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ABSTRACT: Prostacyclin (PGI2) is a key vascular protector, metabolized from endogenous arachidonic acid
(AA). Its actions are mediated through the PGI2 receptor (IP) and nuclear receptor, peroxisome proliferator-
activated receptor γ (PPARγ). Here, we found that PGI2 is involved in regulating cellular microRNA
(miRNA) expression through its receptors in a mouse adipose tissue-derived primary culture cell line
expressing a novel hybrid enzyme gene (COX-1-10aa-PGIS), cyclooxygenase-1 (COX-1) and PGI2 synthase
(PGIS) linked with a 10-amino acid linker. The triple catalytic functions of the hybrid enzyme in these cells
successfully redirected the endogenous AA metabolism toward a stable and dominant production of PGI2.
The miRNA microarray analysis of the cell line with upregulated PGI2 revealed a significant upregulation
(711, 148b, and 744) and downregulation of miRNAs of interest, which were reversed by antagonists of the IP
and PPARγ receptors. Furthermore, we also found that the insulin-mediated lipid deposition was inhibited in
the PGI2-upregulated adipocytes. The study also initiated a discussion that suggested that the endogenous
PGI2 inhibition of lipid deposition in adipocytes could involve miRNA-mediated inhibition of expression of
the targeted genes. This indicated that PGI2-miRNA regulation could exist in broad pathophysiological
processes involving PGI2 (i.e., apoptosis, vascular inflammation, cancer, embryo implantation, and obesity).

Prostacyclin (PGI2)
1 is the most potent endogenous vascular

protector because it inhibits platelet aggregation and opposes the
vasoconstricting and platelet pro-aggregating functions of
thromboxane A2 (TXA2) (1, 2). Thus, prostacyclin plays a key
role in the prevention of atherosclerosis and other cardiovascular
diseases (3). PGI2 mediates its biological effects by binding to cell
surface prostacyclin receptors (IPs), which couple to the stimu-
latoryGprotein (Gs) to activate adenylyl cyclase and increase the
level of cyclic AMP (cAMP) (4, 5). In addition to activating
plasma membrane receptors, PGI2 can also activate the nuclear
receptors, peroxisome proliferator activated receptors (PPARs),
which function as nuclear transcription factors. The PPAR
family includes three isoforms, R, δ (β), and γ (6, 7), which are
activated by a broad spectrum of ligands. These include meta-
bolites of the COX and lipoxygenase pathway and hypolipidemic
agents, e.g., fibrates, which regulate inflammation, lipid meta-
bolism, and insulin sensitivity (8, 9). PPARγ, which is mostly
expressed in the adipose tissue, large intestine, and spleen (10), is
also the only PPAR that can be activated through the IP using
stable PGI2 analogues (11). Thus, prostacyclin can be directly
related to lipid metabolism through the IP/PPARγ receptor.
To date, there is conflicting evidence regarding a PGI2-induced
increase or decrease in the level of adipogenesis (12, 13).

However, logically, an early loss of endothelial PGI2 could lead
to deposition of the adipocyte lipid in the periphery and vascular
smooth muscle cells (atherosclerosis). Currently, atherosclerosis
is characterized by inflammation that causes vascular endothelial
damage (14). The first step in the development of atherosclerosis is
the formation of the fatty streak. The current accepted concept is
that when LDL levels increase, they accumulate in the arterial
intima and become oxidized into proinflammatory particles. This
provokes an innate inflammatory reaction within the intima, and
thus, fat droplets accumulate in the cytoplasm of smooth muscle
cells. The resulting hemodynamic stress causes intimal thickening
of the artery.When the monocytes enter the artery, they transform
into macrophages, take up lipids, and become foam cells (15, 16).
However, we propose that the localized loss of the autocrine and
paracrine effect of endothelial PGI2 could be responsible for the
subendothelial deposition of lipid in the smooth muscle cells of the
vascular walls. It is known that lipid deposition in the vessel wall
begins as fatty streaks at a very early age (15, 16). This could
represent an early loss of PGI2 paracrine function.

We further propose that this lipid deposition can be confirmed
by identification of appropriate specific proteins involved in the
lipogenesis pathway. We have used primary culture recombinant
DNA technology, mass spectrometric analysis, a microRNA
(miRNA)microarray, and anRNA illumina assay to identify the
pathway that links PGI2 to lipid deposition. The source of PGI2
was a hybrid enzyme that links COX-1 with PGIS through a
designed linker. This hybrid enzyme was overexpressed in a pri-
mary culture ofmouse adipocytes called “PGI2-prostanoid-synthe-
sizing fat cells” (PGI2-PSFCs) (17-19). The hybrid enzyme was
able to integrate the triple catalytic functions of COX and PGIS
into one enzyme (named Tri-Cat enzyme) and effectively and
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continuously convert endogenous arachidonic acid (AA) into
PGI2 (17-19).

We evaluated the regulation of miRNAs in adipocytes and
PGI2-PSFCs because theymakw up a novel class of endogenous,
small, noncoding RNAs that base pair with their target mRNAs
leading to mRNA degradation or repression of translation
(20, 21). Thus, they are endogenous, negative regulators of gene
expression that are involved in the regulation of cell proliferation
and growth, mobility, differentiation, and apoptosis (22-26).
Consequently, deregulatedmiRNA functionmay result in diseases
of the heart (27) and liver, immune dysfunction, cancer (24, 28),
and metabolic disorders (29-31). This was the first verification
that endogenous PGI2 could inhibit lipid deposition in adipocytes
possibly with the involvement of regulation ofmiRNAexpression.

The cell-based method used to study the autocrine and
paracrine effect of PGI2 in the primary culture of adipocytes is
novel in that it allows us to study endogenous PGI2 that has a
very short half-life. This method allows us to closely mimic the in
vivo effect of PGI2 produced by endothelial cells and predict the
pathway involved in lipid deposition.

EXPERIMENTAL PROCEDURES

Materials. Media, such as Dulbecco’s modified Eagle’s
medium type F-12 (DMEM-F12), newborn calf serum (NCS),
antibiotic and antimycotic, Geneticin (G418), and TRIZOL for
culturing the cell lines were purchased from Invitrogen (Carlsbad,
CA). The following were purchased from Cayman Chemical Co.
(Ann Arbor, MI): CAY 10441 (IP antagonist), GW9662 (PPARγ
antagonist), and primary antibodies against human COX-1 and
PGIS. The miRNA isolation kit, RT2 miRNA First Strand Kit,
RT2 SYBRGreen qPCRMasterMix, the primer formiRNA711,
and sno RNA 142 were purchased from SA Biosciences
(Frederick, MD). The primary antibody against Akt1 was pur-
chased fromSantaCruzBiotechnology (SantaCruz, CA). Oil Red
O was purchased from Sigma Aldrich (St. Louis, MO).
Engineered cDNAPlasmids with Single Genes Encoding

the Human COX-1 and PGIS Sequences. The sequence of
COX-1 linked to PGIS through a 10-amino acid (10aa) linker
(COX-1-10aa-PGIS, Trip-cat enzyme-1) was generated by a PCR
approach and subcloning procedures previously described (18).
Establishing a Primary Cultured Cell Line Derived from

Adipose Tissue. Inguinal adipose tissue, excised from aC57BL/6
mouse, was washed thoroughly with phosphate-buffered saline
(pH 7.5) and then digested with collagenase (2 mg/mL) at 37 �C
for 1 h. The digested adipose tissue was then filtered through glass
wool and subjected to low-speed centrifugation for further separa-
tion. The mature adipocytes collected from the upper layer of the
collagenase-digested mouse adipose tissue were placed between
two cover slides in a 10 cm cell culture dish with DMEM-F12
containing 10%newborn calf serum (NCS) and 1%antibiotic and
antimycotic and thenwere grown at 37 �C in a humidified 5%CO2

incubator. After 15 days, the lipid droplets within the cells
completely disappeared. Furthermore, the cells had converted
into attached “fat cells” with the capacity to synthesize endogen-
ous prostanoids and were termed prostanoid-synthesizing fat cells
(PSFCs). The protocol was approved by the Animal Safety
Committee of the University of Houston.
StableExpression of theTrip-catEnzyme-1 in theCultured

Fat Cells. The PSFCs were grown and transfected with purified
pcDNA3.1-COX-1-10aa-PGIS by the Lipofectamine 2000 meth-
od following the manufacturer’s instructions (Invitrogen). For

stable expression, the transfected cells were cultured in the pre-
sence of G418 screening for several weeks following the manu-
facturer’s instructions. The cells stably expressing Trip-cat en-
zyme-1 were identified by Western blot analysis and liquid
chromatography-mass spectrometry (LC-MS) analysis.
Determination of the Endogenous AAMetabolism in Fat

Cells Using LC-MS. Simultaneous quantification of AA
metabolites in the cultured PSFCs (with and without transfection
of the Trip-cat enzyme-1 cDNA) was detected by LC-MS
following the reported methods (17, 18). Briefly, the cell culture
medium was collected and applied to a C18 cartridge (Honeywell
Burdick & Jackson, model BJ9575). After being washed with
water, the AAmetabolites bound to the cartridge were eluted with
acetone, dried with nitrogen gas, and then dissolved in solvent A
(0.1% acetic acid and 35% acetonitrile). The sample was injected
into the Waters Micromass LC-MS/MS system with an auto-
sampler. Themetabolites are first separated by the RP-HPLCC18
column and then automatically injected into the mass detector
equipped with an ESI source in a negative mode. Synthetic AA
and 6-keto-PGF1R, obtained from Cayman Chemical Co., were
used as standards to calibrate the LC-MS system, identify the
corresponding prostanoids, and normalize the detection limits and
sensitivities.
Immunoblot Analysis. The stable transfected cells (PGI2-

PSFCs) expressingTrip-cat enzyme-1 or those PSFCs transfected
with vector (pcDNA 3.1) alone were collected and washed with
PBS. Membrane proteins were separated by 10% (w/v) sodium
dodecyl sulfate-polyacrylamide gel electrophoresis under dena-
turing conditions and then transferred to a nitrocellulose mem-
brane. Bands recognized by specific primary antibodies (PGIS,
COX-1, or cPGES) were visualized with horseradish peroxidase-
conjugated secondary antibody.
MiRNA Microarray Analysis. PSFCs and PGI2-PSFCs

were cultured as described above, and after 24 h, the totalRNAwas
isolated using TRIZOL. In another experiment, PGI2 adipocytes
were serum starved for 5-6 h, and then one plate was treated with
IP antagonist CAY10441 (1 μM) and the other with PPARγ
antagonist GW9662 (5 μM). After 24 h, total RNA was isolated.
Total RNA samples were analyzed by LCSciences (Houston, TX),
which provided microarray analyses. Once their results have been
collected, a search was performed on the target genes of the indivi-
dual miRNAs using the website http://microrna.sanger.ac.uk.
Quantitative Real-Time PCR (qRT-PCR). The level of

miRNA711wasmeasured by the qRT-PCRapproach using three
kits obtained from SA Biosciences following the detailed instruc-
tions in the kits. First, themiRNAswere isolated from the cultured
PGI2-PSFCs or control PSFCs using the RT2 qPCR-Grade
miRNA Isolation Kit. Second, the isolated miRNAs were con-
verted into cDNAs using the RT2 miRNA First Strand Kit, and
finally, the cDNAs were mixed with another kit, RT2 SYBR
Green qPCR Master Mix, the primer for miRNA 711, and sno
RNA 142 (control) and then analyzed by qPCR using the Applied
Biosystems 7300 Real Time PCR System. Differential expression
of miRNA 711 in the cells was analyzed by the ΔΔCT method
using mouse housekeeping sno RNA 142 (small nucleolar RNA)
as a control. The levels of miRNA 711 in the cells were calculated
using the formula 2(-ΔΔCt) (n = 5).
IlluminaGene ExpressionAssay.Two hundred nanograms

of total RNA from PSFCs and PGI2-PSFCs was amplified and
purified using the Illumina TotalPrep RNA Amplification Kit
(Ambion, Inc.) following the manufacturer’s instructions. Briefly,
the first-strand cDNA was synthesized by incubating RNA with
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T7 oligo(dT) primer and reverse transcriptase mix at 42 �C for 2 h.
RNase H and DNA polymerase master mix were immediately
added to the reaction mix following reverse transcription and
were incubated for 2 h at 16 �C to synthesize second-strand cDNA.
RNA, primers, enzymes, and salts that would inhibit in vitro
transcription were removed through cDNA filter cartridges (part
of the amplification kit). In vitro transcription was performed, and
biotinylated cRNA was synthesized by a 14 h amplification with
dNTP mix containing biotin-dUTP and T7 RNA polymerase.
Amplified cRNAwas subsequently purified, and the concentration
was measured with a NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies). An aliquot of 1.5 μg of amplified pro-
ducts was loaded onto Illumina Sentrix Beadchip Array Mouse-6
arrays, hybridized at 58 �C in an Illumina Hybridization Oven
(Illumina, Inc.) for 17 h, washed, and incubated with streptavidin-
Cy3 to detect biotin-labeled cRNAon the arrays. Arrayswere dried
and scanned with a BeadArray Reader (Illumina, Inc.). Data were
analyzed using BeadStudio (Illumina, Inc.). Clustering and path-
way analysis were performed with BeadStudio and Ingenuity
Pathway Analysis (Ingenuity Systems, Inc.), respectively.
Akt1 Immunoblot. Cells were harvested and lysed in lysis

buffer [50 mM Tris-HCl (pH 7.4), 1% Triton X-100, 150 mM
NaCl, 1 mMEDTA, 1 mMphenylmethanesulfonyl fluoride, 1%
aprotinin, 10 mg/mL leupeptin, 1 mM sodium orthovanadate,
and 1 mM sodium fluoride]. Cell lysates were centrifuged at
12000g for 10 min at 4 �C. The protein concentration of the cell
lysate was determined by performing the BCA protein assay.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis sample
buffer was added to the lysates, which were then heated to 100 �C
for 5 min; 25 μg of protein was loaded in each well of the 10%
acrylamide gel and separated by electrophoresis. Proteins were
transferred onto a nitrocellulosemembrane, whichwas incubated
with primary antibody against Akt1 and a horseradish perox-
idase-conjugated secondary antibody. Chemiluminescence was
detected using an ECL Kit (Amersham).
Lipid Accumulation in PSFCs and PGI2-PSFCs. PSFCs

and PGI2-PSFCs were grown to 50% confluency in DMEM-F12
medium containing 10% newborn calf serum. This medium was
then replaced with adipogenic medium [DMEM containing 10%
fetal bovine serum (FBS), 1 μM dexamethasone (Sigma-Aldrich),
0.5 mM isobutylmethylxanthine (IBMX), and insulin (10 μg/mL)],
and the cells were allowed to grow in this medium for 4 days. After
4 days, the cells were refed with DMEM-F12 medium containing
10% FBS and 10 μg/mL insulin and were grown for an additional
3 days. Images were taken every day to observe cells that were
accumulating lipid droplets.
Oil Red O Staining. After the cells had been treated with

differentiation medium for 7 days, the accumulation of intracellu-
lar lipid was assessed via Oil Red O (Sigma-Aldrich) staining.
A 0.36% (w/v) solution of Oil Red O was prepared in 60%
2-propanol. The cells were washed twice with PBS and fixed with
4% paraformaldehyde for 5 min and then washed with PBS and
2-propanol. The cells were then stained with anOil RedO solution
for 30 min and rinsed with 2-propanol. Cells were observed via a
light microscope with 100�magnification and then photographed
using a Kodak DC 290 Zoom Digital Camera.

RESULTS

Isolation,Culture, andConversionof theMatureAdipocytes
into Attached Prostanoid-Synthesizing Fat Cells (PSFCs). In
this study, the isolatedmousemature adipocytes (Figure 1a, day 1)

were placed between cover slides and cultured in DMEM-F12
medium for 10 days in 10 cm cell culture dishes; the cells became
attached to the slides, and lipid droplets completely disappeared
(Figure 1a, day 10). The attached cells were termed prostanoid-
synthesizing fat cells (PSFCs) because the cells could metabolize
endogenous AA into prostanoids. Figure 1d (panel i, top graph)
shows the profile of the AA standard [molecular weight (MW) of
305] as presented by LC-MS analysis with an ESI source in a
negative mode. On the other hand, the LC-MS analysis of the
PSFCs shown in the bottom graph (Figure 1d, panel i) demon-
strates the conversion of endogenous AA into primarily PGE2

(MW of 351) as evidenced by LC-MS analysis with an ESI
source in a negative mode.
Redirecting the PSFC Line To Specifically Convert Endo-

genousAA intoPGI2,TherebyForming thePGI2-PSFCLine.
In our previous studies, we have shown that by overexpressing
our novel Trip-cat enzyme-1 (COX-1-10aa-PGIS, humanCOX-1
linked to PGIS) in HEK293 cells, we were able to direct the
conversion of endogenous AA into a stable overproduction of
PGI2 (18). Similarly, the endogenous AA that was metabolized
into PGE2 [by the endogenous cPGES (Figure 1b)] in the PSFC
line was redirected to produce PGI2 in the PSFC line over-
expressing Trip-cat enzyme-1 (PGI2-PSFC line). This stable
overexpression of COX-1-10aa-PGIS was identified by Western
blot analysis (Figure 1c). The resultant endogenous metabolism
of AA into PGI2 was confirmed by LC-MS analysis (Figure 1d,
panel ii). Here, the top graph shows the analysis of the 6-keto-
PGF1R (PGI2 stable byproduct) standard, and the bottom graph
represents that of the PGI2-PSFCs, which effectively converted
the endogenous AA into primarily PGI2 (shown as 6-keto-
PGF1R). Thus, this cell line was termed the PGI2-PSFC line, an
exceptional model for studying the biological functions of con-
tinuously produced, unstable PGI2 from the endogenous AA.
Detection of MiRNA Expression in PGI2-PSFCs. The

miRNA microarray analysis of the total RNA in the cultured
PGI2-PSFCs (Figure 2a, panel ii) showed a significant change in
the expression levels of 114 miRNAs in the cells. The expression
levels of these miRNAs in the nontransfected PSFCs (derived
from the same source of adipocytes) were used as a control
(Figure 2a, panel i). High-quality signals for the miRNAs in both
cells were obtained. From these analyses, we determined that
after comparison with the control (Figure 2a, panel i), several
miRNAs in the PGI2-PSFCs (Figure 2a, panel ii) were either
upregulated (circles) or downregulated (squares).
Profile of the MiRNAs That Are Upregulated by the

Endogenous PGI2 in PGI2-PSFCs. After comparing the
expression levels of miRNAs in the PGI2-PSFCs and the PSFC
control cells, we observed that 64 of 114 miRNAs exhibited
different degrees of increase. Of these 64 miRNAs, five exhi-
bited an increase of more than 2-fold (Figure 2b). There were
approximate 15-, 4-, and 3-fold increases in miRNAs 711, 31*,
and 720, respectively (Figure 2b). Interestingly, these miRNAs
have predicted target genes (http://microrna.sanger.ac.uk) that
are associated with adipocyte differentiation, atherosclerosis,
tumors, and brain angiogenesis as listed in Table 1. Therefore,
we postulate that upregulated miRNAs in PGI2-PSFCs will
inhibit the expression of these target genes and thus have a
protective role in atherosclerosis and tumors. In particular, the
expression level of the miRNA 711 increased by almost 15-fold
(Figure 2b), making this a very significant observation because
endogenous PGI2 could be a powerful upregulator for miRNA
711 expression in mammalian cells.
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Profile of the MiRNAs That Are Downregulated by the
Endogenous PGI2 in PGI2-PSFCs. There were 54 miRNAs
downregulated by PGI2 in the PGI2-PSFCs when compared with
the control PSFCs. The top fivemiRNAswith amore than 5-fold
decrease in their expression levels are shown in Figure 2b, and the
target genes for these miRNAs are listed in Table 2. The most
significantly downregulated miRNA is the 466f-3p (13.5-fold
decrease), which might regulate the expression of target genes
whose biological function is associated with lipid clearance,
tumors, and apoptosis (Table 2). There was also an approximate
10-fold decrease in the levels of miRNAs 148a and 467b*, which
have functions similar to that of 466f-3p. It was alsoworth noting
that a 4-fold decrease in the levels of miRNAs 206 and 574-5p
(data not shown), whose predicted target genes are embryonic
ectoderm development, could suggest that PGI2 plays a role in
embryonic development.
Inhibition of Upregulated MiRNA Expression in PGI2-

PSFCs Using the PPARγ Antagonist. PGI2-PSFCs were
treated with the PPARγ antagonist GW 9662 (5 μM) for 24 h,
and the total RNA was isolated and analyzed with a microarray
(Figure 3a, panel i). Interestingly, the effects of the endogenous
PGI2-upregulated and -downregulated miRNAs’ expression in
the PGI2-PSFCs were inhibited (Figure 3b, panel i). It was
particularly interesting to note that levels of miRNAs 711 and
466f-3p, whose expression levels were up- and downregulated

more than 12-fold by PGI2 signaling (Figure 2b), returned to
their basal level or below it (Figure 3b, panel i). This result
indicated that (1) PPARγ signaling is involved in regulating
miRNA expression in mammalian cells, (2) PGI2-mediated
upregulation and downregulation of miRNA expression could
occur through PPARγ, and (3) at least miRNA 711 and 466f-3p
are targets for the endogenous PGI2 signaling through PPARγ.
Inhibition of Upregulated MiRNA Expression in PGI2-

PSFCs Using the IP Antagonist. The effects of the IP
antagonist (CAY 10441) on the changes in the expression of
miRNAs in PGI2-PSFCs were compared with that of the control
PSFCs (Figure 3a, panel ii). Interestingly, the top five upregu-
lated and downregulated miRNAs in the PGI2-PSFCs were
inhibited (Figure 3b, panel ii) like the PPARγ antagonist
(Figure 3b, panel i). Again, the expression of the dramatically
upregulated miRNA 711 and downregulated miRNA 466f-3p
(by the PGI2 signaling) was blocked by the IP antagonist
(Figure 3b, panel ii). These results demonstrated that (1) upre-
gulated and downregulated expression of miRNAs in PGI2 cells
indeed results from the PGI2 produced by the cells, (2) both IP
and PPARγ are involved in PGI2 signaling, affecting miRNA
expression, (3) there is likely a signaling molecule linking IP with
PPARγ during the PGI2 signaling, affecting miRNA expression,
and (4) because the nuclear receptor, PPARγ, is directly involved
in the regulation of gene expression, it can be deduced that

FIGURE 1: (a) Conversion of mouse mature adipocytes (day 1) into attached PSFCs (day 10). (b) Western blot showing endogenous COX-1,
PGIS, and cPGES in the control PSFCs. (c) Western blot showing PSFCs (lane 1) and the stable expression of COX-1-10aa-PGIS transfected in
PSFCs to generate PGI2-PSFCs (lane 2). (d) LC-MS analysis of PSFCs (panel i, bottom graph) and PGI2-PSFCS (panel ii, bottom graph). The
top graphs in panels i and ii show data for the standard AA (retention time of 28.9 min with a molecular weight of 305) and 6-keto-PGF1R
(retention time of 9.8 min with a molecular weight of 369), respectively.
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PPARγ is a downstream target and IP is an upstream target
mediating the PGI2 signaling for miRNA expression.
QuantitativeDetermination ofMiRNA 711Upregulated

in PGI2-PSFCs by the qRT-PCR Approach. We further
validated the observation of the miRNAs regulated by PGI2 in
the PGI2-PSFCs. The miRNA 711 that has the highest level
upregulated in the cells was selected as a target for qRT-PCR
analysis. As a result, the level of miRNA 711 in PGI2-PSFCs was
up to 6-fold higher than that of the control PSFCs (Figure 3c).
This information is similar to that of the results of miRNA
microarrays shown in panels a and b of Figure 2, in which the
level of miRNA 711 expression was increased >10-fold, com-
pared to that of the control cells. These quantitative data have

further confirmed that miRNA 711 could be used as one of the
miRNAtargets to reveal the relationship betweenPGI2 andmiRNAs.
Inhibition of Accumulation of Lipid in PGI2-PSFCs.

There was a reduced level of accumulation of lipid droplets
in PGI2-PSFCs as compared to that in the control PSFCs
detected byOil RedO staining after 7 days (Figure 4). PGI2-PSFCs
did not accumulate lipid droplets when treated with adipogenic
medium containing dexamethasone, IBMX, and insulin. This
indicates that PGI2, through the upregulation of miRNAs 711,
744, and 148b, could inhibit lipid accumulation (Figure 4).
Detection of Downregulated Akt1 MiRNA Using the Illu-

mina Gene Expression Assay. This assay showed a >2-fold
increase in the levels of 354 mRNAs and a >2-fold decrease in

FIGURE 2: (a) MiRNA microarray profiles showing PSFC miRNA expression (panel i) and PGI2-PSFC miRNA expression (panel ii). Ovals
denote the expression profiles of the upregulated miRNA 711, and rectangles denote the expression profiles of the downregulated miRNA 466f-3p.
(b) Increases and decreases in the top five miRNAs in PGI2-PSFCs when compared to PSFCs.

Table 1: Upregulated miRNAs in the PGI2-PSFCs and Their Predicted Target Genes and Biological Functions [Sanger MicroCosm Target - miRBase

(http://microrna.sanger.ac.uk/targets/v5)]

upregulated miRNAs predicted target genes predicted biological function

miR-711 CCAAT/C/EBP β V adipocyte differentiation

V tumorigenesis

CD160 V pathologic neovascularization

Akt1 V adipogenesis, VSMC differentiation/proliferation,

proliferation/invasion of malignant tumors, and

vascular dysfunction in obesity

lipase V atherogenesis

miR-31* PPARR V adipocyte differentiation

brain specific angiogenesis inhibitor V angiogenesis

miR-720 lipase endothelial V atherogenesis

miR-140* amyloid β (A4) precursor protein-binding, family A V Alzheimer’s disease

3-hydroxy-3-methylglutaryl-coenzyme A synthase 2 V ketogenesis

miR-106a tumor susceptibility gene V tumors
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the levels of 471 mRNAs in PGI2-PSFCs in comparison to
PSFCs (data not shown). In addition, miRNA Akt1 was identi-
fied as being downregulated by 4-fold. UpregulatedmiRNAs 711

(Table 1), 744, and 148b, identified by microarray analysis, also
haveAkt1 as one of their gene targets [SangerMicroCosmTarget -
miRBase (http://microrna.sanger.ac.uk/targets/v5)]. Upon

FIGURE 3: (a) MiRNA microarray profiles showing PGI2-PSFC miRNA expression upon treatment with IP antagonist (panel i) and PPARγ
antagonist (panel ii). Ovals denote the expression profiles of miRNA 711, and rectangles denote the expression profiles of miRNA 466f-3p.
(b)Return to baseline of the upregulated and downregulatedmiRNAwith PPARγ antagonist (panel i) or IP antagonist (panel ii) in PGI2-PSFCs.
(c) Comparison of the miRNA expression levels between the control PSFCs (1) and PGI2-PSFCs (2). The level of miRNA 711 was measured by
the qRT-PCR approach using RT2 SYBRGreen qPCRMasterMix, the primer for miRNA 711, and sno RNA 142 (housekeeping endogenous
control) and thenanalyzedbyqPCRusing theAppliedBiosystems7300RealTimePCRSystem.Differential expressionofmiRNA711 in the cells
was analyzed by the ΔΔCT method. The levels of miRNA 711 in the cells were calculated using the formula 2(-ΔΔCt) (n= 5).

Table 2: Downregulated miRNAs in the PGI2-PSFCs and Their Predicted Target Genes and Biological Functions [Sanger MicroCosm Target - miRBase

(http://microrna.sanger.ac.uk/targets/v5)]

downregulated miRNAs predicted target genes predicted biological function

miR-466f-3p ABC1 v lipid clearance

large tumor suppressor V tumors

lipase V atherogenesis

miR-148a ABC7 v lipid clearance

miR-467b* CASP8 and FADD-like apoptosis regulator v apoptosis regulation

miR-7a insulin-induced gene 2, insulin receptor substrate 1 and 2 v insulin sensitivity

block of proliferation 1 V proliferation

miR-374 suppression of tumorigenicity gene V tumors
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comparison, it can be deduced that these miRNAswere possibly
downregulating the level of Akt1 gene expression.
Downregulation of the Level of Akt1 Expression in

PGI2-PSFCs Using Immunoblot Analysis. Using a mono-
clonal Akt1 primary antibody, we detected the downregulation
of the level of Akt1 expression in PGI2-PSFCs (Figure 5, lane 2)
as compared to PSFCs (Figure 5, lane 1). The experiment was
normalized using the GAPDH primary antibody. This finding
suggested that the upregulated miRNAs 711, 744, 148b may be
downregulating the level of Akt1 gene expression.

DISCUSSION

The recombinant hybrid enzyme (COX-1-10aa-PGIS) over-
expressed in a primary culture of mouse adipose tissue was able to
integrate its triple catalytic functionsofCOX-1andPGIS toeffectively
and continuously convert endogenous AA into PGI2 (17-19). We
were able to detect the stable production of PGI2 through the
presence of 6-keto-PGF1R (the stable byproduct) using
LC-MS (Figure 1d, panel ii). The miRNA microarray analysis
of the PGI2-PSFCs (expressing COX-1-10aa-PGIS) versus the

vector-transfected primary culture adipocytes (PSFCs) showed
that overproduction of PGI2 causes an upregulation in miRNAs
711, 148b, and 744 and a downregulation in miRNAs 466f-3p,
148a, 7a, 374, etc. This PGI2-induced miRNA regulation was IP-
and PPARγ receptor-mediated because the effect was reversed
by using CAY10441 (IP antagonist) and GW9662 (PPARγ
antagonist) (Figure 3). Our experimental data showing the
analyzed correlation betweenmiRNA expression and IP/PPARγ
blockade (Figure 3) have provided evidence that the effects of the
miRNA expression were possibly related to the PGI2 receptor
mediation, as there was no difference between the IP and PPAR
receptors. This raises the possibility that the two receptors may
coordinate together for miRNA expression. Upregulation of
miRNA 711 was further confirmed by quantification using
quantitative real-time PCR.

MiRNAs regulate gene expression either by inhibiting mRNA
translation or by causing degradation of mRNAs (20, 21).
MiRNA have been reported to play a role in adipogenesis of
preadipocytes (32). By referring to a list of targets (http://
microrna.sanger.ac.uk), we identified that C/EBP β is one of
the predicted gene targets of miRNA 711 and the Akt1 gene is
the predicted target of miRNA 711 (Table 1), 148b, and 744.
Transcription factor C/EBP β/δ is known to mediate the
transcriptional activation of PPARγ and C/EBP R, which in
turn causes differentiation of adipocytes and induces maturation
of preadipocytes into lipid-containing fat cells (33). Similarly, the
phosphatidylinositol 3-kinase (PI3K)/Akt1 pathway regulates
the process of adipocyte differentiation. It has been reported that
the absence of Akt1/PKB R in primary mouse fibroblasts cells
does not promote adipocyte differentiation (34). Akt1 in associa-
tionwithProFhas been suggested to produce phosphorylation of
FoxO1 and thereby cause its nuclear export. This, in turn, results
in the inactivation of FoxO1, which is a repressor of adipogenesis
and a negative regulator of insulin actions (35, 36). It is also
reported that PGI2, through its paracrine effect of inhibiting the
Akt1 pathway, induces inhibition of vascular smooth muscle cell
proliferation and prevents dedifferentiation, thus indicating its
role as atheroprotective (37). This is a very complex system that
has not yet been settled. Thus, we have initiated a very pre-
liminary study for the regulation of gene expression through
miRNA and performed an RNA illumina assay. The results
showed many of the mRNA were upregulated and downregu-
lated in the PGI2-PSFCS when compared to the vector-trans-
fected PSFCs (data not shown). From the assay, we were able to
show that therewas a downregulation of the level ofmRNAAkt1
in PGI2 adipocyte cells in comparison to the control adipocytes.
Therefore, Akt1 may be a gene target of miRNA 711, 148b, and
744.We also observed the RNA illumina assay’s downregulation
of the level of mRNAAkt1 by performing an immunoblot assay
of total Akt1 in both primary culture cell lines (Figure 5).
However, confirmation of the relationship between Akt1 and
PGI2 requires many more intensive studies. Such studies would
exceed our current experimental designs; however, they could be
included in our future work.

Thus, identification of the signalingmolecule, microRNA 711,
indicated that PGI2 plays a role in inhibiting lipid deposition and
facilitating clearance (Tables 1 and 2). We further incubated our
PGI2-PSFCs and PSFCs (control) in adipogenic medium with
insulin and found that there was a decreased level of lipid
deposition in PGI2-PSFCs when compared with control PSFCs
(Figure 4). This shows that PGI2 reduced the sensitivity of
insulin-mediated lipid deposition in cells.

FIGURE 4: (a) Simple microscopy (row 1) of the PSFCs (the arrow
indicates lipid droplets) and PGI2-PSFCs. Oil RedO staining (row 2)
of PSFCs (the arrow indicates the red color of lipid droplets) and
PGI2-PSFCs showing lipid accumulation. (b) Comparison of inte-
grated density values between PSFCs and PGI2-PSFCs. Intensities
were determined using AlphaEase FC from Cell Biosciences (Santa
Clara, CA) and taking values of five images.

FIGURE 5: Western blots showing the expression of Akt1 in PSFCs
(lane 1) and PGI2-PSFCs (lane 2). GAPDH was used to normalize
the expression level of Akt1.
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Our findings also predict that the loss of the paracrine and
autocrine effect of endothelial PGI2 could be responsible for early
atherosclerosis as fatty streaks. These fatty streaks are lipid
deposits in the smoothmuscle cells underlying the PGI2-producing
endothelium (Figure 6). Our future efforts will be directed toward
studying deposition of lipid in smooth muscle cell lines transfected
with our PGI2-producing hybrid enzyme.

In conclusion, our array data suggest that PGI2 regulates
miRNA expression that inhibits insulin-mediated lipid deposi-
tion in cells (Figure 6a). This is relevant because peripheral lipid
deposition (obesity) and atherosclerosis, which is uncontrolled
subendothelial lipid deposition in smooth muscle cells, could be
directly related to impaired PGI2 production as hypothesized
(Figure 6b).
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