3J and S3K).
miR-148a KO mice were also more susceptible to LPS-
triggered death than their WT counterparts (Supplementary
Figure S3L). Moreover, they demonstrated greater weight loss
(Supplementary Figure S3M), lower body temperature
(Supplementary Figure S3N) and increased serum cytokine
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Figure 3 miR-148a expression in both bone marrow and non-bone marrow contributes to attenuation of colitis and colorectal tumorigenesis. (a) Body weight changes of the
indicated miR-148a bone marrow chimera mice after dextran sodium sulfate (DSS) treatment (n= 10-12). (a—g) miR-148a bone marrow chimera mice were treated with 3.5%
DSS in drinking water for 6 days. (b) Rectal bleeding (Left) and stool consistency (Right) were scored daily. (¢) Survival of the indicated miR-148a bone marrow chimera mice after
DSS treatment. (d) Colon length from indicated miR-148a bone marrow chimera mice on day 9 after DSS treatment. () Activation of NF-xB and STAT3 signaling in colon tissues
was determined by immuno-blotting on day 9. Each lane represents an individual mouse. (f) mRNA (Top) and protein (Bottom) levels of the indicated cytokines were determined
by reverse transcription quantitative-PCR and ELISA, respectively, in colon tissues on day 9. (g) Colon tissues on day 9 after DSS treatment were fixed, stained with hematoxylin
and eosin (H&E; Left) and immuno-stained for the macrophage marker F4/80 (Right). Scale bars, 100 um. (h) Typical images of colon tumors from the indicated miR-148a bone
marrow chimera mice 120 days after AOM/DSS treatment. (h—k) miR-148a bone marrow chimera mice were injected with AOM on day 0 and treated with three rounds of 2.5%
DSS in drinking water for 7 days. (i and j) Colon tumor number (i, Left), averge tumor volume (i, right) and size (j) in the indicated miR-148a bone marrow chimera mice 120 days
after AOM/DSS treatment. (k) Colon weight from mice in panel (i). Data indicate the mean + S.D. in panels (a, b, f and j). *P<0.05, **P<0.01, **P<0.001

production (Supplementary Figure S30). These results
showed that the more severe colitis and colitis-associated
tumorigenesis seen in miR-148a KO mice is associated with
enhanced pro-inflammatory cytokine production and activa-
tion of NF-kB and STAT3 signaling in macrophages.

miR-148a attenuates spontaneous tumor development in
Apc™™* mice. Adenomatous polyposis coli (APC) is the
most frequently mutated gene in sporadic CRC cancer in
humans and is nearly always mutated in familial adenoma-
tous polyposis coli (FAP)."2 Apc™"* mice contain a germ-
line mutation in the Apc gene, which predisposes to
spontaneous colonic and intestinal polyposis and serves as
a model for human FAP.'”'® Reverse transcription
quantitative-PCR analysis showed significantly decreased
miR-148a-3p/5p expression in Apc™™* mice compared with
WT animals (Figure 4a). To investigate how miR-148a
deficiency affects spontaneous tumor development,
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miR-148a KO mice were crossed with Apc™™* mice and
the offspring were observed for tumor development. Interest-
ingly, these crosses yielded only miR-148a*~ Apc™™* mice.
Nevertheless, miR-148a haplo-insufficiency was sufficient to
lead to an increase in both the number and size of both colon
and small intestinal tumors (Figures 4b—f,Supplementary
Figures S4A-D) compared with WT littermates in the Apc™"*
mice background. These tumors also showed increased
activation of NF-kB and STATS3 signaling (Figure 4g), produc-
tion of cytokines (Figure 4h) and proliferation rates
(Figures 4i—j and Supplementary Figure S4E). Collectively,
these data demonstrate that endogenous levels of miR-148a
also attenuate spontaneous colon and small intestinal
tumorigenesis in Apc™™* mice.

Restoring miR-148a expression shows therapeutic
effects on both spontaneous and carcinogen-induced
tumor mice models. To test the therapeutic potential of
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manipulating miR-148a in vivo, we asked whether restoring
its expression would inhibit tumor growth in CRC mouse
models. Concentrated preparations of lentivirus encoding Pri-
miR-148a were therefore administrated to AOM/DSS-treated
WT mice for 3 weeks and their tumor burdens were assessed
on day 120 (Supplementary Figure S5A). Compared with
mice treated with a control lentiviral vector, these animals
showed less pronounced colitis and colitis-associated tumor-
igenesis (Figures 5a—d and Supplementary Figures S5B-D),
reduced expression of NF-kB and STAT3 and lower levels of
pro-inflammatory cytokine production (Figures 5e—f and
Supplementary Figures S5E and F). Restoration of
miR-148a expression in miR-148a KO mice also suppressed
colitis-associated  tumorigenesis  (Figures 5a—f and
Supplementary Figures S5A-F). Similarly, Pri-miR-148a
lentiviral administration to Apc™™* mice also suppressed
spontaneous tumorigenesis, reduced NF-kB and STAT3
signaling and attenuated pro-inflammatory cytokine produc-
tion (Figures 5g—i,Supplementary Figures S5G—-J).

Attenuated expression of miR-148a in human IBD and
CRC patient tissues. To clarify the clinical relevance of
miR-148a expression in human IBD and CRC, we analyzed
the miR-148a expression in colonic tissues of human IBD and
CRC patients from Zhongnan Hospital and Wuhan Union
Hospital (WUH). miR-148a-3p/5p expression was signifi-
cantly lower in these samples compared with normal colon
tissues (Figures 6a and b and Supplementary Figure S6). To

confirm the above results, the public data set of CRC cases
from the GSE7828 collection was analyzed. In agreement
with WUH cases, miR-148a expression was also significantly
lower in these CRC samples compared with normal colon
tissues (Figure 6¢). Thus attenuated miR-148a expression is
a common and shared feature of primary human IBD
and CRC.

P65 directly regulates miR-148a expression. To investi-
gate why miR-148a expression is downregulated in human
IBD and CRC samples, we analyzed the Pri-miR-148a
promoter for transcription factor-binding sites and identified
three highly conserved NF-kB-binding sites, located within
5 kb upstream of the transcription start site (Figure 7a). The
cytokines TNFa and interleukin-18 (IL18) can activate NF-xB
signaling, which is highly activated in and important for CRC
progression.®'92" Thus we first determined whether TNFa or
IL18 treatment or P65 affects the Pri-miR-148a expression.
As shown in Figures 7b—d and Supplementary Figures S7A
and B, TNFa and IL18 treatment and ectopic P65 expression
all decreased Pri-miR-148a and miR-148a-3p/5p expression
while inhibiting P65 led to the opposite results in HCT116 and
RKO colon cancer cells.

A chromatin IP (ChIP) assay was next conducted and
showed that, in HCT116 and RKO cells, P65 binds to the
miR-148a promoter (Figure 7a). miR-148a has been pre-
viously proposed to be a putative tumor suppressor that is
epigenetically silenced by CpG island promoter

2203
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hypermethylation.'® Therefore, to further study whether P65
affects miR-148a promoter methylation, a promoter CpG
island methylation assay using bisulfate sequencing was
conducted after P65 inhibition. As shown in Figure 7e,
miR-148a promoter CpG islands were found to be hyper-
methylated in HCT116 and RKO cells but decreased
significantly in response to P65 inhibition. These results show
that P65 affects the extent of CpG island methylation of the
miR-148a promoter and directly participates in inhibiting its
expression.

DNMT3A methylates miR-148a promoter CpG islands. In
mammals, there are three major DNA methyltransferases
(DNMTs): DNMT1, DNMT3A and DNMT3B.22 We performed
ChIP experiments to investigate which of these binds the
miR-148a promoter to methylate its CpG islands. The results
showed that the antibody against DNMT3A efficiently
immuno-precipitated the miR-148a promoter both in
HCT116 and RKO cells stably transfected with a control
short hairpin RNA (shRNA) vector but not with a vector
expressing an shRNA against P65. Of note, the binding sites
for DNMT3A corresponded to P65-binding sites (Figure 7a
and Supplementary Figure S7C). Next we performed Co-IP
experiments to determine which DNMT forms a co-repressor
complex with P65 to inhibit the miR-148a expression. We
tested the exogenous interaction between DNMT and P65 in
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HEK293 cells. As shown in Supplementary Figure S7D,
exogenous DNMTB3A interacted strongly with P65. Their
endogenous interaction was also confirmed by Co-IP experi-
ments (Figure 7g and Supplementary Figure S7E). Further-
more, we found that residues 189-337 of P65 were required
to interact with DNMT3A (Supplementary Figure S7F) while
the 1-615 region of DNMT3A was required to interact with
P65 (Supplementary Figure S7G). Collectively, these results
show that P65 binds the miR-148a promoter in association
with DNMT3A, which then mediates specific hypermethyla-
tion of nearby CpG islands.

Next, we evaluated the potential role of DNMT3A in
regulating miR-148a expression. DNMT3A inhibition signifi-
cantly increased the Pri-miR-148a and miR-148a-3p/5p
expression in HCT116 and RKO cells stably transfected with
a shCtrl vector but not with a shP65 vector (Figures 7d and f)
whereas enforced DNMT3A expression had the opposite
effects (Figure 7c). DNMT3A-mediated miR-148a inhibition
was also blocked by P65 inhibition (Figure 7f).

We then tested the effects of P65 and DNMT3A in a
miR-148a promoter-driven luciferase reporter assay. Notably,
P65 and DNMT3A both repressed the activity of a promoter
containing the putative P65-binding sites but had no effecton a
promoter with a mutated binding site. In the former case,
repression was blocked by P65 inhibition in HCT116 and RKO
cells (Supplementary Figures S7H and I).
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Figure 6 miR-148a is downregulated in human IBD and CRC. (a) Expression of miR-148a-3p/5p in human IBD samples and normal colon tissues. miR-148a-3p/5p RNA
levels normalized for U6 were measured by stem-loop reverse transcription quantitative-PCR in RNAs purified from the above tissues. (b) Expression of miR-148a-3p/5p in 31
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Finally, we analyzed the relationship among miR-148a
promoter methylation, miR-148a-3p/5p, P65 and DNMT3A
RNA levels in CRC cases from TCGA data sets and IBD
patients. As shown in Figure 7h and Supplementary Figures
S7J-M, a negative correlation was determined between the RNA
levels of miR-148a-3p/5p and the MRNA levels of P65, DNMT3A
or the B-value of miR-148a promoter methylation. These results
indicate that P65 and DNMTB3A repress miR-148a expression
through promoter CpG island methylation.

In contrast to miR-148a expression, P65 and DNMT3A
expression were significantly upregulated in IBD and CRC
tissues compared with normal colon tissues (Figures 7i and j);
indeed, CRC patients with stage IlI/IV tumors showed
significantly higher levels of P65 and DNMT3A compared
with patients with stage I/l disease (Supplementary
Figure S7N).

miR-148a directly inhibits several upstream regulators of
NF-kB and STAT3 signaling. Identifying miR-148a targets is
critical for understanding its putative biological functions.
Therefore, we used several database prediction tools to
identify putative miR-148a-3p and 5p targets in the 3'-UTRs
of several upstream regulators of NF-kB and STAT3 signaling,
including GP130, IKKa, IKKB, TNFR2 and IL1R1
(Figure 8a).*?°2%27 We then evaluated the effect of
miR-148a on the expression of the genes encoding these
proteins. As expected, miR-148a deficiency increased the
expression of endogenous mRNA and protein levels in
murine colon (Figures 8b and c), and opposing results were
obtained following administration of lentivirus encoding Pri-
miR-148a (Supplementary Figures S8A and B). Restoring
miR-148a expression in miR-148a KO mice prevented the
increase (Supplementary Figures S8C and D).

To further study whether these targets are direct or indirect,
miR-148a-3p/5p and luciferase reporter assays were

conducted to determine whether the putative miR-148a-3p/
5p-binding sites in the 3’-UTRs of target genes are critical for
miR-148a-3p/5p-mediated  inhibition.  Indeed, ectopic
miR-148a expression inhibited the activity of human 3’-UTR
reporter vector in dual luciferase reporter assays, while
mutations in miR-148a-3p/5p-binding sites abrogated this
inhibition. Repression of miR-148a-3p and 5p using its sponge
and inhibitor, respectively, increased the activity of 3’-UTR
reporter vectors in the same assays, while mutation in
miR-148a-3p/5p-binding site abrogated this upregulation
(Figure 8d and Supplementary Figure S8E). Thus the mRNAs
of miR-148a-3p/5p targets are directly regulated by miR-148a-
3p/5p via seed-matching sequences. We then used Co-IP with
an antibody to AGO-2 to precipitate RNAs associated with the
RNA-induced Silencing Complex (RISC). As shown in
Figure 8e, the above target RNAs were significantly enriched
in WT colon extracts versus those from miR-148a KO mice.
Taken together, these data indicate that miR-148a-3p/5p
directly inhibit these targets by binding to the predicted binding
sites in their 3’-UTRs.

Finally, we analyzed mRNA levels of these targets in human
IBD and normal tissues. As shown in Figure 8f, all transcripts
were significantly overexpressed in IBD samples compared with
normal colon tissues. Furthermore, a negative correlation was
seen between the mRNA level of these targets and the
expression of miR-148a-3p/5p, respectively (Figures 8g and h).
Collectively, our results indicate that miR-148a negatively
regulates the development and severity of colitis and colitis-
associated tumorigenesis in both mouse models and human
patients.

Discussion

An important function for miRNAs in the intestinal epithelium
has been previously reported in mice lacking Dicer1, the
enzyme responsible for miRNA processing. Intestinal barrier
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function was found to be impaired in these mice, resulting in
intestinal inflammation with lymphocyte and neutrophil
infiltration.?®

miRNAs other than miR-148a have been reported to
modulate inflammation, colitis-associated tumorigenesis and
the pathogenesis of IBDs.'®""2933 For example, miR-192,
which inhibits chemokine production, is decreased in tissue
samples from IBD patients.”® IL6 upregulates STATS3-
mediated transcription of miR-214 in colon tissues, which
reduces the levels of PDLIM2 and PTEN, increases AKT
phosphorylation and activates NF-kB. The activity of this
circuit correlates with disease activity in patients with IBD and
progression to colorectal cancer.'® miR-223 was also reported
to be upregulated in IBD and its activity was regulated through
the IL23 pathway. Antagomir inhibition of miR-223 reactivated
CLDN8 and improved a number of signs associated with
TNBS-induced colitis in mice. This suggested that miR-223 is
a novel mediator of the crosstalk between the IL23 signaling
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pathway and CLDNS8 in the development of IBD.3' miR-301a
expression is increased in IBD patients and miR-301a-
deficient mice are resistant to DSS-induced colitis.*?
miR-665 is also upregulated in mucosal colonic biopsies of
IBD. miR-665 negatively regulated XBP1 and ORMDLS3 by
directly targeting their 3’'-UTRs and indirectly upregulating
JNK. Upregulation of miR-665 promoted apoptosis and DSS-
induced colitis, while inhibition of miR-665 had the opposite
effects.®

We have demonstrated here that miR-148a downregulation
during CRC development is a consequence of CpG island
hypermethylation. The resultant loss of miR-148a stabilizes its
downstream target transcripts and this, in turn, upregulates
NF-xB and STAT3 signaling.*?°2>2” The resultant pro-
inflammatory environment activates P65, which together with
DNMTS3A, is recruited to the miR-148a promoter, thereby
promoting CpG island hypermethylation. Together, these
factors constitute an important feedback loop for NF-xB
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Figure 8 miR-148a-3p/5p directly targets several upstream regulators of NF-«xB and STAT3. (a) Schematic of human GP130, IKKe, IKKj, TNFR2 and ILR1 3’-untranslated
regions (UTRs). The predicted miR-148a-3p/5p-binding sites, which are conserved between human and mouse, are indicated. (b) miR-148a deletion upregulates mRNA level of
miR-148a-3p/5p targets. The above targets mRNA levels, normalized for glyceraldehyde 3-phosphate dehydrogenase, were measured by reverse transcription quantitative-PCR
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miR-148a deletion enhances the protein levels of miR-148a-3p/5p targets. Immuno-
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activation, inflammation and cytokine production (Figure 8i).
Based on the findings reported here, similar mechanisms
likely operate in human IBD and CRC as well. However, it will
be necessary in future work to examine larger numbers of
patient-derived samples in order to establish the universality of
these findings. Other questions that remain unanswered
include whether these findings apply to all forms of IBD,
whether miR-148a has additional non-cytokine-related targets
that may influence IBD and CRC pathogenesis and how
miR148a and other of the miRNAs discussed above interact to
influence disease pathogenesis.

Mice lacking negative regulators of NF-«kB such as A20 and
NLRP12 are also more susceptible to colitis and colitis-
associated cancer.®®343¢ Together with our current work,
these findings indicate that NF-«kB signaling is critical for
driving colitis and colitis-associated cancer and that its
inflammation- and cancer-modulating activities are regulated
by what are likely to be multiple tightly controlled and

interdependent and posttranscriptional
processes.

In some cases, the therapeutic delivery of miRNAs or their
inhibitors in vivo can effectively suppress colitis-associated
colorectal cancer.'®"®® Qur findings show that restoring
miR-148a expression reduced the severity of inflammation,
decreased NF-kB and STAT3 activation and repressed both
spontaneous and carcinogen-induced colon cancer develop-
ment in mice while restoring miR-148a expression. Further
studies using miRNA mimetics or other chemically modified
miRNAs that allow for prolonged miR-148-like expression may
help to determine the potentially utility of such agents for
therapeutic trials.

In summary, our study has demonstrated a critical role for
miR-148a in murine models of colitis and colitis-associated
tumorigenesis. Importantly, our observations in clinical IBD
and CRC samples strongly suggest that a similar role for
miR-148a exists in humans. Therapeutic regulation of

transcriptional
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miR-148a expression could reduce the risk of colitis-
associated cancer development in susceptible individuals.

Materials and Methods

CRC and IBD patient specimens. CRC specimens were obtained from
patients undergoing tumor resection and samples from human IBD patients were
taken at the time of endoscopy. Informed consent was obtained at Zhongnan
Hospital and the WUH (Wuhan, China). The diagnosis of samples was confirmed in
each case by histological review.

Mice. All mouse studies were approved by the Animal Care Committee of Wuhan
University. Apc™* mice were ordered from Model Animal Research Center
(Nanjing, China). To generate miR-148a KO mice, briefly, a targeting vector with 953
base pairs (bp) of genomic sequence containing mouse miR-148a was replaced
with @ neomycin expression cassette and was electroporated into mouse ES cells
on the C57BL/6 background at The Model Animal Research Center, Nanjing
University. To generate miR-148a"~ Apc™™* mice, miR-148a KO mice were
crossed with Apc™™* mice.

DSS-induced colitis and AOM/DSS-induced CAC mouse models.
The DSS and AOM/DSS-induced coliis and CAC mouse models followed
previously described protocols.®® Briefly, for colitis, WT or miR-148a KO mice were
provided with 3.5% DSS (216011080, MW = 36-50KD; MP Biomedicals, Santa Ana,
CA, USA) in drinking water for 6 days, followed by regular drinking water. For CAC,
2-month-old WT or miR-148a KO mice were intraperitoneally injected once with
10 mg/kg AOM (A5486, Sigma, St. Louis, USA), followed by three rounds of 2.5%
DSS in drinking water for 7 days.

Bone marrow chimeras. Bone marrow chimeric mice were established as
described.® Briefly, 2-month-old WT (CD45.1) and miR-148a KO (CD45.2) mice
were lethally irradiated and intravenously injected with 10" bone marrow cells
isolated from either CD45.1+ WT or miR-148a KO mice 24 h after body irradiation.
Recipient mice were housed for 2 months to fully reconstitute bone marrow before
being treated with DSS or AOM/DSS.

Administration of lentivirus-expressing miR-148a in AOM/DSS-
induced mouse CRC and Apc™™* mice. Lentiviral injections were
performed as described previously.*® For administration of lentivirus in the AOM/
DSS-induced CRC mice model, female C57BL/6 mice were first treated with AOM/
DSS and then randomly distributed into 2 groups of 10 animals each, which were
then treated with lentivirus-expressing pHAGE-GFP miR-148a. Concentrated virus
in a volume of 100 x| was administered intraperitoneally twice weekly for 3 weeks.
At day 120, tumor burdens were evaluated. For administration of lentivirus in the
Apc™™* model, 3-week-old female Apc™™* mice were randomly distributed into 2
groups of 10 animals each, administered the above viruses on weeks 3—4 and
continued twice weekly for 3 weeks. Tumor burdens were evaluated on week 14 by
enumerating all neoplasms >1mm in size. Tumor and adjacent normal colon
tissues were harvested for RNA and protein assays as well as for pathological
studies.

Cytokine assays from serum and colon tissues. The levels of serum
and colon tissue cytokines were determined with commercially available ELISA kits
using the conditions recommended by the supplier (Shanghai Jijin Chemistry
Technology, Shanghai, China).

Bioinformatics and statistics. Online softwares miRanda (http:/www.
miRanda-im.org/), miRDB (http:/www.miRdb.org/), PICTARS (http:/pictar.mdc-
berlin.de/), miRwalk (http://www.ma.uni-heidelberg.de/apps/zmf/miRwalk/) and Tar-
getscan (http:/www.targetscan.org/) were used to predict miR-148a targets.*® CRC
data sets were downloaded from The Cancer Genome Atlas (TCGA) data portal
(http://tcga-data.nci.nih.gov). Gene expression was assessed in human CRC tissues
from the TCGA RNA-seq data set. Experimental data were analyzed using
unpaired, two-tailed Student’s t-test, Wilcoxon signed-rank test or Mann-Whitney U-
test, and the correlation was analyzed using a Spearman rank correlation test.
Kaplan-Meier curves for survival were analyzed with the GraphPad software
(Version5.01, Graphpad software, San Diego, CA, USA) using log-rank test. Results
are represented as the mean+S.D. or S.EM. and P<0.05 was considered
statistically significant.®®
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