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Regulation of MicroRNA 183 by Cyclooxygenase 2 in Liver Is DEAD-
Box Helicase p68 (DDX5) Dependent: Role in Insulin Signaling
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Cyclooxygenase (COX) catalyzes the first step in prostanoid biosynthesis and exists as two isoforms. COX-1 is a constitutive en-
zyme involved in physiological processes, whereas COX-2 is induced by a variety of stimuli. MicroRNAs (miRNAs) are noncod-
ing RNAs that function as key posttranscriptional regulators of gene expression. Although it is known that COX-2 expression is
regulated by miRNAs, there are no data regarding COX-2 involvement in miRNA regulation. Considering our previous results
showing that COX-2 expression in hepatocytes protects against insulin resistance, we evaluated the role of COX-2 in the regula-
tion of a specific set of miRNAs implicated in insulin signaling in liver cells. Our results provide evidence of the molecular basis
for a novel function of COX-2 in miRNA processing. COX-2 represses miRNA 23b (miR-23b), miR-146b, and miR-183 expres-
sion in liver cells by increasing the level of DEAD-box helicase p68 (DDX5) through phosphatidylinositol 3-kinase (PI3K)/p300
signaling and by modulating the enzymatic function of the Drosha (RNase type III) complex through its physical association
with DDX5. The decrease of miR-183 expression promotes protection against insulin resistance by increasing insulin receptor
substrate 1 (IRS1) levels. These results indicate that the modulation of miRNA processing by COX-2 is a key event in insulin sig-

naling in liver and has potential clinical implications for the management of various hepatic dysfunctions.

yclooxygenase 1 (COX-1) and 2 catalyze the first step in pros-

tanoid biosynthesis. COX-1 (PTGS1) is constitutively ex-
pressed in many tissues, whereas COX-2 (PTGS2) expression is
induced by a variety of stimuli such as growth factors, proinflam-
matory stimuli, hormones, and other cellular stresses (1-3). We
and others have demonstrated that partial hepatectomy (PH) in-
duced COX-2 expression in hepatocytes and contributed to the
progression of the cell cycle during regeneration (4, 5). In addition
to liver regeneration after PH or exposure to hepatotoxic agents,
expression of COX-2 has been detected in animal models of cir-
rhosis (6), in human hepatoma cell lines (7, 8), in human hepato-
cellular carcinoma (HCC) (9), and after hepatitis B virus (HBV)
and hepatitis C virus (HCV) infection (10, 11). Further, overex-
pression of COX-2 in liver exerts efficient protection against acute
liver injury by an antiapoptotic/antinecrotic effect and by acceler-
ated early hepatocyte proliferation (12, 13).

Insulin resistance (IR) plays a key role in the pathophysiology
of obesity-related diseases such as type 2 diabetes and nonalco-
holic fatty liver disease (NAFLD). Our previous results from stud-
ies performed in a model of transgenic mice constitutively ex-
pressing human COX-2 in hepatocytes (hCOX-2-Tg) indicate a
protective role of COX-2 in a model of insulin resistance induced
by a high-fat diet (HFD) (14) and in liver damage induced by
hyperglycemia (15).

MicroRNAs (miRNAs) are small noncoding RNAs that nega-
tively regulate their target genes primarily through RNA destabi-
lization or translational repression. In mammalian miRNA bio-
genesis, the primary transcripts of miRNA (pri-miRNA) are
cleaved into precursor miRNA (pre-miRNA) by the nuclear
RNase III (ribonuclease type III) Drosha and further processed to
mature miRNAs by cytosolic Dicer, another RNase I1I-related en-
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zyme (16). The Drosha complex consists of Drosha, DGCR8 (Di-
George syndrome critical region gene 8), DDX5 (RNA helicase
p68), and DDX17 (RNA helicase p72). DDX5 and DDX17 are
required for the maturation of some but not all miRNAs (17).
Aberrant miRNA expression is associated with pathological con-
ditions. In the context of liver diseases, previous studies revealed a
role for miRNAs in acute liver injury, viral hepatitis, hepatocarci-
nogenesis, hepatic fibrogenesis, and NAFLD (18, 19). While many
aspects of miRNA-induced protein regulation are known, there is
a growing need to uncover the complex and incompletely under-
stood regulatory mechanisms governing the activation and sup-
pression of miRNA expression, considering that they can be
controlled at multiple steps during RNA biogenesis: at the tran-
scriptional level, during the multistep processing stage, and post-
transcriptionally. The 3" untranslated region (3'UTR) of COX-2
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contains multiple copies of AU-rich elements (AREs) and
microRNA response element (MRE) motifs which, when bound
by specific ARE-binding factors or miRNAs, influence COX-2 sta-
bility and translational efficiency (20). A functional link between
COX-2 and miRNA expression has been documented by some
groups. Accordingly, Dey’s group highlighted miRNA-mediated
regulation of COX-2 by miRNA 101a (miR-101a) and miR-199a*
during embryo implantation and in endometrial cancer cells (21,
22). Further, recent studies have reported that miR-101 and
miR-16 downregulation is involved in COX-2 expression in hu-
man colon cancer cells (CRC) (23, 24). Our previous results re-
vealed that miR-16 silences COX-2 expression in hepatoma cells
by two mechanisms: by binding directly to the MRE motif in the
COX-23"UTR and by decreasing the levels of HuR (25). However,
less is known about the effects of COX-2 on miRNA expression
patterns and their possible role in liver physiopathology.

In the present work, we have studied whether COX-2 regulates
the expression profile of miRNAs in liver and examined the phys-
iopathological properties related to the insulin signaling pathway.
Here we provide the first demonstration that COX-2 decreases the
levels of miR-23b, miR-146b, and miR-183 in liver by upregulat-
ing DDX5 expression through a phosphatidylinositol 3-kinase
(PI3K)/p300-dependent mechanism. Moreover, COX-2 was
shown to inhibit miRNA maturation by associating with the
Drosha complex through DDX5 and preventing the conversion of
pri-miRNAs into pre-miRNAs. In conclusion, our report high-
lights a novel miRNA-dependent mechanism through which
COX-2 promotes protection against insulin resistance in the liver.

MATERIALS AND METHODS

Chemicals. Antibodies were from Santa Cruz Biotech (Santa Cruz, CA),
Sigma-Aldrich (St. Louis, MO), Cell Signaling Technology (Boston, MA),
Abcam (Cambridge, United Kingdom), and Cayman Chemical (Ann Ar-
bor, MI). Prostaglandin E, (PGE,) and pharmacological inhibitors were
from Cayman Chemical. C646 inhibitor was from Millipore (Calbi-
ochem, Darmstadt, Germany). Reagents were from Merck, Roche Diag-
nostics (Mannheim, Germany), or Sigma. Reagents for electrophoresis
were from Bio-Rad (Hercules, CA). Tissue culture dishes were from Fal-
con (Becton Dickinson Labware, Franklin Lakes, NJ). Tissue culture me-
dia were from Invitrogen (Grand Island, NY).

Patients. This study included 10 nondiabetic patients with a clinical
diagnosis of nonalcoholic steatosis (NAS), who underwent a liver biopsy
specimen for diagnostic purposes. We further studied 10 subjects with
histologically normal liver (NL). Informed consent in writing was ob-
tained from each patient, and the study protocol conformed to ethical
guidelines of the 1975 Declaration of Helsinki and was approved by the
ethics committee of Princesa University Hospital (Madrid, Spain).

Animal experimentation. hCOX-2-Tg mice (25 to 30 g body weight;
3 months of age) on a B6D2/OlaHsd background were used in this study
together with corresponding age-matched wild-type (Wt) mice (12). The
animals were housed on a 12-h-light/12-h-dark cycle in an air-condi-
tioned room at 25°C with food and water available ad libitum and were
treated according to the Institutional Care Instructions (Bioethical Com-
mission from Consejo Superior de Investigaciones Cientificas [CSIC],
Spain). As indicated, mice were sacrificed and livers were removed, snap-
frozen in liquid nitrogen, and stored at —80°C.

Primary culture of adult hepatocytes. Hepatocytes were isolated
from nonfasting male Wt and hCOX-2-Tg mice by perfusion with colla-
genase (2). Cells were plated in 6-cm-diameter dishes and cultured for 48
h in William’s E medium supplemented with 20 ng/ml epidermal growth
factor (EGF), 100 U/ml penicillin, 100 g/ml streptomycin, and 10% fetal
bovine serum (FBS).
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Cell culture. The CCL-13 human liver cell line (Chang liver [CHL]),
an immortalized nontumor cell line derived from normal liver, was pur-
chased from the American Type Culture Collection (Manassas, VA). The
MING6 pancreatic murine cell line was kindly provided by M. Vallejo (Ma-
drid, Spain). Cells were grown in tissue culture dishes in Dulbecco’s mod-
ified Eagle’s medium (DMEM) supplemented with 10% fetal bovine se-
rum (FBS) and antibiotics (50 pg/ml each of penicillin, streptomycin, and
gentamicin) at 37°C in a humidified air/5% CO, atmosphere.

Construction of COX-2 expression vector. pPyCAGIP, a cytomega-
lovirus (CMV) early enhancer/chicken beta actin (CAG) promoter-
driven epiosomal vector, was a gift from I. Chambers (University of Ed-
inburgh, Edinburgh, Scotland). Human COX-2 was PCR amplified from
a human full-length COX-2 ¢cDNA vector, a gift from S. Prescott (Hunts-
man Cancer Institute, Salt Lake City, UT), and cloned into the XhoI-NotI
restriction site of pPyCAGIP. The correct orientation and integrity of the
construct were confirmed by sequencing.

Generation of stable hCOX-2 cells. Immortalized cell lines were de-
rived from Wt (neonatal cell line [NCL] in vector [NCL-V]) and hCOX-
2-Tg (NCL-C) liver by infection with simian virus 40 (SV40) large T
antigen virus. To do this, primary hepatocytes from neonates (3 to 5 days
old) were obtained from Wt and hCOX-2-Tg liver, dispersed with colla-
genase, and cultured as described previously (2). Primary hepatocytes
were infected with Polybrene-supplemented virus for 48 h and main-
tained in culture medium for 72 h, followed by selection with puromycin
for 3 weeks. Thereafter, immortalized cells were further cultured for 15
days in arginine-free medium supplemented with 10% FBS, to avoid
growth of nonparenchymal cells. The cells displayed a typical hepatocyte
phenotype, as assessed by albumin, carbamoyl phosphate synthase, and
cytokeratine 18 expression (26), and were generously provided by A. M.
Valverde (Madrid, Spain).

For plasmid transfections, attached CHL cells at 70% confluence were
transfected for 6 to 16 h with pPyCAGIP-hCOX-2 or control pPyCAGIP
vector using Lipofectamine 2000 reagent (Invitrogen). At the end of this
period, cells were replenished with fresh medium containing 10% FBS,
and 3 pg/ml puromycin was added 24 h later. After approximately 12
days, single colonies of resistant cells were picked and cultured for a fur-
ther 30 days in the presence of puromycin. Several clones were tested, with
similar COX-2 expression levels seen. CHL and NCL cells stably express-
ing hCOX-2 or empty vector were termed CHL-C and NCL-C or CHL-V
and NCL-V, respectively. In some experiments, cells were starved for 4 h
in 2% FBS—1% bovine serum albumin (BSA) before addition of palmitate
(P; 400 uM) for the indicated time periods. Then, 50 nM insulin was
added for 15 min and cells were collected for analysis of insulin signaling.

miRNA microarray analysis. miRNA from eight Wt and eight COX-
2-Tgliver samples was extracted using Qiazol (Qiagen, Valencia, CA) and
purified with an miRNeasy minikit (Qiagen). The quality and integrity of
the microRNAs were assessed with an Agilent Bioanalyzer. For miRNA
array analysis, we used a Mouse Genome V2.0 RT? miRNA PCR array
system (SA Biosciences, Frederick, MD), which included 440 unique se-
quences of miRNAs. For cDNA synthesis, purified miRNA was reverse
transcribed (RT) using an RT? miRNA first-strand kit (SA Biosciences).
miRNA-specific cDNAs and RT? SYBR green PCR master mix were di-
luted and loaded into each well of a PCR array consisting of six 96-well
plates specific for a MyiQ PCR detection system (Bio-Rad). Each well
contained a universal primer and a primer specific for 1 of 88 individual
mouse miRNAs. Real-time PCR was performed using the following ther-
mocycling parameters: 1 cycle of 95°C for 10 min followed by 40 cycles of
95°C for 15 s, 60°C for 30 s, and 72°C for 30 s. Fold change in miRNA
expression level was calculated with RT?> miRNA PCR array data analysis
Web-based software (SA Biosciences) (27). The fold change in expression
level of each miRNA was determined by comparing the expression levels
of miRNAs in COX-2-Tg cells to those in Wt cells. Microarray data were
validated by RT-PCR analysis of individual miRNAs.

Analysis of pathways and networks was performed using the “Data-
base for Annotation, Visualization and Integrated Discovery” (DAVID)
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TABLE 1 The oligonucleotide sequences

Gene Orientation Primer sequence (5'—3")
Akt2 Forward ACGTGGTGAATACATCAAGACC
Reverse GCTACAGAGAAATTGTTCAGGGG
Insigl Forward CTAGTGCTCTTCTCATTTGGCG
Reverse AGGGATACAGTAAACCGACAACA
Insig2 Forward GGAGTCACCTCGGCCTAAAAA
Reverse CAAGTTCAACACTAATGCCAGGA
Irsl Forward CTCCTGCTAACATCCACCTTG
Reverse AGCTCGCTAACTGAGATAGTCAT
Irs2 Forward ACCGACTTGGTCAGCGAAG
Reverse CACGAGCCCGTAGTTGTCAT
Prkca Forward AGAGGTGCCATGAGTTCGTTA
Reverse GGCTTCCGTATGTGTGGATTTT
Rplp0 Forward ACTGGTCTAGGACCCGAGAAG
Reverse TCCCACCTTGTCTCCAGTCT
Tscl Forward CAGCCGGTATTGCACATCCT
Reverse GGATAAACGGGTAGCAGCTTTG
Pckl Forward GGGCCGCTGGATGTCGGAAG
Reverse GGTGCGGCCTTTCATGCACC
Gck Forward TGAGCCGGATGCAGAAGGA
Reverse GCAACATCTTTACACTGGCCT
AKT2 Forward ACCACAGTCATCGAGAGGACC
Reverse GGAGCCACACTTGTAGTCCA
INSIG1 Forward GCCTACTGTACCCCTGTATCG
Reverse TGGTTAATGCCAACAAAAACTGC
INSIG2 Forward TAATGCGGTGTGTAGCAGTCT
Reverse GTCCAATGGATAGTGCAGCCA
IRS1 Forward CCCAGGACCCGCATTCAAA
Reverse GGCGGTAGATACCAATCAGGT
IRS2 Forward CAGTGCTGAGCGTCTTCTTTT
Reverse ACCTACGCCAGCATTGACTT
PRKCA Forward ATGTCACAGTACGAGATGCAAAA
Reverse GCTTTCATTCTTGGGATCAGGAA
RPLPO Forward AGATGCAGCAGATCCGCAT
Reverse GTTCTTGCCCATCAGCACC
TSCI Forward GTGGCGGAAGTCTATCTCGTC
Reverse GCAAGGGTACATTCCATAAAGGC

platform, allowing the identification of several candidate pathways for the
miRNA target genes.

RNA extraction and quantitative real-time PCR analysis. Total RNA
from liver, cells, or human samples was extracted with TRIzol reagent
(Invitrogen, Grand Island, NY). RNA (1 ng) was reverse transcribed using
a Transcriptor First Strand cDNA synthesis kit (Roche Applied Science,
Penzberg, Germany). cDNA was used as a template for real-time PCR
with FastStart Universal SYBR green Master (Roche). Forward and re-
verse primers are described in Table 1.
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Real-time PCR was performed on a MyiQ detection system (Bio-Rad),
and the thermocycling parameters were 95°C for 3 min and 40 cycles of
95°C for 30 s followed by 60°C for 30 s. Each sample was run in triplicate
and was normalized to 36b4 mRNA. The replicates were then averaged,
and fold induction was determined by a threshold cycle (AAC;)-based
fold change calculation.

For quantification of mature miRNAs, RNA (500 ng) was polyadenyl-
ated and reverse transcribed to cDNA using an NCode miRNA First-
Strand cDNA synthesis kit (Invitrogen). cDNA was used as the template
for real-time PCR FastStart Universal SYBR green Master (Roche) with
the universal reverse primer provided in the kit and the following forward
primers: for Let-7a, 5'-GGGTGAGGTAGTAGGTTGTATAGTT-3'; for
miR-23b, 5'-ATCACATTGCCAGGGATTACC-3'; for miR-146b, 5'-GT
GAGAACTGAATTCCATAGGCT-3'; and for miR-183, 5'-GGTATGGC
ACTGGTAGAATTCACT-3". The following primers were used for quan-
tification of pri- and pre-miRNAs: for pri-miR-23b, 5'-TGCTCCTCTAT
ACAGTGCAG-3' (forward) and 5'-AAATCAGCATGCCAGGAACC-3'
(reverse); for pre-miR-23b, 5'-TGCTTGGGTTCCTGGCAT-3" (for-
ward) and 5'-GGTTGCGTGGTAATCCCT-3’ (reverse); for pri-miR-
146b, 5'-CAAGGCACACACTGAATAAATG-3' (forward) and 5'-ACCA
GAACTGAGTCCCTAG-3' (reverse); for pre-miR-146b, 5'-CTGAGAA
CTGAATTCCATAGG-3" (forward) and 5'-GCACCAGAAGTGAGTC
C-3" (reverse); for pri-miR-183, 5'-AGGAGCAGAGGAGGTCTTT-3’
(forward) and 5-TATGGCACTGGTAGAATTCACT-3" (reverse); and
for pre-miR-183, 5'-CTGTGTATGGCACTGGTAG-3' (forward) and 5'-
CTGTTTATGGCCCTTCGGT-3" (reverse). Real-time PCR was per-
formed on a MyiQ detection system (Bio-Rad), and the thermocycling
parameters were 95°C for 3 min and 40 cycles of 95°C for 15 s followed by
60°C for 30 s. Each sample was run in triplicate and was normalized to U6
snRNA levels (U6 primers 5'-CTTCGGCAGCACATATACT-3" [for-
ward] and 5'-AAAATATGGAACGCTTCACG-3’ [reverse]) or 36b4.
Melting curve analysis was performed to confirm the specificity of the
PCR products. The replicates were then averaged, and fold induction was
determined by a AAC;-based fold change calculation.

Construction and transfection of miRNA and small interfering RNA
(siRNA) vectors and luciferase reporter assay. Precursors for miR-23b,
miR-146b, and miR-183 were generated in green fluorescent protein
(GFP)-puromycin (pEGP)-miR cloning vector (Cell Biolabs, San Di-
ego, CA). Briefly, microRNA stem-loop sequences were identified us-
ing the Sanger Center miRNA database (http://microrna.sanger.ac.uk
/sequences) and were amplified by PCR from genomic DNA. PCR
products were cloned into the BamHI-Nhel restriction site of pEGP-
miR vector, and the correct orientation and integrity of the construct
were confirmed by sequencing.

siRNAs against hCOX-2 (siCOX-2) (5'-GGGCUGUCCCUUUAC
UUCATT-3' [forward] and 5'-UGAAGUAAAGGGACAGCCCTT-3’
[reverse]) and mDDX5 (siDDX5) (5'-GAAGUCUACUUGCAUCUA
UTT-3" [forward] and 5'-AUAGAUGCAAGUAGACUUCCAA-3’
[reverse]) were purchased from Ambion (Austin, TX). For silencing
experiments, CHL and NCL cells were seeded in a 6-well plate (3 X
10°cells/well) at 70% confluence. After 24 h, cells were transfected with
4 pg of pEGP miR, 50 nM small interfering COX-2 (siCOX-2), or 30
nM siDDX5 using Lipofectamine 2000. After 16 h of incubation at
37°C, transfection medium was replaced with 2 ml of complete me-
dium containing 10% FBS. After a further 48 h, cells were collected for
Western blot and RT-PCR analyses.

For DDX5 overexpression, vector pcDNA3.1-DDX5 (GenScript USA
Inc., Piscataway, NJ) was used. For C646 treatment, NCL cells were seeded
in 6-well plates at 5 X 10° cells/well. C646 was added in the dose range of
2.5 t0 20 M in serum-free DMEM for 24 h. Cells were then harvested for
Western blot analysis.

Using several computational tools for miRNA prediction (RNAhy-
brid, PITA, and TargetScan), miR-183 was predicted to associate with
different MRE motifs in the 3"UTR region of insulin receptor substrate
1 (IRS1). Using RNAhybrid, we found one predicted MRE in IRSI at
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position 190, where position 1 was defined as the commencement of
the 3'UTR region. The 3'UTR sequences of IRS1 were retrieved using
Ensembl Data base (http://www.ensembl.org). Human and mouse
miRNA sequences were downloaded from the miRBase website (http:
/lwww.mirbase.org). A fragment of the 3'UTR of IRSI mRNA (region
4750, from NM_010570) that included the MRE binding site for miR-
183 and a mutant (mut) variant were cloned into the pGL3-Promoter
vector (Promega) downstream of the firefly luciferase gene (Sacl and
Nhel sites) to obtain reporter constructs pGL3-seed and pGL3-mut.
The mouse sequences cloned were 5'-CTCAGGAGTTCATTGACTGA
ACTGCACGTTCTACATTGTGCCAAGCAACAAGAAAGCAC-3"  (seed)
and 5'-CTCAGGAGTTCATTGACAGGACTGCACTCGCCGTATTTCGG
TCAGCAACAAGAAAGCAC-3' (mut). Cells (3 X 10* cells/well) were
seeded in a 24-well plate and transfected for 18 h with pGL3-empty (750 ng),
pGL3-seed (750 ng), pGL3-mut (750 ng), pPEGP-miR-183 (800 ng), or pRL
(50 ng), or different combinations thereof, using Lipofectamine 2000. Cells
were harvested 48 h after transfection, and lysates were assayed with the dual-
luciferase reporter assay (Promega, USA).

Analysis of insulin release. MING cells were transfected with 4 pg of
pPEGP miR or pPyCAGIP-hCOX-2 using Lipofectamine 2000. Cells were
serum starved for 1 h in Krebs Ringer HEPES (KRH) buffer containing
0.1% (wt/vol) BSA and 2 mM glucose prior to the addition of KRH buffer
containing 2 or 30 mM glucose for a further hour. After this time, insulin
released into the medium was measured with using a mouse insulin en-
zyme-linked immunosorbent assay (ELISA) kit (Crystal Chem Inc.,
Downers Grove, IL).

Immunoprecipitation assay. The binding of COX-2 to the Drosha
complex was analyzed by immunoprecipitation and Western blotting.
Immunoprecipitation was carried out in a buffer containing 10 mM
Tris-HCI (pH 7.5), 1 mM MgCl,, 1 mM EGTA, 10% glycerol, 0.5%
CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesul-
fonate}, 1 mM B-mercaptoethanol, 0.1 mM phenylmethylsulfonyl
fluoride (PMSF), and a protease and phosphatase inhibitor cocktail
(Sigma-Aldrich). Total crude extracts (500 pg) from NCL-C cells were
immunoprecipitated with Drosha or COX-2 antibody (1/50) and
mixed overnight at 4°C. An equal volume of protein A/G-Sepharose
was then added, and mixing was continued for 4 h at 4°C. Protein
A/G-Sepharose was then pelleted at 12,000 rpm for 5 min at 4°C,
and beads were resuspended in 20 wl of Laemmli sample buffer and
heated at 100°C for 5 min. For RNase A digestion, the immunoprecipi-
tated proteins were incubated at 37°C with 20 pg/ml RNase A for
30 min.

In vitro pri-miRNA processing assay. In vitro pri-miRNA processing
was performed as described previously (28). In brief, biotin-labeled pri-
miRNAs were prepared by standard in vitro transcription with T7 RNA
polymerase, using 150-bp pri-miRNAs cloned into pGEM-T Easy as the
templates. The processing reaction was carried out in a 30-ul volume
containing 10 pl of immunoprecipitation beads (Drosha complex), im-
munoprecipitated or recombinant COX-2 (Sigma), where indicated, 6.4
mM MgCl,, 1 mM ATP, 1 U/pl RNase inhibitor, and 3 pl of the in vitro-
transcribed pri-miRNA. The reaction mixture was incubated at 37°C for
90 min. RNA was then extracted by the use of phenol. For the analysis of
COX-2 dose-dependent inhibition of pri-miRNA processing, the in vitro
pri-miRNA processing assay was performed with different concentrations
(1,2, and 4 pg) of reccombinant COX-2. RNA was extracted and subjected
to reverse transcription-quantitative PCR (RT-qPCR) for analysis of pri-
and pre-miRNAs.

Western blot analysis. Extracts from cells (2 X 10°to 3 X 10°) or from
liver tissue were obtained as described previously (12). For Western blot
analysis, whole-cell extracts were boiled for 5 min in Laemmli sample
buffer, and equal amounts (20 to 30 jLg) of protein were separated on 10%
to 15% SDS-polyacrylamide electrophoresis gels (SDS-PAGE). The rela-
tive amounts of each protein were determined with the following poly-
clonal or monoclonal antibodies: COX-2 (Cayman 160107 and Santa
Cruz sc-1747); a-tubulin (Sigma T9026); antiacetyllysine, p-IR, IRS1, and
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IRS2 (Millipore 06-933, 07-841, 06-248, and 06-506, respectively);
DGCRS (Proteintech 10996-1-AP); DDXS5, Drosha, p-AKT (Ser473),
AKT, and IR (Cell Signaling Technology 9877, 3364, 4060, 9272, and
3020, respectively); DDX17 (Abcam ab70184); and Dicer (dicer 1, RNase
type III; Santa Cruz sc-30226). After incubation with the corresponding
anti-rabbit or anti-mouse horseradish peroxidase-conjugated secondary
antibody, blots were developed by the use of the ECL protocol (GE
Healthcare, Chalfont St Giles, United Kingdom). Protein band densities
were normalized to a-tubulin. Densitometric analysis was carried out
with Image Gauge 4.0 software (Fujifilm), and the results were expressed
in arbitrary units.

Data analysis. Data are expressed as means = standard deviations
(SD) (n ranged from three to five independent experiments). Statistical
significance was evaluated with Student’s two-tailed ¢ test for unpaired
observations, using the statistical software GraphPad Prism 5. A P value
of <0.05 was considered significant.

RESULTS

COX-2 regulates the expression of a specific set of miRNAs in
liver cells. To identify hepatic miRNAs regulated by COX-2, we
isolated total RNA from liver extracts of Wt and COX-2-Tg mice
and performed an RT? miRNA PCR array. Of 440 murine mature
miRNAs analyzed, 30 were differentially expressed in COX-2-Tg
liver relative to the Wt (Fig. 1A) (P values, <0.05; fold change
cutoff value, >2). Of these miRNAs, 21 were downregulated and 9
were upregulated. Analysis of pathways and networks using the
DAVID platform identified several candidate pathways for these
miRNA target genes. Among them, the insulin signaling pathway
was of interest because, in accordance with our previous results,
COX-2 is implicated in protection against hepatic insulin resis-
tance in mice on a high-fat diet (14). Only eight of these miRNAs
(miR-146b, Let-7b, miR-183, miR-181al*, miR-23b, miR-184,
miR-204, and Let-7a) have target genes involved in the insulin
signaling pathway, and their data were confirmed by real-time
RT-PCRin liver extracts from Wt and COX-2-Tg mice. Addition-
ally, we attempted to confirm the array data in different cell mod-
els in isolated hepatocytes from Wt and COX-2-Tg mice and in
NCL and CHL cells stably transfected with a COX-2 expression
vector (CHL-C and NCL-C cells), in comparison with the parental
cells (CHL-V and NCL-V cells). From these analyses, we con-
firmed that one miRNA was upregulated (Let-7a) and three
miRNAs were downregulated (miR-23b, miR-146b, and miR-
183) in the presence of COX-2 (Fig. 1B to E). To test the specificity
of COX-2 with respect to expression of these miRNAs, NCL-V
cells were treated with PGE, and NCL-C cells were transfected
with siCOX-2 mRNA. As shown in Fig. 2, PGE, reproduced the
effect of COX-2 overexpression, and miR-23b, miR-183, and
miR-146b were significantly downregulated. Conversely, si-
COX-2 treatment led to an increase in the levels of these miRNAs
in NCL-C cells. However, neither PGE, treatment nor siCOX-2
treatment modified Let-7a expression as expected (Fig. 2), sug-
gesting an indirect regulation of this miRNA by COX-2. Thus,
Let-7a was excluded from further analysis.

COX-2 decreases miRNA expression through a DDX5- and
PI3K/p300-dependent mechanism. To gain insight into mecha-
nisms linking COX-2 with regulation of these specific miRNAs,
we used Western blotting to analyze proteins involved in the bio-
synthesis of miRNAs. Interestingly, compared with the levels seen
with DGCRS, Drosha, DDX17, and Dicer proteins, the level of
DDX5 was significantly increased in liver from COX-2-Tg mice
(1.86-fold, P < 0.05) and also in NCL-C and CHL-C cells
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FIG 1 Identification of miRNAs regulated by COX-2 in liver. (A) Identification of 30 differentially expressed miRNAs in Wt and hCOX-2-Tg liver, as detected
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(C) cells by real-time PCR. miRNA expression was normalized to U6 RNA expression. Data are reported as means = SD of the results of three independent

experiments. *, P < 0.05 (versus absence of COX-2).

(Fig. 3A), suggesting that COX-2 regulates DDX5. To determine
the possible signaling pathways related to COX-2 and involved in
miRNA biosynthesis, NCL-C cells were treated with pharmaco-
logical inhibitors of p38 mitogen-activated protein kinase
(MAPK) kinase (MEK) (BRIB796), MEK/extracellular signal-reg-
ulated kinase (MEK/ERK) (PD98059), PI3K (LY294002), and
protein kinase C (PKC) (GO6983). As shown in Fig. 3B, only PI3K
inhibition with LY294002 decreased the expression of DDX5.
Moreover, treatment of NCL-C cells with LY294002 also in-
creased the levels of miR-23b, miR-146b, and miR-183 (Fig. 3C).
Previous work has shown that hCOX-2 overexpression produces
an activation of PI3K/Akt in vivo (15). In our study, we measured
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the activity of PI3K by an in vitro activity assay (Millipore catalog
no. 17-493), and PI3K activity increased significantly in the
NCL-V cells treated with PGE, and NCL-C cells. However, when
NCL-C was treated with LY294002, the PI3K activity was reduced
(data not shown). It has been shown previously that AKT phos-
phorylates p300, leading to an increase in its histone acetyltrans-
ferase (HAT) activity (29); also, DDX5 is acetylated by p300, sta-
bilizing its expression (30). Using immunoprecipitation with an
acetyllysine antibody, we confirmed that DDX5 is acetylated.
Moreover, the acetylation is decreased in the presence of siCOX-2
(Fig. 3D). Furthermore, the expression of DDX5 could be de-
creased in NCL-C cells by treatment with C646, a selective inhib-
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of three independent experiments.*, P < 0.05 (versus NCL-V cells); #, P < 0.05
(versus NCL-C cells).

itor of p300 (Fig. 3E), indicating that DDX5 stability is regulated
by p300 acetylation in this cells.

DDX5 inhibition restores the expression of the miRNAs
downregulated by COX-2 in liver. To establish a direct relation-
ship between DDX5 and COX-2, DDXS5 protein was analyzed after
treatment of NCL-V cells with PGE, and after COX-2 silencing in
NCL-C cells. PGE, treatment resulted in a significant increase of
DDX5 in NCL-V cells (Fig. 4A). Conversely, NCL-C cells treated
with siCOX-2 had significantly less DDXS5 protein (Fig. 4A). No
significant changes were observed in DGCRS or Drosha proteins
upon treatment. To determine whether DDX5 was responsible for
the decreased expression of miR23b, miR-146b, and miR-183 af-
ter COX-2 overexpression, DDX5 was silenced with a specific
siRNA in NCL-C cells. As shown in Fig. 4B, the miRNA levels
increased in DDX5 knockdown NCL-C cells. Moreover, we trans-
fected NCL-V cells with pcDNA3.1-DDX35 and the results showed
that DDX5 overexpression reduced the miR-23b, miR-146b, and
miR-183 levels significantly. All these data indicated a role for
DDX5 in the COX-2-mediated downregulation of these miRNAs
in liver. This led us to hypothesize that COX-2 modulates the
enzymatic function of the Drosha complex through its physical
association with DDX5. Indeed, endogenous DDX5 and Drosha
coimmunoprecipitate with COX-2 in NCL-C cells (data not
shown). Further, the association between Drosha and COX-2 was
markedly decreased when DDX5 was silenced, indicating that
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COX-2 interacts with the Drosha complex through DDX5. Fur-
thermore, the association of COX-2 with Drosha and DDX5 was
not decreased by treatment with RNase A (single-stranded RNA
nuclease), indicating that COX-2 interaction with the Drosha
complex is RNA independent (Fig. 4C). Moreover, RNA immu-
noprecipitation (RIP) analysis showed no interaction of COX-2
with pri-miR-23b, pri-miR-146b, and pri-miR-183 (data not
shown).

When the effect of COX-2 expression on maturation of
miRNAs was evaluated using real-time RT-PCR in NCL-V and
NCL-C cells, we found that COX-2 decreased the levels of precur-
sor and mature forms of miR-23b, miR-146b, and miR-183; how-
ever, expression of their primary transcripts was slightly increased
(Fig. 4D). Furthermore, COX-2 knockdown abolished the de-
crease in the expression of these miRNAs at the precursor and
mature levels (Fig. 4D). To confirm these findings, we performed
an in vitro pri-miRNA processing assay by incubating pri-miR183
substrate with the immunoprecipitated Drosha complex from
NCL-V cells, in the presence or absence of COX-2. The processing
activity for the pri-miR183 primary transcript was significantly
reduced in the presence of COX-2 (immunoprecipitated and re-
combinant), and the effect was dose dependent and more pro-
nounced with recombinant COX-2 (Fig. 4E). These results indi-
cated that COX-2 associates with the Drosha Microprocessor
complex through interaction with DDXS5, ultimately promoting
the inhibition of miRNA processing.

Relationship between COX-2-regulated miRNAs and the in-
sulin signaling pathway. Analysis of pathways and networks for
miR-23b, miR-146b, and miR-183 using the DAVID platform
identified several target genes related to the insulin signaling path-
way. Therefore, some of these target genes were measured by real-
time RT-PCR in different hepatic cell models. A significant in-
crease in the expression of several genes, including IRSI, was
observed in NCL-C and CHL-C cells and also in COX-2-Tg liver
(Fig. 5A to C). Indeed, several programs (RNAhybrid, PITA, and
TargetScan) predicted an association of miR183 with the 3'UTR
region of IRS1 at different MRE motifs, and we found one pre-
dicted MRE for miR183 at position 190 (where position 1 was
defined as the beginning of the 3'UTR region). To confirm that
miR183 could bind to this predicted region, we performed a lucif-
erase reporter gene assay in NCL cells. We cloned the 3"UTR re-
gion of IRS1 containing the miR-183 putative binding site (seed
region) and constructed a mutant variant. These regions were
cloned downstream of the luciferase gene in the pGL3 vector
(pGL3-seed and pGL3-mut, respectively). Compared with control
cells (pGL3-seed only), luciferase activity was significantly de-
creased after cotransfection of pGL3-seed and miR-183. Addi-
tionally, no differences on luciferase activity were found when
cells were cotransfected with pGL3-mut and miR-183 relative to
cells transfected with pGL3-mut only (Fig. 5D). These results sug-
gested that miR-183 binds specifically to the 3'UTR region of
IRS1, inhibiting its expression.

COX-2-expressing liver cells are protected against IR in-
duced by palmitate. Given the results presented above, we next
examined the insulin signaling pathway in COX-2-Tg liver and in
NCL-C and CHL-C cells under basal conditions and after treat-
ment with 400 M palmitate (P) to induce insulin resistance (IR).
As shown in Fig. 6A, p-IR, IRS1, IRS2, and p-AKT protein levels
were increased in COX-2-Tgliver, and also in NCL-C and CHL-C
cells, indicating that the insulin signaling pathway is activated in
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FIG 3 COX-2 increases DDX5 protein levels largely through PI3K signaling. (A) Representative Western blot showing expression of COX-2 and proteins
involved in miRNA processing (DGCRS8, Drosha, DDX5, DDX17, and Dicer). Total cellular extracts were prepared from NCL and CHL cells and from Wt and
COX-2-Tg mouse liver, and protein levels were analyzed by Western blotting. For densitometric analysis of DDX5 protein in liver extracts, the relative level of
Wt expression was defined as 1. a-Tubulin served as a loading control. (B) NCL cells were serum starved for 6 h prior to treatment with different pharmacological
inhibitors for 12 h (0.5 uM BRIB796, 50 pM PD98059, 20 uM LY294002, and 1 M GO6983). Protein levels were analyzed by Western blotting. Ctrl, control;
DMSO, dimethyl sulfoxide. (C) Analysis of miRNA expression by real-time PCR after treatment with 20 uM LY294002 (LY29) for 12 h. The expression level was
determined relative to that in NCL-V cells (arbitrarily assigned a value of 1). Data are reported as means * SD of the results of three independent experiments.*,
P < 0.05 (versus NCL-V cells); #, P < 0.05 (versus NCL-C cells). (D) NCL-C cells were subjected to immunoprecipitation (IP) with an acetyllysine antibody
(a-Acetyl Lys) after treatment with siCOX-2 (50 nM), followed by immunostaining with anti-DDXS5 antibody. IB, immunoblot. The input panel shows that
comparable amounts of total DDX5 were present in all immunoprecipitation experiments. p85 served as a loading control. (E) NCL cells were cultured without
or with 2.5 M and 5 M C646, as indicated. After 24 h, cells were harvested and COX-2 and DDXS5 expression was determined by Western blotting. a-Tubulin
served as a loading control.

the presence of COX-2. To confirm that DDX5 was implicated in
the miRNA downregulation by COX-2, and thus was responsible
for the increase in insulin signaling, we inhibited DDX5 activity
with siRNA. As shown in Fig. 6B, DDX5 silencing abrogated the
COX-2-mediated increase in insulin signaling components in
NCL-C cells. Similar results were obtained after silencing of
COX-2. When palmitate was used to induce insulin resistance
(IR), NCL cells expressing COX-2 exhibited lower insulin resis-
tance after challenge with insulin, as illustrated by higher expres-
sion of IRS1 and p-AKT in the presence of palmitate than in
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NCL-V cells, indicating a COX-2-mediated protective effect
(Fig. 6C).

To confirm that the activation of insulin signaling was medi-
ated by COX-2-dependent downregulation of miRNAs, NCL-C
cells were transiently transfected with a vector expressing miR-
23b, miR-146b, and miR-183 separately or in combination. As
anticipated, expression of individual miRNAs reduced the effect
of COX-2 in the activation of insulin signaling, and this abroga-
tion was more pronounced when all three miRNAs were trans-
fected in combination (Fig. 7A). Moreover, ectopic miR-183 ex-
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pression could reverse the protective effect of COX-2 against
palmitate-induced IR in liver cells, as measured by IRS1 expres-
sion and AKT phosphorylation (Fig. 7B). Additionally, we ana-
lyzed the expression of phosphoenolpyruvate carboxykinase (en-
coded by PckI) and glucokinase (encoded by Gck), bona fide
targets of insulin signaling and glucose homeostasis, respectively
(31, 32). A significant reduction in Pckl mRNA expression was
observed in NCL-C cells relative to NCL-V cells; however, when
NCL-C cells were transiently transfected with a vector encoding
miR-23b, miR-146b, or miR-183, the decrease in Pckl mRNA
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levels was reversed. Again, this effect was more pronounced when
all three miRNAs were overexpressed simultaneously. Conversely,
COX-2 increased the expression of Gck, and this was reversed in
the presence of miR-23b, miR-146b, and miR-183 (Fig. 7C). To-
gether, these results indicate that the downregulation of miRNAs
by COX-2 enhances insulin signaling, partly through the inhibi-
tion of gluconeogenesis and the activation of glycolysis. In addi-
tion to testing the insulin signaling pathway, we performed a glu-
cose-stimulated insulin secretion (GSIS) functional assay. Our
results showed that GSIS in MING6 cells was significantly reduced
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three independent experiments. *, P < 0.05 (versus the pGL3 empty vector).

after transfection with a vector encoding miR-183 (Fig. 7D). Fur-
ther, COX-2-transfected MING6 cells exhibited increased insulin
secretion, and this was abrogated by cotransfection with miR-183
(Fig. 7D).

Inverse correlation between COX-2 expression and miRNA
expression in nonalcoholic steatosis. Since COX-2-mediated in-
flammation is implicated in fatty liver disease, we examined
whether there was a relationship between COX-2 expression and
miRNA expression in nonalcoholic steatosis (NAS). Results from
RT-PCR analysis of human biopsy samples showed that, com-
pared with normal liver (NL) levels, COX-2 expression was signif-
icantly increased in NAS samples, whereas expression of miR-23Db,
miR-146b, and miR-183 was significantly decreased (Fig. 8A).
Furthermore, expression of DDX5 and IRS1 was also found to be
increased in NAS (Fig. 8B).

DISCUSSION

The current report proposes a novel miRNA-dependent mecha-
nism through which COX-2 modulates insulin signaling in liver.
COX-2 represses miR-23b, miR-146b, and miR-183 expression in
hepatic cell lines by associating with the Drosha complex through
DDXS5 acetylation and modulates the efficiency of Drosha-medi-
ated pri-miRNA cleavage. Specifically, we and others have shown
that IRS1 is a direct target of miR-183 (33). Thus, the regulation of
miR-183 expression allows COX-2 to contribute to protection
against IR by increasing IRS1 protein levels.

miRNA processing can be regulated at multiple steps during
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biogenesis and leads to either elevated or decreased miRNA levels.
The Microprocessor complex, consisting of Drosha, DGCRS,
DDXS5, and DDX17, drives the maturation of pri-miRNA to pre-
miRNA (34). The DDX5/DDX17 complex has been demonstrated
to alter the miRNA processing efficiency differently for specific
miRNAs, decreasing or increasing expression (28, 35). In addition
to their playing a role in miRNA processing, it has been recently
reported that DDX5 and DDX17 control miRNA production at
the transcriptional level (36). It has been previously reported that
in the absence of DDX5, the expression of only 35% of miRNAs
(and pre-miRNAs) was reduced without concomitant changes in
the levels of the corresponding pri-miRNAs, while the expression
of other miRNAs was increased or unaltered (17). Alternatively, as
DDX5 and DDX17 are known to interact with a variety of pro-
teins, they may serve as a scaffold for the recruitment of multiple
factors to the Drosha complex (36, 37). Considering these data, we
propose that the mechanism by which COX-2 selectively inhibits
miRNA processing is by stabilizing DDX5 through PI3K/p300,
thus modulating its interaction with the Drosha complex and al-
tering its correct positioning on the miRNA hairpin structure.
Previous studies have shown that PI3K enhances the metabolic
stability of endogenous p300 protein (38). Indeed, AKT, activated
in a PI3K-dependent manner, translocates to the nucleus, where it
binds to and phosphorylates p300 at $'®**, leading to an increase
in its histone acetyltransferase (HAT) activity (29). Moreover,
DDX5 is a substrate for p300 in vitro and in vivo, and its acetylation
results in stabilization (30). In the present study, we demonstrated

July 2015 Volume 35 Number 14


http://mcb.asm.org

COX-2 Regulates Hepatic miRNA Expression

A B NCL
NCL CHL Liver y_Cc VvV _C
VC VC Wt Tg hCOX-2

hcox-2 [ e ]  DDX5 S ]

10 22% 10 23* 10 19%

IRs2[= == [ o oo o oo o B |

p-AKT (= | |
AKT [ [ -

E3

1.0 1.6* 10 16* 1.0 18

N e ey

C
a-tubulin [
Palmitate (400 uM) - - + + - - + +
Insulin(50nM) - + - + - + - +

p-IR |
IR|
IRS1 [0 -
Rs2 [ [
pakt__— [~ ——]
AKT

a-tubulin

L J L

L ] ]

siRNA Scr  DDX5 Scr COX-2
Hoos
£ 21 i
23 151
] |
5 17
(\,—)0.5'
X o-
12 3 456 7 8
r 8
o
= 2
< 4 x
£ 2]
<
o 0 -
1 2 3 45686 7 8

FIG 6 COX-2 regulates insulin signaling through DDX5 and protects against insulin resistance. (A) Western blot analysis of COX-2 and proteins involved in
insulin signaling in NCL and CHL cells and Wt and hCOX-2-Tg liver. (B) Analysis of protein expression in NCL cells after transfection with 30 nM Scr, 30 nM
siDDXS5, or 50 nM siCOX-2. The expression of target proteins was normalized to that of a-tubulin. (C) NCL cells were serum starved for 6 h prior to treatment
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Western blotting. Results of densitometric analysis of IRS1 and p-AKT/AKT ratio protein levels are expressed relative to those of NCL-V cells (assigned a value
of 1) and are represented as relative expression (RE) levels. Data are reported as means = SD of the results of three independent experiments. *, P < 0.05 (versus

NCL-V); #, P < 0.05 (versus absence of palmitate).

that the inhibition of PI3K (LY294002) and p300 (C646) leads to
a decrease of DDXS5 protein levels in NCL-C cells, along with the
acetylated status of DDXS5, indicating that the increase in the
DDXS5 levels mediated by COX-2 is PI3K/p300 dependent.
While the positive regulatory machinery of miRNA processing
is relatively well understood (28, 39), negative regulation of the
pathway is largely uncharacterized. Our results demonstrate a
negative regulation of miRNA processing exerted by COX-2
through DDX5. The best-studied negative regulator of miRNA
biogenesis is the Lin-28 RNA binding protein, which is able to
repress the processing of Let-7 family members by Dicer (40).
Also, the predominant consequence of activation of the Myc on-
cogenic transcription factor is a widespread repression of miRNA
expression as a result of Myc binding to miRNA promoters (41).
Although the inhibition of miRNA processing by COX-2 is due to
its interaction with the Drosha complex, we demonstrated that
treatment of NCL-V cells with PGE, mimics the effect of COX-2,
downregulating miR-23b, miR-183, and miR-146b. This could be
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explained by the fact that we and others have shown that PGE,
induces COX-2 transcription through the PI3K/AKT signaling
pathway (42, 43) and also stabilizes DDX5 expression, thus favor-
ing the binding of COX-2 with the Drosha complex.

We analyzed the enriched signaling pathways among the pre-
dicted gene targets of the miRNAs regulated by COX-2 and fo-
cused on the insulin signaling pathway based on our previous
results that indicated that COX-2 reduces liver damage induced by
hyperglycemia (15) and protects against adiposity, inflammation,
and hepatic insulin resistance in mice challenged with a high-fat
diet (14). These miRNA target genes were validated by real-time
RT-PCR and presented increased expression in COX-2-Tg liver
and in both CHL and NCL cells expressing COX-2.

Recent studies have suggested that differential miRNA expres-
sion levels may play a role in the regulation of metabolic pathways,
including those involved in insulin signaling and lipid and glucose
metabolism, which are all events generally associated with patho-
genesis and development of nonalcoholic fatty liver disease
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FIG 7 Ectopic miR-183 expression counteracts the protective effect of COX-2 against insulin resistance. (A) Western blot analysis of proteins after transfection
with 4 g of pPEGP-miRNA expression vectors. Results of densitometric analysis of COX-2, DDX5, p-IR/IR ratio, IRS1, IRS2, and the p-AKT/AKT ratio are
reported relative to NCL-V cells (assigned a value of 1) and is represented as relative expression (RE) levels. (B) Western blot analysis of proteins after transfection
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(NAFLD) (44). For example, Davalos et al. reported that miR-
33a/b contributes to the regulation of fatty acid and glucose me-
tabolism and insulin signaling, by targeting key enzymes involved
in fatty acid oxidation and IRS2 (45). Moreover, miR-155 has
been shown to have a protective role in the development of non-
alcoholic hepatosteatosis in mice, by regulating lipid metabolism
through liver X receptor alpha (LXRa) (46).

Regarding COX-2 participation in metabolism, some studies
have indicated that prostaglandins might favor fat accumulation
in hepatocytes and hence the development of hepatic steatosis.
Other studies provide evidence that PGE, might suppress de novo
lipogenesis. The work of Hsieh et al. (47—49) showed that rats fed
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with a fructose or high-fat diet and treated with COX-2 inhibitors
improve muscle and fat insulin resistance. However, contradic-
tory results were obtained by Coll et al., who showed that COX-2
inhibition exacerbated palmitate-induced inflammation and IR in
skeletal muscle (50).

Previous results obtained using hepatocytes from our COX-
2-Tg model indicated that, although a diabetic state decreased
PI3K activity, the activity still remained significantly higher in
COX-2-Tg diabetic mice than in Wt mice, suggesting an activa-
tion of the PI3K/AKT pathway by COX-2 (15). Similar results
were obtained in the present study, where p-AKT levels per se were
increased in NCL-C and CHL-C cells and in COX-2-Tg liver rel-
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FIG 8 COX-2 correlates inversely to miR-23b, miR-146b, and miR-183 and
directly to DDX5 and IRS1 in NAS human biopsy specimens. The expression
of COX-2, DDX5, and IRSI mRNA and also of miR-23b, miR-146b, and miR-
183 was analyzed using real-time PCR in NL and NAS samples. *, P < 0.05
(versus NL samples). Data were normalized to 36b4 mRNA and U6 RNA
levels, respectively.

ative to Wt levels and were further increased by insulin. Hepatic
insulin resistance may stem from compromised signaling through
the insulin receptor substrate (IRSland IRS2) proteins, a family of
docking molecules that connect insulin receptor activation to es-
sential downstream kinase cascades, such as the PI3K or mitogen-
activated protein kinase (MAPK) pathways (51). In this context,
there is probably positive feedback leading to increased PI3K ac-
tivation. IRS proteins are a critical link in hepatic insulin signaling,
and it has been previously shown that the decrease in expression of
IRS proteins in liver may represent a key molecular lesion of he-
patic insulin resistance (52). In addition, and in accordance with
the results of this report, previous work has shown that a reduc-
tion in IRSI expression resulted in a significant increase in the
mRNA abundance of Pckl, encoding the essential gluconeogenic
enzyme, and a decrease in Gck expression (51). All these data agree
with our results, since COX-2 upregulates IRS1 by reducing miR-
183 expression, thus protecting against insulin resistance in liver
cells. Moreover, miR-183 expression leads to metabolic dysfunc-
tion, illustrated by a reduction in GSIS, suggesting a functional
consequence of COX-2-mediated miRNA regulation. Our analy-
sis revealed that, while expression of miR-183 impairs GSIS in
MING B cells, COX-2 has the opposite effect and is able to reverse
the defect in insulin signaling.

Our results shed light on the mechanism through which
COX-2 regulates miRNA processing by modulating the Drosha
complex activity through the interaction with DDXS5, thus down-
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FIG 9 COX-2 increases insulin signaling by downregulation of miR-183.
PGE, stabilizes DDX5 expression through the PI3K/p300 signaling pathway.
COX-2 associates with the Drosha complex through DDX5 and prevents the
conversion of pri-miRNAs into pre-miRNAs. The association leads to a de-
crease of mature miR-183 levels and therefore to an increase in the level of its
gene target, IRS1, a key protein in the insulin signaling pathway. DDX5,

DEAD-box helicase p68; Drosha, RNase type III; DGCRS8, DiGeorge syndrome
critical region gene 8; m’G, 7-methylguanosine-cap.

regulating miR-183 (Fig. 9). Importantly, we have demonstrated
this inverse relationship between COX-2 and expression of
miRNAs not only in transgenic animal and in vitro models but also
in human hepatic biopsy specimens of NAS patients. Considering
all these data, we propose that the decrease of miR-183 promotes
protection against IR by increasing IRS1 levels in liver.

miRNAs represent attractive therapeutic targets, and various
chemically engineered oligonucleotides have been developed to
safely inhibit miRNA function through sequestering mature
miRNAs while preventing RNA-induced silencing complex
(RISC) processing (53). Indeed, miravirsen, the first drug target-
ing a specific miRNA, has shown encouraging properties in clini-
cal trials in patients infected with HCV (54). Our results suggest
that antagonism of endogenous miR-183 might have utility as a
therapeutic strategy for treating IR and also for treating metabolic
syndrome and NAFLD.
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