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microRNA-18a induces apoptosis in colon cancer cells via the
autophagolysosomal degradation of oncogenic heterogeneous

nuclear ribonucleoprotein Al

M Fujiya', H Konishi', MK Mohamed Kamel', N Ueno, Y Inaba, K Moriichi, H Tanabe, K Ikuta, T Ohtake and Y Kohgo

It is well known that microRNAs. (miRs) are abnormally expressed.in various cancers and target the messenger RNAs (mRNAs) of
cancer-associated genes. While (miRs) are abnormally expressed in various cancers, whether miRs directly‘target oncogenic proteins
is unknown. The present study investigated the inhibitory effects of miR-18a on colon cancer progression, which was considered to-
be mediated through its direct binding and degradation of heterogeneous nuclear nbonucieoprotem Al (hnRNP Al). An MTT assay
and xenograft model demonstrated that the transfection of miR-18a induced apoptosns in SW620 cells. A bmdmg assay revealed
direct binding between miR-18a and hnRNP A1 in the cytoplasm of SW620 cells, which mhlb!ted the oncogemc functions of hnRNP
A1. A competitor RNA, WhICh mc!uded the complementary sequence of the regmn of the mtR-TSa hnRNP Al binding site, repressed
the effects of miR-18a on the induction of cancer cell apoptosis. n vitro.single and in vivo double isotope assays demonstrated that
miR-18a induced the degradation of hnRNP A1. An immunocytochemical study of hnRNP A1 and LC3-ll and the inhibition of
autophagy by 34methyladenine and ATG7, p62 and BAG3 siRNA showed that miR-18a and hnRNP A1 formed a complex that was
degraded through the autophagolysosomal pathway. This is the first report showing a novel function-of a miR in the
autophagolysosomal degradation of an oncogenic protein resulting from the creation: of a complex cons:stmg of the m!R and a

RNA-binding protein, which suppressed cancer progressmn

Oncogene (2014) 33, 4847-4856; doi:10.1038/0nc.2013 429 pubhshed onhne 28 October 2013
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INTRODUCTION

Colon cancer is one of the most common causes of cancer-related
death in both eastern and western counttries. The etiology of colon
cancer is associated with genetic and epigenetic abnormalities,
including mutations of the k-ras, p53 and Apc genes, as well as
hypermethylation of the p16 and DNA mismatch repair genes.'™
Conversely, recent studies have proposed that, in addition to
these DNA abnormalities, the abnormal expression of non-coding
RNAs, which account for 97% of all non-ribosomal RNAs in
eukaryotes, is also involved in the pathogenesis of tumors.® Non-
coding RNAs do not code for amino acid sequences, but instead
post-transcriptionally regulate the expression of proteins.”
MicroRNA (miR) are a type of Non-coding RNAs, are short (20—
23-nucleotide), endogenous and single-stranded RNA sequences
found in almost all eukaryotic cells®® miRs bind to messenger
RNAs (mRNAs) based on their sequence complementarity and
regulate the translation of target mRNAs.®'* Some miRs,
including miR-15 and -16, let-7 and the miR-17-92 cluster,'>™"®
are abnormally expressed in tumor cells in various organs,
including the colon, and function as suppressors or enhancers of
tumor progression. It is thought that miRs regulate the translation
of the mRNAs of tumor-related proteins by binding to the mRNAs,
as exemplified by the downregulation of MYC by let-7a in
lymphoma cells'® and let-7a in hepatocellular carcinoma and
breast cancer cells.***' The targets of each miR appear to be
dependent on the organ and histological type of cancer.

miR-18a is highly expressed in several cancer cell types and is
thought to be a tumor suppressor.2>?* The targets of miR-18a have
been reported to be the mRNAs of the estrogen receptors in
hepatocellular carcinoma® and dicer in bladder cancer.?” However,
the target of miR-18a in colon cancer has not been ldenttﬁed
although miR-18a is highly expressed in colon cancer cells.?®

Conversely, a recent investigation proposed that miR may
regulate the protein function without modifying the translation of
the mRNA.2* The authors of that study showed that miR-328 directly
binds to heterogeneous nuclear ribonucleoprotein (hnRNP) E2, an
RNA binding protein, and inhibits the function of hnRNP E2, leading
to the destabilization of the mRNA for CCAAT/enhancer-binding
protein alpha in leukemic blasts. This suggests that miRs can inhibit
the function of target proteins, particularly RNA-binding proteins
(such as those of the hnRNP family), by directly binding to the
proteins without influencing the translation of the mRNA. However,
the role of the direct binding between proteins and miRs on the
physiological function of cells is unclear. We hypothesized that
some miRs inhibit the progression of cancer cells by directly binding
1o RNA-binding proteins, such as hnRNPs, which possess oncogenic
properties, and inducing the degradation of these proteins.

This study demonstrates that miR-18a induces the apoptosis of
colon cancer cells by directly binding to oncogenic hnRNP A1,which
has a binding site for miR-18a>*® and leads to the evasion of
cancer cell apoptosis, followed by the autophagolysosomal
degradation of the protein.
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RESULTS

Ov”erexpression of miR-18a induces the apoptosis of colon cancer
cells

A real-time PCR analysis showed that miR-18a is endogenously
expressed in human colon cancer tissues (Supplementary
Figure 1A) as well as all colon cancer cell lines examined,
including Caco2/bbe, HT29, H(T-116, SKCO-1, SW480 and -620
cells (Supplementary Figure 1B). Double-stranded miR-18a was
transfected into colon cancer cell lines to examine the effects of
the overexpression of miR-18a on colon cancer progression. A
significant augmentation of the miR-18a expression was detected
in all cell lines, particularly in the SW620 and HCT116 cells
(Supplementary Figure 2), while miR-18a* the complimentary
strand of miR-18a, did not increase the level of apoptosis after its
transfection into SW620 cells (Supplementary Figure 3). To
examine the relationship between cell viability and miR-18a
expression, the MTT assay was performed in SW620 and HCT116
cells with up- or downregulated expression of miR-18a. The MTT
assay showed that, while there were no changes in the cell density
between the miR-18a overexpressing cells and the control cells
within 48 h, the cell density was significantly decreased in the miR-
18a-overexpressing cells in comparison to the levels observed in
the control 72 and 96h after transfection into SW620 cells.
Conversely, in miR-18a-knockdown cells, the cell viability was not
changed in comparison to that of the control at any of the time
points in SW620 cells (Figure 1a, (Supplementary Figure 4). The
cell viability was significantly decreased in miR-18a-overexpres-
sing HCT116 cells and significantly increased in miR-18a-knock-
down HCT116 cells (Figure 1b).

To assess the in vivo impact of the miR, a suspension of 1 x 10°
SW620 cells was injected into the backs of nude mice to generate
a xenograft model in order to confirm the suppressive effects of
miR-18a overexpression on colon cancer progression. Double-
stranded miR-18a or control RNA inserted in a Sendai virus
envelope was injected every day into the tumors beginning the
day after implantation of the cells, and the tumor sizes were
measured. Figure 1c shows that the increase in the size of the
tumors in the miR-18a-injected group was almost completely
suppressed (1.1-fold), while the tumors in the control group
increased in size by 1.6-fold. Moreover, SW620 cells that stably
overexpressed miR-18a or a control vector were injected into nude
mice using the same methods. The tumor size increased rapidly in
the mice injected with SW620 cells treated with the control vector,
but not in the cells stably overexpressing miR-18a (Figure 1d).

Immunocytochemical staining showed the Ki-67 expression to
not be significantly different between the miR-18a-overexpressing
cells and control cells (Supplementary Figure 5). TUNEL staining
showed that there was a significant increase in the number of
TUNEL-positive miR-18a overexpressing cells compared to the
control and miR-18a knockdown cells (Figure 1e).

A western blotting analysis also showed that the expression
levels of cleaved caspases —3, —9 and PARP were significantly
increased in the miR-18a-overexpressing cells in comparison to
the level observed in the control cells (Figure 1f). The cell
population in each phase of the cell cycle was examined using
flow cytometry. A telomere length assay revealed that the
telomere length was shorter in the miR-18a-overexpressing cells
than in the control cells (Supplementary Figure 6). Therefore, the
overexpression of miR-18a inhibited colon cancer progression by
inducing the apoptosis of the cancer cells.

miR-18a induces cancer cell apoptosis by suppressing hnRNP A1

It has been hypothesized that miR-18a targets oncogenic proteins,
particularly members of the hnRNP family, a group of RNA-binding
proteins.®® hnRNP A1 possesses binding sites for miR-18a;>>%°
therefore, hnRNP Al was the focus of the subsequent

experiments. Real-time PCR showed that the mRNA for hnRNP
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A1 is highly expressed in colon cancer tissues and cell lines®’
(Supplementary Figures 7A-C). To determine whether the effects
of miR-18a on the suppression of cancer cell progression were
dependent on the expression of hnRNP A1, SW620 cells were
transfected with miR-18a with or without hnRNP A1 siRNA.
Targeting hnRNP A1 with siRNA inhibited cancer cell progression.
Notably, the inhibitory effect induced by miR-18a was repressed in
the cells transfected with the hnRNP A1 siRNA (Figure 2a).
A competitor RNA with a complimentary sequence to the binding
site of miR-18a to hnRNP A1 negated the cancer cell apoptosis
induced by the overexpression of miR-18a (Figure 2b).

It is known that hnRNP A1 stabilizes the mRNAs of cyclin D1 and
CTGF, while increasing the expression levels of these molecules,
which are associated with the evasion of apoptosis.*®*?° The
expression levels of cyclin D1 and CTGF were therefore examined
to determine whether the overexpression of miR-18a inhibits the
function of hnRNP A1. Figure 2c shows that the cyclin D1 and
CTGF expression levels were significantly decreased in the SW620
cells overexpressing miR-18a. The competitor RNA repressed the
downregulation of cyclin D1 and CTGF (Figures 2d and e).
Conversely, the overexpression of miR-18a did not change the
translation of the mRNAs encoding cell growth- and apoptosis-
associated molecules, which were selected based on previous
reports and were estimated targets of mRNAs in an analysis of
microRNA sequences using a software program (Targetscan,
http://www.targetscan.org/vert_50/)(Supplementary Figure 8).
These findings indicate that the miR-18a-induced apoptosis of
cancer cells is mediated by the creation of a complex between
miR-18a and hnRNP AT.

miR-18a binds to hnRNP A1 in the cytoplasm of colon cancer cells

A binding assay demonstrated the ratio of miR-18a bound to
hnRNP A1 in cell lines, including HEK 293, Caco2/bbe, HT29,
HCT116, SKCO-1, SW480 and -620 cells. The HEK 293 cells were
selected as non-cancer cells. The ratio of binding between miR-
18a and hnRNP A1 varied in these cell lines. Approximately 8%
and 30% of all miR-18a were bound to hnRNP A1 in the SW620
and HCT116 cells, respectively, while 58% of the endogenous miR-
18a was bound to hnRNP A1 in the HEK cells. The binding
between miR-18a and hnRNP A1 was increased 5.5-fold and 7-fold
in the miR-18a-overexpressing SW620 and HCT116 cells, respec-
tively (Figure 3a).

FITC-labeled miR-18a was transfected into the SW620 cells to
assess the interaction between this protein and hnRPN Af1.
A western blotting analysis with immunoprecipitation and a
binding assay showed that FITC-labeled miR-18a bound to hnRNP
A1 was detected primarily in the cytoplasm of the SW620 cells
(Figures 3b and c and Supplementary Figure 9). These findings
suggest that miR-18a directly binds to hnRNP A1 in the cytoplasm
of colon cancer cells.

miR-18a induces the degradation of hnRNP A1

The hnRNP A1 expression was assessed by a western blotting
analysis at 3, 6, 24, 48, 72 and 96 h after transfection with miR-18a
to determine whether the hnRNP A1 expression was changed by
the binding to miR-18a. The hnRNP A1 expression was signifi-
cantly decreased at 72 and 96 h after miR-18a transfection, while
no changes in the hnRNP A1 expression were observed within
48h (Figure 4a). Notably, the decreased expression of the hnRNP
Al protein induced by the overexpression of miR-18a was
repressed by treatment with the competitor of miR-18a at 72h,
suggesting that the decreased expression of hnRNP A1l is
mediated by the creation of a complex between miR18a and
hnRNP A1 (Figure 4b). The mRNA level of hnRNP A1 was not
decreased at 3, 8, 24, 48, 72 or 96h (Figure 4c). Similarly, a
xenograft model demonstrated that the expression of hnRNP A1l
proteins, but not mRNA, was significantly lower in the tumors

© 2014 Macmillan Publishers Limited
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Figure 1. The overexpression of miR-18a induces the apoptosis of colon cancer cells. An MTT assay revealed that the number of live SW620
cells was significantly lower in the miR-18a overexpression group than in the control group at 72 and 96 h after transfection (n =5) (a). An MTT
assay showed that the viability of HCT116 cells was significantly lower in the miR-18a overexpression group and higher in the miR-18a siRNA-
treated group than in the control group at 72 and 96 h after transfection (n = 5) (b). The xenograft model showed that the enlargement of the
tumors in the miR-18a-injected group was almost completely suppressed (1.1-fold), while the tumors in the control group were enlarged as
much as 1.6-fold (n=6) (c). miR-18a stably-overexpressing and control SW620 cells were used to generate another xenograft model. The
model showed that the tumor size was significantly smaller in the xenografts from SW620 cells stably overexpressing miR-18a than in the
tumors generated from control cells (d). TUNEL staining showed the level of apoptosis to increase in the SW620 cells transfected with miR-18a
in comparison to that in the cells transfected with scramble RNA (e). A western blotting showed analysis that the cleaved caspase-3, -9 and
PARP expression levels were significantly higher in the SW620 cells transfected with double-stranded miR-18a (n=3) (f). *P<0.05, **P<0.01.

injected with double-stranded miR-18a than in those injected with
control RNA (Figure 4d). Therefore, miR-18a post-transcriptionally
decreases the protein expression of hnRNP A1 by binding to
hnRNP AT1.

Next, the degradation rate of hnRNP A1 was assessed using
single and double isotope studies to determine whether miR-18a

© 2014 Macmillan Publishers Limited

induces its degradation. A single isotope study showed that the *H
activity was significantly lower in SW620 cells transfected with
double-stranded miR-18a than in control cells at 72 to 96 h after
transfection (Supplementary Figure 10). An in vivo double isotope
study confirmed that the *H/'C ratio was significantly lower in
mice transfected with double-stranded miR-18a than in those
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Figure 2. miR-18a induces cancer cell apoptosis by binding to hnRNP A1 and suppressing its functions. A MTT assay revealed that the
overexpression of miR-18a inhibited cancer cell progression, and a siRNA targeting hnRNP A1 also inhibited cancer cell progression. The
inhibitory effect of miR-18a on cancer cell progression was negated in the cells transfected with the hnRNP A1 siRNA (n = 5) (a). A competitor
RNA with a complimentary sequence to the binding site of miR-18a to hnRNP A1 repressed the apoptosis induced by the overexpression of
miR-18a (b). The expression levels of cyclin D1 (n =4) and CTGF (n = 3), which were upregulated by hnRNP A1, were significantly decreased in
SW620 cells overexpressing miR-18a. The upper figure shows western blots and the lower one shows the results of the densitometry
analysis (¢). The competitor RNA negated the downregulation of cyclin D1 (n=4) (d) and CTGF (n=4) induced by the overexpression of
miR-18a (e). *P<0.05, #*P<0.01.

injected with control cells, suggesting that miR-18a induces the autophagolysosomal degradation,®’ also negated the decrease in
degradation of the hnRNP A1 protein (Figure 4e). the hnRNP A1 expression induced by miR-18a (Figure 5f,
Supplementary Figure 12).
To examine whether normal cells possess a mechanism leading

The degradation of hnRNP AT by miR-18a is mediated by to the autophagosomal degradation of hnRNP A1 via binding with
autophagy miR-18a, we performed a binding assay and a Western blotting
The ubiquitination of hnRNP A1 bound to miR-18a was evaluated analysis in HEK293 cells. The binding assay showed that 58% of
using a Western blotting analysis to examine the mechanisms the endogenous miR-18a bound to hnRNP A1 (Figure 3a). The
underlying the degradation of hnRNP A1 by miR-18a. The western blotting analysis showed that miR-18a downregulates
ubiquitinated hnRNP A1 band was significantly increased in the hnRNP AT, and this function of miR-18a is diminished by the
miR-18a-overexpressing cells at 72 and 96 h in comparison with knockdown of autophagy-related genes, such as ATG7 and p62, in
that observed in the control cells, while no changes were HEK293 cells (Supplementary Figure 13). These results indicate
observed in the higher molecular bands in any group that miR-18a-bound hnRNP A1 is selectively degraded by the
(Figure 5a). This suggests that the ubiquitination of hnRNP A1 is autophagosomal pathway in cancer cells, as well as in normal
augmented by miR-18a overexpression, and that this leads to the cells.
subsequent proteasomal or lysosomal degradation of the protein.
We then confirmed that 3-methyladenine, an inhibitor of
autophagy, negated the effects of miR-18a overexpression on
the hnRNP A1 expression (Figure 5b). In contrast, MG132, an  DISCUSSION
inhibitor of the proteasome, did not affect the expression of The present study demonstrated that miR-18a inhibits colon
hnRNP A1 (Supplementary Figure 11). cancer progression through the induction of cancer cell apoptosis.

An immunocytochemical study demonstrated the coexpression The antitumor effect of miR-18a was repressed by the treatment of
of hnRNP A1l and LC3-l, a component of autophagosomes cells with a competitor for the miR-18a-hnRNP AT interaction and
(Figure 5¢). A western blotting analysis with immunoprecipitation by the inhibition of the autophagolysosomal pathway with a
showed that FITC-labeled miR-18a formed a complex with LC3-lI specific inhibitor or with siRNAs targeting ATG7, p62 and BAG3,
and hnRNP A1 (Figure 5d). A siRNA targeting ATG7, which is also a thus indicating that the effect of miR-18a is due to its interaction
mediator of the creation of autophagosomes, repressed the with oncogenic hnRNP A1, and the subsequent induction of the
downregulation of hnRNP A1 induced by miR-18a (Figure 5e). autophagolysosomal degradation of the protein. These data
Treatment of cells with siRNAs against both p62, a well-known suggest that miRs can exert inhibitory effects on cancer
molecule that selectively brings ubiquitinated proteins to progression by inducing the degradation of oncogenic proteins
autophagosomes,®® and BAG3, which is required to process (Figure 6).

Oncogene (2014) 4847 - 4856 © 2014 Macmillan Publishers Limited
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Figure 3. miR-18a binds to hnRNP AT in the cytoplasm of colon cancer cells. The cells and tissues were lysed and immunoprecipitated using IgG
and hnRNP A1 antibodies. RNA was extracted and the miR-18a expression was measured using real-time PCR (a binding assay). The assay
showed that the ratio of binding between miR-18a and hnRNP A1 varied by cell line. Approximately 8% and 30% of miR-18a molecules were
bound to hnRNP A1 in the SW620 and HCT116 cells, respectively, while 58% of miR-18a was bound to hnRNP A1 in HEK 293 cells (a). The
proteins in the nucleus and cytoplasm of SW620 cells transfected with FITC-labeled miR-18a were separately extracted and immunoprecipitated
with anti-FITC antibodies. The expression of hnRNP A1 was examined by a western blot analysis. The upper blot was detected by a western blot
analysis with immunoprecipitation by anti-hnRNP antibodies. The lower blot was detected with immunoprecipitation by anti-FITC antibodies.
The hnRNP A1 bound to miR-18a was primarily expressed in the cytoplasm of SW620 cells (b). A binding assay showed that the FITC-labeled

miR-18a bound to hnRNP A1 was primarily detected in the cytoplasm of SW620 cells (¢). (n=3) *P<0.05.

miRs generally function by controlling the translation of mRNAs
in cancer cells. For example, let-7a inhibits the translation of MYC
mRNA in lymphoma cells.'® miR-107, -22, -143, -34a and -21 target
the mRNAs of HIF-1,%2 p21°® metastasis-associated in colon
cancer-1* fos-related antigen 1,°° and transforming growth
factor beta receptor 2°¢ in colon cancer cells, respectively. The
mRNA of estrogen receptors is targeted by miR-18a in
hepatocellular carcinoma cells,?® breast cancer cells?' and dicers
in bladder cancer cells;** however, the target of miR-18a in colon
cancer had not been identified, although miR-18a is highly
expressed in colon cancer cells.®® Recently, Eiring et al.?* proposed
the possibility that miRs directly bind to target proteins and inhibit
the protein functions and concluded that miRs can target not only
mRNAs but also proteins. However, the role of binding between
miRs and hnRNPs in cancer progression and the fate of the miR-
hnRNP A1 complex have not yet been clarified. The present study
demonstrated, for the first time, that the binding between
miR-18a and hnRNP A1 is a trigger for the ubiquitination and
degradation of oncogenic hnRNP A1 via the autophagolysosomal
pathway. Therefore, the overexpression of miR-18a is thought to
continuously, not temporally, inhibit the oncogenic function of
hnRNP A1. No therapeutic strategies for treating colon cancers
by targeting hnRNPs have thus far been established. However,
miR-18a transfection is a feasible option for treating colon cancers,
and possibly other types of cancers in which hnRNP A1 is
upregulated.

The present study showed that transfected miR-18a is bound to
hnRNP AT in the cytoplasm of colon cancer cells. Most hnRNP A1
is expressed in the nucleus in normal epithelia, binds to pri-miR-
18a and contributes to the maturation of miR-18a.*> Mature miR-
18a is then transported from the nucleus to the cytoplasm, where

© 2014 Macmillan Publishers Limited

it controls the translation of mRNAs. The present study suggests
that when the hnRNP A1 expression is increased in normal cells,
the maturation of miR-18a is promoted in the nucleus, and the
increased mature miR-18a is thereafter transported to the
cytoplasm, where it degrades the overexpressed hnRNP A1l. This
appears to be a feedback system between miRs and hnRNPs,
Conversely, this feedback system is thought to be impaired in
cancer cells because hnRNPs, including hnRNP A1, -I and K, are
highly expressed in the cytoplasm of colon cancer cells,
particularly in metastatic lymph nodes. The excess expression of
cytoplasmic hnRNPs appears to promote with the malignant
behavior of colon cancer®” Accordingly, mature miR-18a is
thought to create a complex with excessively-expressed hnRNP
A1l in the cytoplasm and inhibits its function by inducing
autophagolysosomal degradation. The present study also
showed that, while the expression levels of both miR-18a and
hnRNP A1 are increased in colon cancer cells, the transfection of
mature miR-18a still inhibits cancer progression by inducing
apoptosis both in vitro and in vivo. Our binding assay showed that,
in colon cancer cells (SW620 cells), only 8% of the miR-18a
molecules are bound to hnRNP A1, whereas 58% of endogenous
miR-18a in HEK 293 cells was present in a complex with hnRNP AT,
suggesting that a large amount of free hnRNP A1 is present in the
cytoplasm and exerts its oncogenic functions in cancer cells by
binding to target mRNAs. Transfection of miR-18a increased the
miR-18a-hnRNP A1 complex 6-fold, thereby inhibiting the
oncogenic functions of hnRNP A1.

The present study proposes that miR-18a induces the degrada-
tion of hnRNP A1 through the autophagolysosomal pathway. It
has recently been shown that miR-18a upregulated the autophagy
and gene expression of ataxia telangiectasia mutated, which
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Figure 4. miR-18a induces the degradation of hnRNP A1. The expression of hnRNP A1 was assessed by a western blotting analysis at 24, 48, 72
and 96 h after transfection of the cells with miR-18a. The hnRNP A1 expression was significantly decreased at 72 and 96 h after miR-18a
transfection (n = 3) (a). The decreased expression of hnRNP A1 proteins induced by the overexpression of miR-18a was negated by treatment
with the competitor of miR-18a (n = 3) (b). The hnRNP A1 mRNA level did not decrease at 3, 8, 24, 48, 72 or 96 h after transfection with miR-18a
(n=3) (c). A xenograft model showed that the expression of miR-18a was increased (left) and the expression of hnRNP A1 protein was
decreased (center) in the tumors injected with double-stranded miR-18a, in comparison to that observed in the tumors injected with control
RNA, while the hnRNP A1 mRNA level was not significantly different in these groups (right) (n = 3) (d). The mice were injected with 100 uCi of
[PHl-glycine 3 h after transfection of the expression vector for hnRNP A1 and/or double-stranded miR-18a. The mice were again injected with
an expression vector for hnRNP A1 72 h later. The mice were injected with 12.5 pCi of [14C]-glycine 3 h later and then were killed after an
additional 3 h. Protein samples obtained from the intestines were immunoprecipitated with hnRNP A1 antibodies, and the radioactivity was
measured (a double isotope study). This assay showed that the *H/"*C ratio was significantly lower in the mice transfected with double-
stranded miR-18a than in those injected with the control cells (n = 3) (e). *P<0.05, **P<0.01.
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Figure 5. Autophagy mediates the degradation of hnRNP A1 by miR-18a in colon cancer cells. A western blotting analysis revealed that
ubiquitinated hnRNP A1 band was significantly increased in miR-18a-overexpressing cells in comparison to that observed in the control cells
at 72 and 96 h, while there were no significant differences in the intensities of the higher molecular bands between the groups (n=3) (a).
3-methyladenine, an inhibitor of autophagy, repressed the inhibitory effects of miR-18a overexpression on the expression of hnRNP A1
(n=3) (b). Immunocytochemistry demonstrated the coexpression of hnRNP A1 and LC3-ll, a component of autophagosomes (n=3) (c). A
western blotting analysis using immunoprecipitation with anti-FITC antibodies in SW620 cells transfected with FITC-labeled miR-18a showed
that miR-18a formed a complex with hnRNP A1 and LC3-ll, an essential component of the autophagy process (n==6) (d). Treatment with a
SiRNA targeting ATG7, an essential mediator of the creation of autophagosomes, repressed the effects of miR-18a on the downregulation of
hnRNP A1 (n=3) (e). The treatment with a siRNA targeting p62, which selectively brings ubiquitinated proteins to autophagosomes, also
repressed the decrease in the hnRNP A1 expression induced by miR-18a (n = 3) (left). This also occurred following treatment with a siRNA
targeting BAG3, which is required for the process of autophagolysosomal degradation (n=3) (right) (f). *P<0.05, **P<0.01.

enhanced the autophagy process>® Taken together, these well as by enhancing the autophagy pathway itself. miR-18a is
findings suggest that miR-18a induces the degradation of therefore considered to be a multifunctional molecule which
oncogenic hnRNP A1 by forming a complex with the protein, as regulates both gene expression and protein degradation.

© 2014 Macmillan Publishers Limited Oncogene (2014) 4847 -4856

- 316 —



miR-18a induces apoptosis by inhibiting hnRNPA1
M Fujiya et al

telomere
elongation

&

prevent-
apoptosis of
colon cancer
cells

! miR-18a
miR-lSa//

miR-18a

autophagosome

Induce apoptosis
of colon cancer cells

Figure 6. A scheme of the miR-18a-mediated pathway that induces the apoptosis of colon cancer cells. miR-18a inhibits colon cancer progression
by inducing cancer cell apoptosis by binding to oncogenic hnRNP A1 and inducing the autophagolysosomal degradation of the protein.

In summary, the current study proposed a novel function of
miR-18a in the inhibition of colon cancer progression via the
binding and downregulation of oncogenic hnRNP A1l in the
cytoplasm. This function is considered to be reproducible for other
miRs, thus providing new insights into the eventual development
of new therapeutic strategies to treat various malignancies in
which hnRNPs are associated with tumor progression.

MATERIALS AND METHODS
Human intestinal epithelia

Biopsy specimens of normal mucosa were obtained from the colons of
patients with colon cancer during colonoscopy. Written informed consent
was obtained from all patients, and the ethics committee of Asahikawa
Medical University gave its approval for this study.

Cell culture

Human colon cancer cell lines, Caco2/bbe, HT-29, SKCO-1, SW480 and
SW620, were purchased from the ATCC and grown in high-glucose
Dulbecco’s Modified Eagle’s Medium (Caco2/bbe, HT-29, SKCO1) or Roswell
Park Memorial Institute 1640 (SW480 and SW620) supplemented with 10%
(vol/vol) fetal bovine serum, 2mm of L-glutamine, 50 U/ml of penicillin,
50 ng/ml of streptomycin and 10 ug/ml of transferrin (all purchased from
Invitrogen/GIBCO, Grand Island, NY, USA) in a humidified atmosphere of
5% CO,. The cells were plated on 6- or 12-well plates at a density of
10° cells/cm?.

Protein extraction

The total proteins were extracted from samples using a Mammalian Cell
Extraction Kit (BioVision, Mountain View, CA, USA). The cells were lysed for
immunoprecipitation using Buffer A (10 mm of Tris-Cl, pH 7.9, 60 mm of KC,
1 mm of EDTA and 1 mm of dithiothreitol) containing 0.1% Nonidet P-40,
1 mm of phenylmethylsulfonyl fluoride and a complete protease inhibitor
(Roche Molecular Biochemicals, Indianapolis, IN, USA). To obtain proteins
from the cytosolic organelles, the cells were lysed in gradient buffer
(0.25M sucrose, 20mm of HEPES (pH 7.0), 0.02% sodium azide and a
complete protease inhibitor) and then homogenized using a needle. The
cell suspensions were centrifuged for 5min at 1200rp.m., and the
supernatants were harvested as cytosolic organelle samples. The cells were
lysed using cytosol lysis buffer (10 mm of HEPES-KOH (pH 7.8), 10 mm of KCl,
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0.1 mm of EDTA, RNase inhibitor (Applied Biosystems, Foster City, CA, USA,
40 units/ml) and complete protease cocktail) and nucleus lysis buffer
(50 mm HEPES-KOH (pH 7.8), 420 mM of KCl, 0.1 mm of EDTA, 5 mm of MgCl,,
20% Glycerol, RNase inhibitor (40 units/ml) and complete protease cocktail)
in order to separately extract the proteins from the cytosol and nucleus.
The cells were washed with PBS and lysed in cytosol lysis buffer before
being subjected to five minutes of incubation, followed by five minutes of
centrifugation at 1200r.p.m., and the supernatants were harvested. The
pellets were then resuspended in cytosol lysis buffer and centrifuged
again. Finally, the pellets were gently resuspended in nuclear lysis buffer
and used as the nucleoplasmic fraction.

Inhibitors

MG132 (ENZO Life Science Inc., Farmingdale, NY, USA) or 3-Methiladenine
(R&D systems, Minneapolis, MN, USA) was used to inhibit the proteasomal
or autophagosomal degradation of proteins, respectively.

Plasmids, RNAs and transfections

cDNA was obtained using reverse transcription (RT)-PCR of SW620 cells
with a high-capacity cDNA reverse transcription kit (Applied Biosystems).
hnRNP A1 DNA was amplified using PCR with a primer set in which the
5 end of the upstream region contained the Nhel restriction site, and
the downstream region contained the Bam H! restriction site (sense,
5'-agtcagctagecttcaccctgecgteatg-3/, anti-sense, 5'-agtcaggatcccctgctaag
ctttgtttee-3’). The Nhel/Bam H! digested PCR product was cloned into the
multicloning site of the pIRES puro2 vector (CLONTECH Laboratories, Inc.,
Mountain View, CA, USA). RNAs were synthesized by Hokkaido System
Science Co., Ltd. The nucleotide sequences of the miR-18a duplex were:
sense, 5'-uaaggugcaucuagugcagaua-3’ and antisense, 5’-acugcccuaagug-
cuccuucu-3'. A negative control with a scrambled miRNA sequence was
prepared by annealing two synthetic RNAs: sense, 5'-uacguacuaucgcgcg-
gau-3’ and antisense, 5'-auccgcgcgauaguacgua-3’. siRNAs for hnRNP A1
and BAG3 and siRNAs for ATG7 and SQSTM1/p62 were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA) and Cell Signaling
Technology, Inc. (Danvers, MA, USA) respectively. The cells were seeded 24 h
prior to transfection, and transfection was performed using the HVJ Envelope
VECTOR KIT (Ishihara Sangyo, Osaka, Japan).

Lentiviruses and infections

The lentivirus containing the whole sequence of the target microRNA
(control and miR-18a) was purchased from Applied Biological Materials,
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Inc. (Richmond, BC, Canada) Cells were grown in culture media containing
polybrane (Santa Cruz Biotechnology) with the lentivirus vector and were
selected in media containing 5 pug/ml puromycin. Cells with the lentivirus
vector containing the whole sequence of the target microRNA were used
for the xenograft model.

Immunoprecipitation

Each lysate sample was immunoprecipitated using 1gG, hnRNP A1 or FITC
antibodies (1 jig each), then 30l of protein G Sepharose 4 Fast Flow (GE
Healthcare, Buckinghamshire, UK) was added. The mixtures were
incubated overnight at 4°C, washed three times with PBS and boiled in
Laemmli buffer to extract the proteins.

Western blot analyses

Equal amounts of protein were resolved using SDS-PAGE (12.5%), blotted
onto a nitrocellulose membrane and then blocked in PBS with 0.05% (vol/
vol) Tween 20 (T-PBS) containing 1% (wt/vol) bovine serum albumin. The
blot was incubated overnight at 4°C with primary antibodies. The
monoclonal antibodies against hnRNP A1 (Novus Biologicals, Littleton,
CO, USA), RUNX 1 (Novus Biologicals), FITC (Novus Biologicals), ATG7 (Cell
Signaling Technology), cyclin D1 (Santa Cruz Biotechnology), cyclin D2
(Abcam, Tokyo, Japan), NEDD9 (Abcam), estrogen receptor o (Abcam) and
CD166 (Abcam), and the polyclonal antibodies against SQSTM1/p62
(Novus Biologicals), IGF1 (Abcam), BAG3 (Abnova), LC-3 (Medical &
Biological Laboratories co., Ltd, Nagoya, Japan) and PTP4A3 (Abcam) were
used as primary antibodies. The blots were then washed in T-PBS,
incubated with a HRP-conjugated secondary antibody (R&D Systems),
washed in T-PBS and then developed using either the Super-Signal West
Pico or the femto enhanced chemiluminescence system (Thermo science,
Waltham, MA, USA). The average protein expression was normalized to the
actin expression (BD transduction laboratories, Lexington, KY, USA).

Real-time PCR

Total RNA was extracted using an RNeasy mini kit (Qiagen, Tokyo, Japan)
according to the manufacturer's instructions. The mRNAs were reverse
transcribed using a high-capacity cDNA reverse transcription kit (Applied
Biosystems). The gene expression was measured using specific primers
(hnRNP A1: sense, 5'-tcgtcagcttgctecttictg-3/, anti-sense, 5’-atgacggcag
ggtgaagaga-3', tagman probe, 5'-ccgccgaagaagcategttaaagt-3’; CTGF:
sense, 5'-tgtgtgacgagcccaagga-3’, anti-sense, 5'-tctgggcecaaacgtgtcttc-3/,
tagman probe, 5'-tggttgggcctgecctcge-3) in triplicate. The average mRNA
expression was normalized to the 185 rRNA expression (Applied
Biosystems).

Binding assay

The cells were lysed using lysis buffer A (10 mm of Tris-Cl, pH 7.9, 60 mm of
KCl, 1mm of EDTA and 1mm of dithiothreitol) containing 0.1% Nonidet
P-40, 1mm of phenylmethylsulfonyl fluoride and complete protease
inhibitors. The lysates were clarified by centrifugation for 10min at
12000r.p.m., and an RNase inhibitor (40 units/ml) was added. The cell
lysates were immunoprecipitated using IgG or hnRNP A1 antibodies (1 ug
each) and 30l of protein G Sepharose 4 Fast Flow. RNA was extracted
from the beads using phenol-chloroform extraction and was reverse-
transcribed using a tagman microRNA reverse transcription kit (Applied
Biosystems). The resulting ¢cDNA was measured using real-time PCR for
hsa-miR-18a (Applied Biosystems).

Immunocytochemistry

The cells were plated on chamber slides, which were fixed in 4%
paraformaldehyde, washed extensively with PBS, permeabilized with 0.1%
Triton X-100 and blocked in 3% BSA in PBS. The slides were then
sequentially incubated with primary antibodies, washed with PBS and
incubated with Alexa 488 and/or 594-conjugated secondary antibodies
(Invitrogen-Molecular Probes, Carlsbad, CA, USA). The nuclei were
counterstained with DAPI (Lonza, Tokyo, Japan). The cells were mounted with
an anti-fade mounting medium, and the immunofluorescence was visualized
using a fluorescence microscope (KEYENCE corporation, Osaka, Japan).

Telomere length assay

The cells were washed with PBS and incubated with lysis buffer (25 mm of
Tris-HCl (pH 8.0), 50 mwm of EDTA (pH 8.0) 1% SDS) 400 pl/sample, 10 mg/mi
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of protein kinase K 10 ul/sample) at 55°C overnight. DNA was extracted
using phenol-chloroform extraction and was dissolved in distilled water.
The telomere length was detected using a TeloTTAGGG telomere length
assay (Roche Applied Science, Penzberg, Germany) according to the
manufacturer’s instructions.

MTT assay

The cells were seeded on 96-well microplates at 1.0 x 10% per well 24h
prior to transfection. The cell growth was assessed using an MTT cell
proliferation kit according to the manufacturer's instructions (Roche
Applied Science). The optical density was measured at a 590nm test
wavelength and a 620 nm reference wavelength.

Radioactive materials
The PPHl-glycine and ["*Cl-glycine were purchased from PerkinElmer,
Japan.

Isotope studies

Each group of cells in the single isotope study was treated with [*H]-
glycine for 24 h. Next, the complex of expression vectors of hnRNP A1 and
double-stranded miR-18a enclosed using the HVJ Envelope VECTOR KIT
was added to the cells. In the other set of experiments, each group of mice
in the double isotope study received vectors encoding hnRNP A1 and
double-stranded miR-18a and were injected with 100 uCi of PHl-glycine
3 h later. Each group was given a booster injection of an expression vector
for hnRNP A1 again after an additional 72 h. Thereafter, the mice were
injected with 12.5 uCi of [14C]-glycine 3 h later, and then killed 3 h after
that. Protein samples were collected from the intestines using lysis buffer A
and were analyzed by immunoprecipitation with hnRNP A1 antibodies. The
radioactivity was measured in a Beckman scintillation spectrometer.

Xenografts

The protocols for the animal experiments were approved by the Asahikawa
Medical University Institutional Animal Care and Use Committee. SW620
cells (1 x 10° cells) were injected into male BALB/c nude mice. Double-
stranded miR-18a or control RNA was transfected daily starting one week
after the injection of SW620 cells for tumor treatment.
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Augmented hepatic Toll-like receptors by fatty acids trigger
the pro-inflammatory state of non-alcoholic fatty liver

disease in mice
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Aim: There is considerable evidence that intestinal
microbiota are involved in the development of metabolic syn-
dromes and, consequently, with the development of non-
alcoholic fatty liver disease (NAFLD). Toll-like receptors (TLRs)
are essential for the recognition of microbiota. However,
the induction mechanism of TLR signals through the gut-
liver axis for triggering the development of non-alcoholic
steatohepatitis (NASH) or NAFLD remains unclear. In this
study, we investigated the role of palmitic acid (PA) in trigger-
ing the development of a pro-inflammatory state of NAFLD.

Methods: Non-alcoholic fatty liver disease was induced in
mice fed a high fat diet (HFD). The mice were killed and the
expression of TLRs, tumor necrosis factor (TNF), interleukin
(IL)-1B, and phospho-interleukin-1 receptor-associated kinase
1 in the liver and small intestine were assessed. In addition,
primary hepatocytes and Kupffer cells were treated with PA,

and the direct effects of PA on TLRs induction by these cells
were evaluated.

Results: The expression of inflammatory cytokines such as
TNF, IL-1B, and TLR-2, -4, -5, and -9 was increased in the liver,
but decreased in the small intestine of HFD-fed mice in vivo. In
addition, the expression of TLRs in primary hepatocytes and
Kupffer cells was increased by treatment with PA.

Conclusion: In the development of the pro-inflammatory
state of NAFLD, PA triggers the expression of TLRs, which
contribute to the induction of inflammatory cytokines
through TLR signals by intestinal microbiota.

Key words: fatty acids, gutiver axis, non-alcoholic fatty
liver disease, pro-inflammatory state, Toll-like receptor

INTRODUCTION

ON-ALCOHOLIC FATTY LIVER disease (NAFLD)

is a form of steatosis with or without inflammation
of the liver, and it is not related to excessive alcohol
intake. NAFLD includes both simple steatosis and non-
alcoholic steatohepatitis (NASH), the latter developing
further into cirrhosis and hepatocellular carcinoma.!
NAFLD is one of the most common liver diseases world-
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wide and is considered to be related to obesity, insulin -
resistance, and metabolic syndrome.?

A two-hit theory has been proposed to explain the
pathogenesis of NASH.? First, simple steatosis is induced
by obesity and insulin resistance. Second, NASH devel-
ops by several hits, including adipocytokines, iron, and
bacterial endotoxins/lipopolysaccharide (LPS) derived
from gram-negative bacteria.*~

Toll-like receptors (TLRs) recognize pathogen- and
endogenous damage-associated molecular patterns
and activate nuclear factor-xB (NF-xB), which induces
pro-inflammatory cytokines/chemokines and type 1
interferon through phosphorylation of interleukin-1
receptor-associated kinase 1 (IRAK1) and IRAK4.” There-
fore, TLRs may play important roles in the activation of
innate immunity. Among TLRs, TLR2, TLR4, TLR5, and

© 2013 The Japan Society of Hepatology
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TLR9 were identified as bacterial recognition receptors
capable of recognizing lipopeptide, LPS, flagellin, and
CpG-DNA, respectively.® Recently it was reported that
TLR signal pathways, the ligands of which are bacterial
components, play an important role in the pathogenesis
of alcoholic liver disease and NASH. In particular,
the association between TLR4 signal pathways and
the development of NASH was investigated.®'*!! More
recently, Miura etal. reported decreased levels of
steatohepatitis and liver fibrosis in TLR9 knockout mice
compared with those in wild-type mice in a choline-
deficient amino acid-defined (CDAA) diet-induced
NASH model.*? In contrast, in TLR2-deficient mice fed
a methionine- and choline-deficient (MCD) diet, an
increased level] of liver injury was noted, suggesting a
potential protective role of TLR2 in fatty liver.®

An increasing proportion of the general population
suffers from obesity, which is an emerging global
problem along with its related disorders such as
metabolic syndrome. Much recent evidence shows that
microbiota are associated with these conditions.’*** In
the intestine, TLRs are typically expressed in the epithe-
lial cells and are involved in the production of immu-
noglobulin A (IgA), maintenance of tight junctions,
proliferation of epithelial cells, and expression of
antimicrobial peptides.”® TLR5, which specifically recog-
nizes flagellin, is involved in promoting the pathophysi-
ology of inflammatory bowel disease.?* While the above
reports suggest that intestinal TLRs play an important
role in innate immunity of the gut, the association
between their role in the small intestine and that in
the development of NASH remains unclear.

The present study was based on hypernutrition and
obesity and evaluated the significance of TLRs and their
signaling in the liver and small intestine using a high-fat
diet {HFD)-induced NAFLD mouse model. In addition,
a gut-sterilized mouse model treated with antibiotics
was used to confirm whether there is an association
between intestinal microbiota and TLR expression.

METHODS

Animal studies

N THE HFD group, 8-week-old male C57BL/6] mice

(Charles River Japan, Tokyo, Japan) were fed a HFD
containing 60% triglycerides with oleic acid (OA), pal-
mitic acid (PA), and stearic acid (Table 1) (F2HFD2;
Oriental Yeast Company, Tokyo, Japan). Control mice
were fed a diet containing 5% triglycerides (MF; Orien-
tal Yeast Company). All mice were maintained under
controlled conditions (22°C; humidity, 50-60%, 12-h

FAs make the pro-inflammatory state of NAFLD 921

Table 1 Composition of fatty acids in control diet and high fat
diet

Control diet (%) High fat diet (%)

Oleic acid No detect 30
Palmitic acid No detect 25
Stearic acid 0.22 16
Palmitoleic acid 0.05 2.0
Myristic acid 0.03 1.5

light/dark cycle) with food and water ad libitum. Mice
from both groups were killed at 4, 8, and 16 weeks for
blood and tissue collection. These animals were fasted
for 10-h before blood and tissue collection. After each
mouse was anesthetized with diethyl ether and weighed,
blood was collected by a cardiac puncture and subse-
quently assayed for biochemical parameters. The liver
and small intestine were dissected, weighed, and frozen
in liquid nitrogen. These samples were used later
for histological and polymerase chain reaction (PCR)
analysis. All experiments were performed in accordance
with the rules and guidelines of the Animal Experiment
Committee of Asahikawa Medical University.

Isolation and primary culture of
hepatocytes and Kupffer cells

Mouse hepatocytes and Kupffer cells were isolated using
a modified collagenase perfusion method.?* Briefly, the
liver was perfused via the portal vein with Ca** and Mg**
free Hank’s balanced salt solution (HBSS(-)) at 39°C
for 5 min at 10 mL/min, followed by HBSS(+) for 5 min
at 10 mL/min supplemented with 0.05% collagenase
(Wako, Tokyo, Japan). The liver was then removed, frag-
mented and vortexed for a few seconds. After filtration
with mesh, the cell suspension was centrifuged at
500 rpm for 1 min. The cells in the pellet were minced
twice and used as primary hepatocytes for culture in
William’s E medium with epidermal growth factor
(5 ug), insulin (5 mg), L-glutamine, penicillin, strepto-
mycin, and 10% fetal bovine serum (FBS). The superna-
tant was centrifuged at 500 rpm for 1 min at three to
four times to remove any remaining hepatocytes. The
supernatant was then minced twice and cultured in
Dulbecco’s modified Eagle’s medium with penicillin,
streptomycin, and 10% FBS. After 60 min, adhesion
cells were used as Kupffer cells.

PA treatment

Isolated hepatocytes and Kupffer cells were treated with
PA. PA complexed with 1% bovine serum albumin

© 2013 The Japan Society of Hepatology
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(BSA) was added to the medium to attain final concen-
trations of 10 uM and 100 uM over 24 h.

Fat droplet evaluation

4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diazas-
indacene (BODIPY 493/503, Invitrogen, Carlsbad, CA,
USA) was added as a lipid probe overnight to the culture
medium and fluorescent images were observed.

Biochemical analyses

Serum alanine aminotransferase (ALT) and free fatty
acids were measured using the Automatic Analyzer
7180 (Hitachi High-Technologies Corporation, Tokyo,
Japan).

Histopathological evaluation

Samples of remaining liver tissue were fixed in 10%
formalin buffer, embedded in paraffin, sectioned, and
stained with hematoxylin and eosin (H&E).

RNA isolation and first strand
complementary DNA synthesis

Total RNA was isolated from the liver, small intestine,
primary hepatocytes, and Kupffer cells using QIAGEN
RNeasy Mini Kit (QIAGEN, Hilden, Germany). RNA
was r1everse-transcribed by RETROscript using Ran-
dom decamers (Ambion, Austin, TX, USA). Detailed
methods were performed according to the manu-
facturers’ instructions.

Primer pairs of TLR-related molecules

Mouse 18stRNA was used as an endogenous amplifica-
tion control. The use of this universally expressed house-
keeping gene allows for correction of variations in the
efficiency of RNA extraction and reverse transcription.
TagMan assays were used for specific primer and probe
sets on TLR2, TLR4, TLR5, TLRY, tumor necrosis factor
(INF), interleukin (IL)-18, and 18stRNA (Applied
Biosystems, Foster City, CA, USA).

Quantitative real-time PCR

The expression of TLR2, TLR4, TLR5, TLRY, IL-1B, and
TNF in mouse liver, small intestine, primary hepato-
cytes, and Kupffer cells was evaluated by quantitative
real-time PCR (qPCR) (7300 Real-time PCR system;
Applied Biosystems). In this method, all reactions were
run in 96-well plates with a total volume of 20 pL. The
reaction mixture consisted of 10 uL TagMan Universal
PCR Master mix, 1puL 18srRNA, 1 uL primer, 5uL
RNAase free water, and 3 UL complementary DNA. The

© 2013 The Japan Society of Hepatology
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PCR reaction involved the following steps: (i) 50°C for
2 min to prevent carryover of DNA, (ii) 95°C for 10 min
to activate polymerase, and (iii) 40 cycles each of 95°C
for 155, 60°C for 15, and 72°C for 45 s. qPCR data
were analyzed by the comparative CT method.

Immunohistochemistry/
immunocytochemistry

Immunohistochemistry using F4/80 as a macrophage
marker was performed on cryostatically sectioned liver
and staining was performed by immunofluorescence.
The sections were fixed in 2% paraformaldehyde for
10 min and washed three times with PBS for 5 min.
Furthermore, sections for F4/80 were blocked with 3%
BSA/PBS for 1h at room temperature, followed by
incubation with monoclonal antibody against F4/80
(Abcam, Cambridge, MA, USA) 1:100 diluted in 3%
BSA/PBS for 1h at room temperature. After washing,
F4/80 slides were incubated with 1:200 diluted Alexa
Fluor 488 goat anti-rat IgG (Invitrogen) for 1 h at room
temperature and washed.

Immunocytochemical staining was also performed
using the immunofluorescence method. After the
chamber slides in which primary Kupffer cells had been
cultured were washed twice with PBS for 5 min, primary
Kupffer cells were fixed in 2% paraformaldehyde for
20 min and washed twice with PBS for 5 min. Primary
Kupffer cells were then incubated with 0.1% Triton
X-100 in PBS for 2 min to permeabilize the membranes
and washed twice with PBS. The slides for phospho-
interleukin-1 receptor-associated kinasel (pIRAKI;
Abcam) were blocked with 3% BSA/PBS for 1 h at room
temperature, followed by incubation with monoclonal
antibody against pIRAK1 diluted 1:500 in 3% BSA/PBS
for 1 h at room temperature. After washing, the slides
were incubated with 1:500 diluted Alexa Fluor 594 goat
anti-rat IgG (Invitrogen) for 1 h at room temperature
and washed.

Western blotting analysis

Protein expression of pIRAK1, the key mediator in the
TLR signaling pathway,” in the liver (30 pg), small
intestine (30 ug) was studied by Western blot analysis.
Protein concentrations were measured by the Bradford
method using the Pierce BCA Protein Assay kit (Thermo
Scientific, Rockford, IL, USA) according to the manufac-
turer’s instructions. Separation of 30 ug of protein was
then performed by 12% Mini PROTEAN TGX Precast
Gels (Bio-Rad, Hercules, CA, USA). After electrophore-
sis, proteins were transferred to nitrocellulose mem-
branes (Amersham Life Science Piscataway, NJ, USA),
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blocked in 5% skim milk, and 0.2% Tween20 in PBS
(PBS-T) for 1 h at room temperature, reacted overnight
at 4°C with either rabbit polydonal anti-pIRAK1
(Abcam) or B-actin (BD Biosciences) as a control,
washed with 0.2% PBS-T, reacted with secondary anti-
body horseradish peroxidase-conjugated anti-rabbit
IgG and anti-mouse IgG (RD, Minneapolis, MN, USA)
for 1h, and washed with PBS-T. After reaction with
horseradish peroxidase-conjugated anti-rabbit and
anti-mouse IgG, immune complexes were visualized by
Super Signal West Pico Chemoluminescent Substrate
(Thermo Scientific) according to the manufacturer’s sug-
gested procedure. pIRAK1 was analyzed by Image J soft-
ware under the area, which compensated for B-actin.

Statistical analysis

The results are expressed as mean * standard error, with
the two groups being analyzed by Student’s t-test and
datasets involving more than two groups being analyzed
by analysis of variance (ANOVA). P-values of <0.05 were
considered statistically significant.

Gut sterilization

Mice were treated with ampicillin {1 g/L; Sigma-Aldrich,
St. Louis, MO, USA), neomycin (1 g/L; Sigma), metro-
nidazole (1 g/L; Sigma), and vancomycin (500 mg/L;
Sigma) in drinking water for 8 weeks.? This treatment
was followed by feeding with HFD for further 8 weeks.

RESULTS

Fatty liver in HFD-fed mice

T 16 WEEKS, body weight and serum ALT levels

were significantly higher in the HFD-fed mice
(group F) than in those fed the control diet (group C)
(body weight: C, 41.6g F, 51.0g serum ALT: C,
34 IU/L; F, 180 IU/L; Fig. 1a,b). Histopathological liver
findings from group F demonstrated the absence of fat
droplets at 4 weeks (Fig. 1c). However, the deposition of
micronodular fat droplets in the centrilobular zone
(Fig. 1d) was observed at 8 weeks and macronodular
fat droplets and ballooning degeneration (Fig. 1e) were
observed at 16 weeks, without any obvious infiltration
of inflammatory cells. F4/80 staining for macrophage
markers did not demonstrate an increased number of
Kupffer cells (Fig. 1f,g).

Upregulation of cytokines in the fatty liver
of HFD-fed mice

Histopathological examination of livers from group F
demonstrated no obvious infiltration of inflammatory
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cells, while mRNA levels of the inflammatory cytokines
IL-1B and TNF were significantly higher at 16 weeks
(Fig. 2a,b).

Upregulation of TLRs in the fatty liver of
HFD-fed mice

To confirm whether TLRs expression contributes to the
induction of the abovementioned cytokines, we ana-
lyzed the mRNA of TLR2, TLR4, TLR5, and TLR9 that
recognize bacterial components in the liver. The expres-
sion of these TLRs in the liver was not different between
the two groups at 4 and 8 weeks, but at 16 weeks, this
was significantly higher in the F group than in the C
group (Fig. 2c-f). Western blot analysis also demon-
strated that the expression of pIRAK1 in the liver was
significantly upregulated in the F group compared with
that in the C group at 16 weeks (Fig. 2g). These findings
suggest that TLR upregulation contributes to the induc-
tion of cytokines and that the TLR signal pathway is
genetically enhanced in simple steatosis in the absence
of inflammation.

Downregulation of TLRs and cytokines in
the small intestine of HFD-fed mice

The expression of TLRs that recognize bacterial compo-
nents was significantly upregulated in the NAFLD liver.
Because liver injury has a connection with exposure to
bacterial components of intestinal origin, we then exam-
ined the small intestine of the NAFLD model mice. The
mRNA expression of small intestinal TLR2, TLR4, TLR5,
and TLRY was not significantly different between the
two groups at 4 and 8 weeks. Histopathological exami-
nation of the small intestine revealed no difference
between the groups at 16 weeks, but, mRNA expression
of all four TLRs was significantly lower in the F group
than in the C group at 16 weeks (Fig. 3a-d). Expression
of IL-1B and TNF was also downregulated at 16 weeks
(Fig. 3e,f). Moreover, pIRAK1 expression was also sig-
nificantly decreased in the F group compared with that
in the C group at 16 weeks (Fig. 3g). These findings
indicate that the TLR signal pathway is genetically
attenuated in the NAFLD small intestine.

Antibiotic treatment improved steatosis and
TLRs expression in the liver of HFD-fed mice

Small intestinal bacterial overgrowth (SIBO) was
reported to coexist with NASH,** and the following
factors can predispose to SIBO: morbid obesity,*
aging,” concurrent use of proton pump inhibitors,*
and abnormal small intestinal motility.?® Therefore,
we hypothesized that attenuation of TLR signal

© 2013 The Japan Society of Hepatology
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Figure 1 Body weight, serum alanine aminotransferase (ALT), and histopathological findings in high fat diet (HFD)-fed and
control mice. Body weight (a) and serum ALT levels (b) were significantly higher in HFD-fed mice (F) than in controls at 16 weeks.
Histopathological liver findings in F mice at 4, 8, and 16 weeks with H&E staining (x400, 4 weeks [c]; 8 weeks [d]; 16 weeks [e]).
Micronodular fat droplets deposited in hepatocytes in the centrilobular zone at 8 weeks (d). Macronodular fat droplets and
ballooning degeneration were marked at 16 weeks, but no obvious infiltration of inflammatory cells was observed (e). F4/80
staining for macrophage marker did not demonstrate any increase in Kupffer cells (control (f); 16 weeks (g); white arrows indicate

Kupffer cells, x 400). (*P < 0.05).
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Figure 2 mRNA expression of inflammatory cytokines and Toll-like receptors in the liver of high fat diet (HFD)-fed and control
mice. mRNA expression of interleukin (IL)-1B (a), and tumor necrosis factor (INF) (b) was significantly higher in the liver of
HFD-fed mice (F) than in that of controls (C) at 16 weeks. The expression of TLR2 (c), TLR4 (d), TLR5 (e), and TLR9 (f) mRNA
was significantly higher in the liver in group F than in group C at 16 weeks. Western blot analysis demonstrated a higher expression
of pIRAK1 in the liver in group F than in group C at 16 weeks (g). (*P < 0.05, **P < 0.01).
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Figure 3 mRNA expression of inflam-
matory cytokines and Toll-like recep-
tors in the small intestine of high fat
diet (HFD)-fed and control mice.
mRNA expression of TLR2 (a), TLR4
(b), TLRS5 (c), and TLRI (d) in the small
intestine was significantly lower in
HFD-fed mice (F) than in control mice
(C) at 16 weeks. mRNA expression of
IL-1P (e) and TNF (f) in the small intes-
tine was also lower in group F than in
group C at 16 weeks. Western blot
analysis demonstrated a lower expres-
sion of phospho-interleukin-1 receptor-
associated kinasel (pIRAK) in the small
intestine in group F than in group C at
16 weeks (g). (*P<0.05, **P<0.01).
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pathways may induce immunotolerance, altered levels
of microbiota, and bacterial overgrowth in the NAFLD
small intestine. To investigate whether intestinal
microbiota contribute to TLR expression, we eliminated
them by treatment with non-absorbable broad-
spectrum antibiotics.*

Body weight, serum ALT levels, and serum free fatty
acids levels were significantly decreased in mice fed HFD
and administered antibiotics (FA) compared with that
in the mice fed HFD and water only (FC) (body weight:
control diet and water only (CC), 28.9 g; control diet
and antibiotics (CA), 28.6g FA, 34.7g FC, 51.9¢g;
serum ALT: CC, 19.5 IU/L; CA, 23.4 IU/L; FA, 34.7 TU/L;
FC, 147.6 IU/L; serum free fatty acids: CC, 677.1 uEq/L;
CA, 818.7 uEq/L; FA, 635.6 uEq/L; FC, 962.7 pEq/L;
Fig. 4a—c). Histopathological findings from the livers of
FC mice demonstrated the deposition of macronodular
fat droplets in the centrilobular area and ballooning
degeneration of hepatocytes. In contrast, FA mice
showed a marked decrease in steatosis compared with
the FC mice (Fig. 4d-g). The expression of TLRs
(Fig. 5a-d) and inflammatory cytokines (Fig. 5e,f) was
also significantly lower in the liver of FA mice than in
that of FC mice. These data indicate associations among
intestinal microbiota, TLR expression, and fatty acid
metabolism.

Antibiotic treatment did not alter TLRs
expression in the small intestine of
HFD-fed mice

In the small intestine of mice fed the control diet,
the expression of TLR2, TLR4, TLR5, and TLR9
was downregulated by antibiotic treatment (Fig. 6).
However, contrary to expectations, the expression in
HFD-fed mice did not alter (Fig. 6). These data suggest
that microbiota contribute to TLRs expression in the
small intestine of mice fed the control diet but not in
that of mice fed HFD.

PA upregulated TLR2, TLR4, TLR5, and TLR9
expression in primary Kupffer cells

Because both serum free fatty acids and TLR expression
were coincidentally suppressed in the intestinal bacte-
rial eradication model, we examined whether fatty acids
would alter TLR expression. First, we investigated TLR
expression in primary Kupffer cells.

To determine the effects of fatty acids on TLR expres-
sion in Kupffer cells, PA was added to primary Kupffer
cells for 24 h, where it induced the deposition of fat
droplets (Fig. 7a,b). The mRNA expression of TLR2,
TLR4, TLR5, and TLR9 was significantly higher in
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primary Kupffer cells treated with 10 uM PA for 24 h
than in control cells (Fig. 7c).

Immunocytochemistry demonstrated that the expres-
sion of pIRAK1 was strongly positive in primary Kupffer
cells with fat deposits (Fig. 7d). mRNA expression in
IL-1P3 was not significantly different, but the expression
of TNF was significantly higher in primary Kupffer
cells exposed to 10 uM PA for 24 h than in controls
(Fig. 7e,f). These findings indicate that PA may enhance
the TLR signal pathway in Kupffer cells.

PA upregulated TLR4 and TLR9 expression

in primary hepatocytes

Second, we examined TLR expression in primary hepa-
tocytes treated with 100 uM PA for 24 h, which induced
the deposition of fat droplets in these cells (Fig. 8a,b).
mRNA expression of TLR4 and TLR9Y, but not that of
TLR2 and TLR5 was significantly upregulated in primary
hepatocytes treated with 100 uM PA for 24 h (Fig. 8c).
The expression of IL-1f and TNF was significantly
upregulated in primary hepatocytes treated with 100 uM
PA for 24 h (Fig. 8d,e). These findings suggest that PA
can, at least in part, enhance TLR signal pathways in
hepatocytes.

DISCUSSION

ICE FED THE MCD diet demonstrated steatosis,

‘macrophages accumulation, and clustering of
neutrophils in the liver. Consequently, the expression of
TLR4 and TNF-o. was increased; however, the destruc-
tion of Kupffer cells prevented an increase in TLR4
expression,'® indicating that increased expression levels
had contributed to infiltration of inflammatory cells.
It was reported that fatty liver in NASH resulted in
increased liver injury and inflammation following intra-
peritoneal LPS injection in an MCD diet-induced NASH
mouse model, suggesting that the MCD diet-induced
NASH liver is sensitive to the TLR4 ligand LPS.¢ In our
present model, mice fed HFD for 16 weeks developed
steatosis with no histological evidence of inflammation
and fibrosis, which is known as simple steatosis.
However, the expression of inflammatory cytokines was
upregulated, and our findings established that this was
the mechanism by which TLR signal pathways were
upregulated in the NAFLD liver prior to the develop-
ment of steatohepatitis. Moreover, F4/80 staining
revealed that this upregulation was not affected by an
altered number of Kupffer cells but by changes in their
activity in regard to inflammatory cytokine production.
Our findings show that simple steatosis prior to NASH
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