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BACKGROUND & AIMS: Little is known about the mechanisms
by which chronic inflammation contributes to carcinogenesis,
such as the development of colon tumors in patients with
inflammatory bowel diseases. Specific microRNA (miRNAs) can
function as suppressors or oncogenes, and widespread alter-
ations in miRNA expression have been associated with tumor-
igenesis. We studied whether alterations in miRNA function
contribute to inflammation-associated colon carcinogenesis.
METHODS: We studied the effects of inflammatory cytokines,
such as tumor necrosis factor, interleukin-1a (IL1A), and IL18
(IL1B), on miRNA function, measured by activity of reporter
constructs containing miRNA-binding sites in their 3’ untrans-
lated regions, in human 293T embryonic kidney, Caco-2, HT29,
and HCT116 colon carcinoma cells, as well as dicer™ ™ and
dicer™/~, and Apobec3™/* and Apobec3™/~ mouse embryonic
fibroblasts. Cells were analyzed by immunoblots, immunohis-
tochemistry, and flow cytometry. We generated transgenic mice
expressing reporter constructs regulated by LET7B, MIR122,
and MIR29b response elements; some mice were given
injections of miRNA inhibitors (anti-MIR122 or anti-LET7B), a
negative control, or tumor necrosis factor. Liver tissues were
collected and analyzed by immunoblotting. Reporter mice were
given azoxymethane followed by dextran sulfate sodium to
induce colitis and colon tumors; some mice were given the
ROCK inhibitor fasudil along with these agents (ROCK in-
hibitors increase miRNA function). Colon tissues were collected
and analyzed by immunohistochemistry, immunoblots, and
fluorescence microscopy. RESULTS: Incubation of cell lines
with inflammatory cytokines reduced the ability of miRNAs to
down-regulate expression from reporter constructs; dicer was
required for this effect, so these cytokines relieve miRNA-
dependent reductions in expression. The cytokines promoted
degradation of APOBEC3G, which normally promotes miRNA
loading into argonaute 2-related complexes. Mice with colitis
had reduced miRNA function, based on increased expression of
reporter genes. Administration of fasudil to mice did not reduce
the severity of colitis that developed but greatly reduced the
numbers of colon tumors formed (mean 2 tumors/colon in
mice given fasudil vs 9 tumors/colon in mice given control
agent). We made similar observations in IL10-deficient mice.
CONCLUSIONS: We found inflammatory cytokines to reduce

the activities of miRNAs. In mice with colitis, activities of
miRNAs are reduced; administration of an agent that increases
miRNA function prevents colon tumor formation in these mice.
This pathway might be targeted to prevent colon carcinogen-
esis in patients with inflammatory bowel diseases.
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pidemiologic and experimental data suggest a close
link between inflammation and tumorigenesis. Im-
mune cells typically infiltrate solid tumors, and inflammation
impacts most, if not all, stages of tumorigenesis." Clinically,
inflammatory bowel disease, such as ulcerative colitis, is an
important risk factor for colon cancer.>* However, the mo-
lecular mechanisms underlying the link between chronic
inflammation and tumorigenesis have not been fully clari-
fied.> In addition, although anti-inflammatory molecules,
such as anti—tumor necrosis factor (TNFa«), anti-interleukin
(IL) 6, or anti-IL18 (IL1B), have been used clinically to pre-
vent inflammation-associated colon tumorigenesis,’® no
definite methods for preventing such tumorigenesis have
been established, and novel strategies based on an under-
standing of the molecular mechanisms may be required.
MicroRNAs (miRNAs) are endogenous approximately
22-nucleotide RNAs that mediate important gene regulation
events by base-pairing with messenger RNAs (mRNAs) and
directing their repression.” Primary miRNAs, which possess
stem-loop structures, are transcribed by RNA polymerase

*Authors share co-first authorship.
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I,'° and are processed in the nucleus."’ The processed
products, pre-miRNAs, are transported to the cytoplasm via
exportin-5."'* The pre-miRNAs are further cleaved into
mature miRNAs by Drosha and Dicer RNA polymerase III.
Mature miRNA duplexes are loaded onto an RNA-induced
silencing complex (RISC) and are unwound into the single-
stranded mature form.'*'¢

Although specific miRNAs can function as either tumor
suppressors or oncogenes in tumor development, a general
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reduction in miRNA expression is commonly observed in
human cancers.””*° In addition, impaired global miRNA
expression, but not complete loss of miRNAs, has been shown
to promote cellular transformation and tumorigenesis.”’ **
Similar to reduced miRNA levels, impaired miRNA func-
tion may be crucial in the tumorigenesis. The efficiency of
miRNA-mediated gene suppression can be reduced when
cells are exposed to stress.”” In addition, our previous study
showed that small interfering RNA—mediated mRNA decay,
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which shares certain features with miRNA-mediated gene
suppression, was inhibited when cells underwent inflam-
matory stress via TNF or IL1B stimulation.”® Therefore, in-
flammatory stress might globally inhibit miRNA function. It is
important to determine whether such inhibition can promote
tumorigenesis, similar to global reduction in miRNA expres-
sion, when studying inflammation-associated carcinogenesis.

In this study, we examined miRNA function during in-
flammatory stimulation in vivo and in vitro and found that
inflammation suppresses miRNA function by decreasing
miRNA loading onto argonaute 2 (Ago2)—related RISC.
Using Rho-associated, coiled-coil containing protein kinase
(ROCK) inhibitor, which we previously found enhances
remaining miRNA function by promoting miRNA-mediated
mRNA decay,”” we showed that enhancing miRNA func-
tion suppressed colitis-associated tumorigenesis in mice, as
a model system of colon tumorigenesis associated with
ulcerative colitis. This suggests that global impairment of
miRNA function in chronic inflammation may have a causal
role in inflammation-associated oncogenesis, and enhance-
ment of miRNA function is a potential method for prevent-
ing inflammation-associated tumorigenesis.

Materials and Methods

Detailed protocols are provided in the Supplementary
Materials and Methods, and primer sequences are shown in
Supplementary Table 1.

Statistical Analysis

Significant differences between groups were determined
with Student ¢t test when variances were equal. When variances
were unequal, Welch’s t test was used. A P value <.05 was
considered statistically significant.

Results

Obligate Haploinsufficient Role of Dicer in Cancer
There are already many reports describing the reduced
expression of global miRNA levels or the obligate haplo-
insufficient role of Dicer in cancer.?’ 23 Consistently,
increased numbers of tumors were observed in Dicer/*
mice after treatment with AOM alone, which had reduced

d
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miRNA levels?® and global miRNA function impairment
(Supplementary Figure 1A). However, Dicer®* mice did
not show such increased tumorigenesis, confirming that
Dicer works in an obligate haploinsufficient manner?’
(Supplementary Figures 1A). Although obligate hap-
loinsufficiency of Dicer in cancer is almost certain, the
molecular mechanism of oncogenesis induced by global
miRNA dysfunction has remained largely unknown. To gain
a better understanding of the oncogenic mechanism induced
by impaired miRNA function, we established colon cancer
cell lines with controllable expression of Dicer protein by
doxycycline (Supplementary Figures 1B and C). Compre-
hensive gene expression profiles were determined by com-
plementary DNA microarrays using wild-type cells, cells
with complete deletion of Dicer, and cells with intermediate
Dicer protein expression levels, which resemble reduced
global miRNA function (Supplementary Figure 1D, accession
no. GSE 85909 in Gene Expression Omnibus database).
Based on the results, gene sets and intracellular signaling
pathways that were changed specifically in the cells
with intermediate Dicer protein levels were identified
(Supplementary Figure 1E, and Supplementary Tables 2 and
3). Although further analyses will be required, these gene
sets and intracellular signaling pathways may be involved in
oncogenesis induced by the obligate haploinsufficiency of
Dicer or global miRNA functional impairment. These results,
together with previous reports that Dicer-deficient cells and
mice are prone to transformation and tumorigenesis,zo’23
suggest that the functional impairment of global miRNAs
may promote colon tumorigenesis.

Inflammatory Stimuli Reduce MicroRNA function
We previously showed that small interfering RNA func-
tion was inhibited by inflammatory stimuli.’® To determine
whether inflammation also interferes with miRNA-mediated
gene repression, we used luciferase reporter constructs
containing miRNA-binding sites in their 3’-untranslated
regions (UTRs) to evaluate the effect of inflammatory
cytokines on miRNA-mediated inhibition of gene expression.
Treatment of cells with TNF, IL1A, or IL1B reversed
representative miRNA-mediated inhibition of luciferase
reporter expression, such as LET7B or MIR185 (Figure 14
and Supplementary Figure 2A4). These effects were

<

Figure 1. Inflammatory stimuli reduce miRNA function. (A) miRNA function was restored by various inflammatory cytokines.
Luciferase reporter constructs carrying corresponding miRNA binding sites in their 3'-UTRs were used to examine miRNA
function. The suppressive effects of miRNA precursor expression (LET7B, left panel; MIR185, right panel) on luciferase activity
were reversed by inflammatory cytokines in Caco-2 cells. Data represent the mean + SD of 3 experiments. *P < .05. (B)
Restoration of miRNA function by inflammatory stimuli was miRNA-dependent. Reporter activity suppression by the LET7B
precursor was reversed by inflammatory stimuli in wild-type cells but not in Dicer-knockout cells. Data represent the mean +
SD of 3 experiments. *P < .05. (C) A luciferase reporter carrying a region of the LIN28B 3'-UTR (nucleotides 3351—-3650)
containing 2 putative LET7B target sites was used to assess the effect of LET7B on endogenous gene sequences. Putative
binding sequences are indicated in red. (D) The effect of miRNA on a reporter carrying wild-type LIN28B sequences in Caco-2
cells was reversed by various inflammatory cytokines. Data represent the means + SD of 3 experiments. *P < .05. (E) LIN28B
and c-myc expression, both with 3'-UTRs that are LET7 targets, were up-regulated in Caco-2 cells by TNF. (F) Left panels:
LIN28B mRNA was relocated from P-bodies to the cytosol after stimulation of Caco-2 cells with TNF. P-bodies were visualized
by measuring GFP-Dcp1a (green), and LIN28B was visualized with in situ hybridization (red). 4’,6-Diamidino-2-phenylindole
(blue) was used to stain nuclei. Bar = 25 um. Right panels: The percentages of LIN28B dots co-localized with P-bodies are
shown based on 60 cells from 3 independent experiments. Data represent the means + SD. *P < .05.
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Dicer-dependent, as they were not observed in Dicer-
knockout mouse embryonic fibroblasts (MEFs) (Figure 1B
and Supplementary Figures 2B and C), confirming that these
inflammatory cytokines relieve miRNA-dependent gene
repression. The effects were not observed when using re-
porters with mutations in the miRNA response elements,
suggesting that they were miRNA function-specific
(Supplementary Table 4). Other miRNAs examined showed
similar tendencies in detecting endogenous miRNA function,
without miRNA precursor overexpression (Supplementary
Tables 4 and 5).

In addition, cytokine-mediated de-repression of miRNA-
targeted genes was observed when using a reporter
construct bearing natural LIN28B 3’-UTR sequences, which
are known targets of LET7B (Figures 1C and D,
Supplementary Figure 2D, and Supplementary Table 4).282°
TNF consistently increased endogenous LIN28B protein
levels in Caco-2 cells (Figure 1E). LIN28B protein expression
levels, reporter activities with 3’-UTR sequences, and c-myc
protein expression, another let-7-target,20'29'30 were also
up-regulated by TNF, IL1A, or IL1B stimulation (Figure 1E
and Supplementary Figures 2D and E). This up-regulated
expression was not due to changes in the promoter activ-
ities of the target mRNAs (Supplementary Figures 2F and G).
Experiments using other inflammatory stimuli showed that,
of 13 cytokines examined, TNF, IL1A, and IL1B significantly
inhibited miRNA function (Supplementary Tables 4 and 5).
Cytokine-induced inhibition of miRNA function was unlikely
to be executed at the level of miRNA expression because
published analyses of miRNA profiles excluded this possi-
bility.>> We also confirmed that most miRNA expression
levels were unchanged by TNF, IL1A, or IL1B treatment
using miRNA microarrays (GEO accession no.: GSE37288;
Supplementary Figure 2H).

Messenger RNA translocation to cellular processing
bodies (P-bodies) has been suggested to be involved in
miRNA-mediated translational suppression.”” Our in situ
hybridization revealed that LIN28B mRNA was concen-
trated in P-bodies, as demonstrated by its co-localization
with the P-body marker green fluorescent protein
(GFP)-Dcp1la in control cells, whereas TNF treatment led to
relocalization of LIN28B mRNAs from P-bodies to the
cytosol (Figure 1F). These data are consistent with a
previous report that stress induces relocation of miRNA-
targeted mRNA.”” However, as miRNA-targeted mRNA
localization to P-bodies is the final step of miRNA-mediated
repression, their relocation may be either the cause or the
consequence of the impairment of the miRNA-mediated
repression pathway. Regardless, our results demonstrated
that some inflammatory cytokines, such as TNF, exert a
general suppressive effect on miRNA-mediated gene
repression.

MicroRNA Function Is Impaired During
Inflammation-Associated Colon
Tumorigenesis in vivo

To monitor changes in miRNA function in vivo, we
generated a GFP-based reporter transgenic mouse strain

Gastroenterology Vol. 152, No. 3

bearing cytomegalovirus-promoter—driven GFP  with
LET7B, MIR122, and MIR29B response elements as repre-
sentative miRNAs in the 3’-UTR of GFP mRNA (Figure 24).
In these mice, GFP expression levels were used to evaluate
LET7B, MIR122, and MIR29B activity in vivo. To confirm
that the reporter enabled monitoring of miRNA function, we
first detected an increase in GFP reporter expression upon
stimulation with TNF in MEFs derived from reporter mice
(Supplementary Figure 34). Next, we injected in vivo—ready
anti-MIR122 or anti-LET7B oligonucleotides into the tail
vein of these mice and determined the changes in hepatic
GFP expression levels. As expected, GFP expression levels
were enhanced by shutting down MIR122 or LET7B func-
tion using anti-miRNA oligonucleotides, whereas no
enhancement was observed when negative control oligo-
nucleotides were injected (Figure 2B), suggesting that the
reporter mouse can be used to monitor miRNA function
in vivo. In addition, we injected TNF into the tail vein and
confirmed the enhanced GFP expression levels in the liver,
suggesting that cytokine stimuli suppressed miRNA func-
tion, as observed in the in vitro experiments
(Supplementary Figure 3B).

We treated 8- to 12-week-old reporter mice with a single
dose of azoxymethane (AOM, 12.5 mg/kg), followed by 3
cycles of dextran sulfate sodium (DSS, administered in
drinking water) to induce colitis-associated tumors
(Figure 2C). AOM is a procarcinogen that forms 0°-methyl-
guanine upon metabolic activation®" and is commonly used
to induce colorectal cancer in experimental animals.*?
Repeated DSS administration causes chronic inflammation
characterized by elevated inflammatory cytokine levels,
such as TNF, IL1A, and IL1B,*3 which greatly enhances the
incidence of AOM-induced tumors.’> GFP expression
increased significantly, particularly in epithelial cells, during
DSS-induced colitis, as determined with immunohisto-
chemistry (Figure 2D) and Western blots using isolated
colonic epithelial cells (Figure 2E), suggesting that miRNA
function was impaired during colitis induction in vivo.
Levels of cytokines, including TNF and IL1B, were indeed
increased after inflammation was induced by DSS treatment
in accordance with the increased GFP expression in the
colonic epithelial cells (Supplementary Figures 3C and D).
This was consistent with our in vitro data showing that
inflammatory  cytokines inhibited miRNA function
(Figure 1). The miRNA function specificity confirmed that
GFP expression levels in the colon of the mutant reporter
mice with mutations in miRNA response elements did not
significantly change before and after the induction of
inflammation (Supplementary Figures 3E and F). These
results suggest that functional impairment of global miRNAs
by inflammatory stimuli can promote inflammation-
associated tumorigenesis, through resembling obligate
haploinsufficiency of Dicer.

MicroRNA Loading Into RNA-Induced Silencing

Complex Decreases Under Inflammatory Stimuli
To determine the mechanisms by which inflammatory

stimuli reduce miRNA function, we examined the expression
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Figure 2. miRNA function is impaired during inflammation-associated colon tumorigenesis in vivo. (A) The construct for GFP-
based reporter transgenic mice containing cytomegalovirus promoter-driven GFP complementary DNA with MIR29B, LET7B,
and MIR122 target sequences in its 3’-UTR. (B) Representative images from 3 independent Western blot experiments for GFP
expression in the liver 24 hours after injection of liposome-conjugated in vivo—ready anti-MIR122, anti- LET7B, or negative
control oligonucleotides into the tail vein of reporter mice. GFP expression increased after administration of anti-MIR122 and
anti-LET7B but not the negative control oligonucleotides. (C) Protocol for experimental inflammation-associated colon
tumorigenesis used in this study. Colon tumors were induced by treatment with AOM plus DSS. (D) Immunohistochemical
analyses of GFP expression in the colon before and after inducing inflammation. The sections shown are 30 mm proximal to
the anal canal. Bars = 200 um. Lower panels show magnified images of the glands in the upper panels. Similar results were
obtained from 3 independent sets of mice. The bottom panels show anti-GFP stained images colon tissue of wild-type mice
(non-reporter) as negative controls. (E) Representative Western blot images for GFP expression in isolated colonic epithelial
cells before and after induction of inflammation. GFP expression increased after inducing inflammation.

levels of miRNA pathway-related molecules (Dicer, Ago2, containing 65, and HuR**°) in the presence or absence of

MOV10, Dead end protein homolog 1, apolipoprotein B TNF, IL1A, IL1B, IL6, or IL8. Of these, A3G protein levels
mRNA editing enzyme catalytic polypeptide-like 3G were decreased exclusively by TNF, IL1A, and IL1B
[APOBEC3G; A3G], TNRC6 [ie, GW182], tripartite motif (Figure 34), which are the cytokines that suppress miRNA
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Figure 3. A3G protein levels decrease under cytokine stimulation. (A) HCT116 cells were treated with the indicated cytokines
for 24 hours. Representative Western blot results are shown for 2 independent experiments. A3G protein levels decreased by
TNF, IL1A, and IL1B treatment. Similar results were obtained using HT29 cells. (B) A3G promoter activities were not affected by
TNF or IL8 treatment. The luciferase construct driven by the A3G promoter (upper) was transiently transfected into HCT116
cells, which were stimulated with cytokines for 24 hours before the assay. Relative luciferase levels were determined after the
control sample levels were set to 1. Data represent the means + SD of 3 independent experiments. (C) A3G mRNA decay was
not enhanced by TNF. A3G mRNA levels in HCT116 after exposure to TNF for 24 hours were determined by quantitative
reverse transcription polymerase chain reaction. To exclude the effects of newly transcribed mRNAs, actinomycin D (ActD)
was added for 24 hours. Data represent the means + SD of 3 independent experiments. (D) ASG protein degradation was
enhanced by TNF. Representative images are shown for 2 independent experiments. M, marker. (E) Ubiquitination of A3G
protein was enhanced by TNF. HCT116 cells were transiently transfected with HA-tagged ubiquitin-expressing plasmids. A3G
proteins were precipitated with anti-A3G antibodies 3 hours after adding TNF. Ubiquitination was analyzed by Western blotting
using anti-HA antibodies. The results shown are representative of 3 independent experiments, and 5% of the total cell lysate
was used as an internal control (“input”).

function (Figure 1). Although the promoter activities and
mRNA levels of A3G did not decrease (Figures 3B and (),
A3G protein degradation was significantly increased by TNF
(Figure 3D) through enhanced ubiquitination (Figure 3E and
Supplementary Figure 4A4).

Consistent with previous reports that A3G is involved in
Ago2-related complexes®’>? and regulates miRNA func-
tion,>**%*1 A3G interacted with Ago?2. However, in parallel

with the decreased expression of A3G under TNF
stimulation, the amount of A3G bound in Ago2-related
complexes was also decreased under TNF stimulation, as
revealed by immunoprecipitation and immunocytochem-
istry (Figures 44 and B). The in vitro binding assays showed
that A3G bound with Dicer and AgoZ2, suggesting that they
form a ternary complex (Supplementary Figure 4B).
MicroRNA maturation was not affected by A3G in the
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images of 2 experiments are shown. (F) Reporter activity suppressed by LET7B was de-repressed in Apobec3-deleted MEFs.
Similar effects were observed irrespective of LET7B precursor overexpression. Data represent the means + SD of 3 experi-
ments. White bars: wild-type (+/+) MEFs; black bars: Apobec3-deleted (—/—) MEFs. *P < .05.

in vitro analyses, but recruiting the matured miRNA into
Ago2-related complexes was promoted with the existence of
A3G protein in vitro (Supplementary Figures 4C and D).
Representative mature miRNA levels were not affected by
TNF, irrespective of A3G overexpression (Supplementary
Figure 4E), whereas mature miRNA levels loaded into
RISCs decreased in cells treated with TNF, with similar ef-
fects observed in A3G knockdown cells (Figure 4C), which
were antagonized by A3G overexpression (Figure 4D and
Supplementary Figure 4F). Similar effects were observed for
APOBEC3, a mouse homologue to human A3G.*? miRNA
function was de-repressed in Apobec3 gene-deleted MEFs

(Figures 4E and F, and Supplementary Figure 4G). Similar
to A3G, APOBEC3 binds Ago2 (Supplementary Figure 4H),
and the loading levels of mature miRNAs into
RISCs were decreased in Apobec3-gene—deleted MEFs
(Supplementary Figure 41).

A3G Protein Levels in Colon Epithelia Decrease
During Chronic Inflammation

Next, we examined mouse and human colon epithelial
cells. APOBEC3 protein expression levels decreased in iso-
lated mouse colonic epithelial cells with DSS-induced colon
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inflammation in vitro (Figures 54 and B). Although repre-
sentative mature miRNA levels in isolated colonic epithelial
cells did not change significantly before and after induction
of inflammation (Figure 5C and Supplementary Figure 54),
miRNA levels loaded into RISCs in the cells were signifi-
cantly decreased after inflammation was induced
(Figures 5D and E and Supplementary Figure 5B), similar to
the effects observed after TNF treatment in vitro.

A ka B

AGO2
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Whereas Ago2 and Dicer protein levels were comparable
to those in the controls in human colon tissue, A3G protein
expression levels were clearly lower in ulcerative colitis
patients (Figure 5F and Supplementary Figure 5C).
Concomitantly, LIN28B protein levels were up-regulated in
consecutive sections of ulcerative colitis tissue (Figure 5F
and Supplementary Figures 5D and E), consistent with the
in vitro results.
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Enhancing MicroRNA Function Suppresses
Inflammation-Associated Colon Tumorigenesis
We reported previously that ROCK inhibitors
enhance miRNA function.”’ Specifically, fasudil, a ROCK
inhibitor, reversed miRNA function suppressed by TNF
(Supplementary Figure 6A4). To examine whether the
pharmacologic augmentation of miRNA function can
suppress tumorigenesis and help determine whether the
global impairment of miRNA function during chronic
inflammation has a role in tumor initiation or promotion, we
applied fasudil to an AOM plus DSS-induced inflammation-
associated colon tumor mouse model. Mice received a
standard dose of fasudil in their drinking water (100 mg/
kg/d) starting on day 6 of DSS administration.** Immuno-
histochemical detection of GFP in reporter mice confirmed a
reduction in miRNA function during colitis and reversal by
fasudil (Figure 64), whereas no significant effects by fasudil
were detected without DSS-induced colitis (Supplementary
Figures 6B and (). The protein expression levels of
LIN28B and c-myc, representative miRNA Let7 targets,
which are often de-regulated during colon tumorigen-
esis,??***> underwent changes similarly to those in GFP
expression (Supplementary Figure 6C). The severity of
inflammation was almost the same in the control and fasudil
groups in terms of body weight loss (Figure 6B), final colon
length (Figure 6C), and inflammatory scores in the histologic
analysis (Figure 6D and Supplementary Figure 6D), likely
because the inflammation is induced by bacteria in this
model. However, there were significantly fewer colon tu-
mors at day 62 in fasudil-treated mice (approximately 2
tumors per mouse) than in control mice (approximately 9
tumors per mouse) (Figures 6F and F). Although increased
c-myc and LIN28B expression were observed in control
mice, their expression was significantly lower in the back-
ground colon tissue of fasudil-treated mice (Supplementary
Figures 6C, E, and F), suggesting that global impairment of
miRNA function during chronic inflammation may lead to
tumor initiation. We subsequently showed that fasudil had
no effects on the promoter activities of such genes in vitro
(Supplementary Figure 6G), suggesting that the suppressive
effects of fasudil treatment on gene expression were

d
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dependent on miRNA function. In addition, because the
tumor-suppressive effects of fasudil and the suppression of
induced LIN28B and c-myc expression in inflammatory
colonic mucosa by fasudil were lost when Dicer-deficient
mice were used (Supplementary Figures 6H and I), the ef-
fects were likely miRNA-dependent. In addition, fasudil did
not suppress tumorigenesis in ApcA“/ * mice with no sig-
nificant differences of gross tumor morphology, including
size (Supplementary Figure 6]), in which colon tumors occur
spontaneously at around 5-6 months after birth due to
the disruption of the Apc gene,*° suggesting that the
tumor-suppressive effects of fasudil treatment in the
inflammation-associated cancer model were not due to
direct inhibitory effects on cell growth.

To confirm these results in another in vivo model, we
used IL10-deficient mice (Supplementary Figure 74) without
DSS treatment. These mice develop spontaneous intestinal
inflammation as a result of the IL10 deficiency.”” *° TNF
and IL1B in the intestinal tissues increase with age because
of the intestinal inflammation in this model (Supplementary
Figure 7B). Although the severity of inflammation was
nearly identical in the control and fasudil groups
(Supplementary Figures 7B and (), there were fewer colon
tumors at day 182 (26 weeks) in fasudil-treated mice
(approximately 1 tumor per mouse) than in control mice
(approximately 4 tumors per mouse) (Supplementary
Figures 7D and E), consistent with the results of
DSS-induced tumorigenesis. Together, these results suggest
that inflammation-associated tumors can be suppressed
by augmenting miRNA function.

Discussion

We report that miRNA function is generally suppressed
during inflammation and that impairment of global miRNA
function causes inflammation-associated tumorigenesis
in a mouse colitis-induced tumor model. In addition,
pharmacologic augmentation of miRNA function prevents
inflammation-associated tumorigenesis. These results
provide information on the pathogenesis of inflammation-
associated tumorigenesis and identify new potential

<

Figure 5. A3G protein levels in colon epithelia decrease by chronic inflammation. (A) Ago2 and APOBEC3 protein levels in
mouse colon epithelial cells before and after 3 cycles of DSS treatment, determined with Western blots. Representative images
of 2 independent experiments using 3 mice in each group are shown. (B) APOBECS protein expression levels in mouse colon
epithelia decreased after one cycle of DSS treatment, determined by immunohistochemistry. Ago2 protein was stained for
comparison. Similar results were obtained from 3 independent sets of mice. Bars = 200 um. (C) Mature miRNA expression
levels in mouse colon epithelial cells were similar before and after 1 cycle of DSS treatment, determined using quantitative
reverse transcription polymerase chain reaction (QRT-PCR). Relative expression levels are shown as the means + SD of 2
independent experiments using 3 mice in each group, after adjusting the values from the cells before DSS treatment to 1. *P <
.05. (D) The levels of Ago2 protein immunoprecipitated from isolated mouse colon epithelial cells before and after 1 cycle of
DSS treatment were comparable, determined with Western blots. The results of 2 mice in each group are shown. Immuno-
precipitation using control IgG was used as a negative control, and 10% of the samples before immunoprecipitation are shown
as an internal control (“input”). (E) miRNA levels loaded into RISCs in mouse colon epithelial cells decreased after 1 cycle of
DSS treatment. RISCs in the isolated mouse colon epithelial cells were immunoprecipitated. miRNA levels in the complexes
were determined by gRT-PCR. Data represent the means + SD of 2 independent experiments using 2 mice in each group. Only
minimal miRNAs were detected in the precipitants precipitated with control normal IgG. *P < .05. (F) The protein expression
status in human tissues from control and ulcerative colitis patients was determined using immunohistochemistry. Consecutive
sections from each patient were stained (in brown) with antibodies against the indicated proteins. Representative results from
3 cases in each group are shown. Bars = 500 um.
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Figure 6. Enhancing miRNA function suppresses inflammation-associated colon tumorigenesis. (A) Fasudil, a ROCK inhibitor,
enhanced miRNA function in mice after induction of colon inflammation, as determined by immunohistochemical analysis of
GFP expression in reporter transgenic mice at day 62. The sections shown are 30 mm proximal to the anal canal. Bars = 200
um. The lower panels show magnified images of the glands in the upper panels. Similar results were obtained from 3 inde-
pendent sets of mice. (B) Body weight changes in mice treated with fasudil (n = 12) and in nontreated controls (n = 12) during
DSS-induced colon inflammation. Body weight loss was similar in the control and fasudil groups. (C) Colon length was
measured on day 62 in control and fasudil-treated mice. Data represent the means + SD (n = 12 per group). The final colon
length was similar in the control and fasudil groups. (D) Inflammatory scores of mice from each group (n = 12 per group). The
inflammatory scores in the histologic analysis were similar in the control and fasudil groups. (E, F) Fewer tumors were detected
in fasudil-treated mice. Representative colon images are shown in (E). Bars = 5 mm. Mean numbers of tumors per mouse + SD

(n = 12 per group) are shown in (F). *P < .05.

methods for preventing colitis-induced tumorigenesis, such
as ulcerative colitis—associated colon tumors.

A global reduction in miRNA levels is a general trait of
human cancers and has a causal role in the transformed
phenotype.'” ?°?* This study demonstrated that global
impairment of miRNA function under pathologic conditions
also has a role in tumorigenesis, similar to the reduction in
miRNA levels. Although numerous studies have revealed
the critical tumor-promoting effects of global miRNA
inhibition,"”?%**?* elucidation of the mechanisms of
tumorigenesis promotion by global miRNA inhibition is
currently more difficult than showing the tumor-promoting
or tumor-inhibiting effects of specific miRNAs. Because
impairment of global miRNA function could increase the
half-life of many mRNAs, tumorigenesis might have been
enhanced because short-lived oncogene mRNAs were more
greatly influenced than other mRNA species. While we
identified the mRNAs and intracellular signaling pathways
specifically affected by global miRNA inhibition in this
study, the mechanisms underlying tumorigenesis induced
by global miRNA impairment require further study.

The phenomena that chronic inflammation-associated
miRNA function impairment may make colon mucosa

more prone to carcinogenesis are consistent with clinical
observations in ulcerative colitis patients.>*”° Whereas we
showed that colitis-associated tumorigenesis was enhanced
by inflammation-associated inhibition of miRNA function as
an ulcerative colitis—associated tumorigenesis model, other
inflammation-associated tumors may also be promoted by
miRNA function impairment. Because cellular stress, such
as oxidative stress, can also relieve miRNA-mediated gene
repression,25 miRNA function impairment in such situations
may also contribute to increase the tumor susceptibility.
It was shown in this study that A3G binds with Ago2,
which is consistent with previous reports that A3G is
involved in Ago2-related protein complexes.’’*° Although
the functional involvement of A3G in miRNA function has
been suggested,®*** its precise role was undetermined. We
report that A3G does facilitate the transfer of miRNAs into
RISCs in vivo and in vitro and enhances miRNA function.
A3G was originally reported to mediate intracellular resis-
tance to lentiviruses, including human immunodeficiency
virus 1,°' which is counteracted by the viral infectivity
factor by inducing A3G polyubiquitination and proteasomal
degradation.””*®> While we showed that TNF-induced
A3G degradation was also mediated by enhancing its
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ubiquitination, the precise mechanisms for the enhance-
ment of ubiquitination by inflammatory stimuli remain to
be elucidated. Nonetheless, because inflammation-induced
miRNA functional impairment may be more common than
expected, its pathologic roles are worth testing in various
inflammatory diseases.

There are several limitations to our study. Because there
is no appropriate method at present to examine miRNA
function comprehensively, we primarily tested the function
of specific miRNAs, such as LET7 and MIR185, as repre-
sentatives, which were selected based on their involvement
in colon carcinogenesis.s“‘57 However, chronic inflamma-
tion theoretically reduces global miRNA loading into Ago2-
related RISCs, which could not be tested. Similarly, the
affected mRNAs and intracellular signaling pathways by
miRNA functional impairment were determined using cells
with reduced expression of Dicer protein. While global
miRNA expression is reduced in these cells, which theoret-
ically resembles the state of global impairment of miRNA
functions by inflammation, there remains the possibility that
other factors are also involved in this experimental condi-
tion. Technical innovations are needed for precise deter-
mination and further examination of the changes in global
miRNA functions.

While there are dozens of mouse models resembling
human IBD, no single model completely reproduces all of
the pathologic features of human IBD.’® In this study, we
used 2 different mouse models, IL10-deficient mice as a
genetically engineered model and DSS-induced colitis as a
chemically induced model, to test the preventative effects of
ROCK inhibitor on inflammation-associated tumorigenesis.
However, whether we can directly apply the results ob-
tained from these mouse models to human IBD cases is still
unknown.

In summary, we propose that attenuation of global
miRNA function in chronic inflammation contributes to
inflammation-associated colon tumorigenesis. From these
results, manipulation of global miRNA activity may be useful
for preventing inflammation-associated tumorigenesis, such
as ulcerative colitis—associated tumorigenesis. Because
fasudil, a ROCK inhibitor that we used here to enhance
miRNA function,”” is currently used clinically to treat
cerebral vasospasm,”” it may be applicable to prevent
tumorigenesis in ulcerative colitis patients as drug reposi-
tioning. Further, determining the effects of combinatorial
therapy of anti-inflammatory drugs and ROCK inhibitors on
inflammation-associated tumorigenesis, as well as eluci-
dating biomarkers to predict patient groups who will
respond to such preventive methods, will also be interesting.
Future experimental and clinical trials should test the effi-
cacy of pharmacologic augmentation of miRNA function for
preventing inflammation-associated tumorigenesis.

Supplementary Material

Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at http://dx.doi.org/10.1053/
j.gastro.2016.10.043.
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