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PPARα Is Regulated by miR-21 and miR-27b in Human Liver
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ABSTRACT
Purpose Peroxisome proliferator-activated receptor α
(PPARα) is an important transcriptional factor that regulates
genes encoding endo/xenobiotic enzymes and lipid metaboliz-
ing enzymes. In this study, we investigated whether micro-
RNAs (miRNAs) are involved in the regulation of PPARα in
human liver.
Methods Precursor or antisense oligonucleotide for miR-21
or miR-27b was transfected into HuH7 cells; expression of
PPARα and acyl-CoA synthetase M2B was determined by
Western blot and real-time RT-PCR. Luciferase assay was
performed to identify the functional miRNA recognition
element (MRE). Expression levels of PPARα, miR-21, and
miR-27b in a panel of 24 human livers were determined.
Results The overexpression and inhibition of miR-21 or miR-
27b in HuH7 cells significantly decreased and increased the
PPARα protein level, respectively, but not PPARα mRNA level.
The miRNA-dependent regulation of PPARα affected the
expression of its downstream gene. Luciferase assay identified
a functional MRE for miR-21 in the 3′-untranslated region of
PPARα. In human livers, the PPARα protein levels were not
correlated with PPARα mRNA, but inversely correlated with
the miR-21 levels, suggesting a substantial impact of miR-21,
although the contribution of miR-27b could not be ruled out.
Conclusions We found that PPARα in human liver is regulated
by miRNAs.
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ABBREVIATIONS
ACS acyl-CoA synthetase
AsO antisense LNA/DNA oligonucleotide
DMEM Dulbecco’s modified Eagle’s medium
FBS fetal bovine serum
IL-6 interleukin-6
LNA locked nucleic acid
miRNA microRNA
MRE miRNA recognition element
PPAR peroxisome proliferator-activated receptor
RXR retinoid X receptor
Stat3 signal transducer and activator of transcription 3

INTRODUCTION

Peroxisome proliferator-activated receptor α (PPARα),
which is mainly expressed in the liver, regulates the
expression of many genes involved in fatty acid trans-
port, catabolism and energy homeostasis (1). The
binding of ligands such as fatty acids, eicosanoids and
fibrate hypolipidemics activates PPARα to form a
heterodimer with retinoid X receptor (RXR), followed
by the binding to PPARα response elements in the
promoter region of target genes (2) such as fatty acid
transport protein (3), acyl-CoA synthetase (ACS) (4),
cytochrome P450 4A11 (5) UDP-glucuronosyltransferase
1A9 and 2B4 (6,7).

MicroRNAs (miRNAs) are endogenous ~22-nucleotide
noncoding RNAs. The miRNAs play important roles in
the regulation of target genes by recognizing the
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complementary region in mainly the 3′-untranslated
region (UTR) and causing translational repression or
mRNA degradation (8). There is accumulating evidence
that miRNAs are involved in diverse biological processes
including development, cell proliferation, differentiation,
apoptosis, and cancer initiation or progression (9–11).
The human genome contains ~1000 miRNAs, and 60%
of human mRNAs are predicted to be targets of miRNAs
(12). Recently, we found that some nuclear receptors such
as pregnane X receptor (13), vitamin D receptor (14), and
hepatocyte nuclear factor 4α (15) were regulated by
miRNA. In addition, PPARγ (16), glucocorticoid receptor
(17), and estrogen receptor (18) have been reported to be
targets of miRNA. Employing an on-line search, we found
that some miRNAs may possibly bind to human PPARα
mRNA. In this study, we examined whether miRNAs
might be involved in the regulation of PPARα in human
liver.

MATERIALS AND METHODS

Chemicals and Reagents

Bezafibarate was purchased from Sigma-Aldrich (St. Louis,
MO). The pGL3-promoter vector, phRL-TK vector, Tfx-
20, and dual luciferase reporter assay system were pur-
chased from Promega (Madison, WI). LipofectAMINE
2000, LipofectAMINE Reagent, and LipofectAMINE
RNAiMAX were from Invitrogen (Carlsbad, CA). Pre-
miR miRNA Precursors for miR-21, -22, -24, -27b, -181a,
let-7a and negative control #1 were from Ambion (Austin,
WI). Antisense locked nucleic acid (LNA)/DNA oligonu-
cleotides (AsO) for miR-21 (5′-ACAGTTCTTCAACTGG-
CAGCTT -3′; LNA is indicated by the underline), for miR-
27b (5′-GCAGAACTTAGCCACTGTGAA-3′), and for
negative control (5′-AGACUAGCGGUAUCUUAAACC-
3′) were commercially synthesized at NIPPON EGT
(Toyama, Japan). RNAiso, random hexamer, and SYBR
Premix Ex Taq were from Takara (Shiga, Japan). ROX
was purchased from Stratagene (La Jolla, CA). ReverTra
Ace was obtained from Toyobo (Osaka, Japan). Restric-
tion enzymes were from Takara, Toyobo and New
England Biolabs (Ipswich, MA). All primers and oligo-
nucleotides were commercially synthesized at Hokkaido
System Sciences (Sapporo, Japan). Rabbit anti-human
PPARα polyclonal antibody (H-98), rabbit anti-human
GAPDH polyclonal antibodies (S-20), and IRDye 680
goat anti-rabbit IgG were from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA), IMAGENEX (San Diego, CA),
and LI-COR Biosciences (Lincoln, NE), respectively. All
other chemicals and solvents were of the highest grade
commercially available.

Human Livers and Preparation of Homogenates
and Total RNA

Human liver samples from 16 donors were obtained from
the Human and Animal Bridging (HAB) Research Orga-
nization (Chiba, Japan), which is in partnership with the
National Disease Research Interchange (NDRI, Philadel-
phia, PA), and those from 8 of the donors were obtained
from autopsy materials that were discarded after patholog-
ical investigation. The use of the human livers was
approved by the Ethics Committees of Kanazawa Univer-
sity (Kanazawa, Japan) and Iwate Medical University
(Morioka, Japan). Total cell homogenates were prepared
from 24 human liver samples by homogenization with lysis
buffer (50 mM Tris–HCl (pH 8.0), 150 mM NaCl, 1 mM
EDTA, 1% Nonidet P-40) containing protease inhibitors
(0.5 mM (p-amidinophenyl) methanesulfonyl fluoride, 2 μg/
ml aprotinin, 2 μg/ml leupeptin). The protein concentra-
tion was determined using Bradford protein assay reagent
(Bio-Rad, Hercules, CA) with γ-globulin as a standard.
Total RNA was prepared using RNAiso according to the
manufacturer’s protocols, and the integrity was assessed by
estimating the ratio of the band density of 28S and 18S
rRNA.

Cell Culture

The human hepatocellular carcinoma cell lines HuH7
and HepG2 were obtained from Riken Gene Bank
(Tsukuba, Japan). The human embryonic kidney cell line
HEK293 and the human uterus carcinoma cell line
HeLa were obtained from the American Type Culture
Collection (Manassas, VA). HuH7 and HeLa cells were
cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Nissui Pharmaceutical, Tokyo, Japan) supple-
mented with 10% fetal bovine serum (FBS) (Invitrogen).
HepG2 cells were cultured in DMEM supplemented with
0.1 mM nonessential amino acid (Invitrogen) and 10%
FBS. HEK293 cells were cultured in DMEM supple-
mented with 4.5 g/l glucose, 10 mM HEPES, and 10%
FBS. These cells were maintained at 37°C under an
atmosphere of 5% CO2-95% air.

Transfection of Precursor or AsO for miRNAs
into HuH7 or HepG2 Cells and Preparation of Cell
Homogenates and Total RNA

The cells were seeded into 6-well plates and transfected
with 50 nM precursor or AsO for miRNAs or control using
LipofectAMINE RNAiMAX. After incubation for 72 h, the
cells were harvested, suspended in a small amount of TGE
buffer (10 mM Tris–HCl, 20% glycerol, 1 mM EDTA
(pH 7.4)), disrupted by freeze-thawing three times and
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homogenized. Total RNA was also prepared as described
above. In some cases, the HuH7 cells transfected with
precursor or AsO for miRNA or control were treated with
100 μM bezafibrate 48 h after the transfection. After
incubation for 24 h, total RNA was prepared.

SDS-PAGE and Western Blot Analysis of PPARα

Total cell homogenates from the human liver samples (3 μg),
HuH7 cells (10 μg), andHepG2 cells (30 μg) were separated in
10% SDS-PAGE and transferred to Immobilon-P transfer
membrane (Millipore, Billerica, MA). The membranes were
probed with rabbit anti-human PPARα or rabbit anti-human
GAPDH antibodies and the corresponding fluorescent dye-
conjugated second antibodies. The PPARα protein level was
normalized with the GAPDH protein level.

Real-Time RT-PCR for PPARα and Acyl-CoA
Synthetase M2B (ACSM2B)

The cDNA was synthesized from total RNA using
ReverTra Ace. The real-time RT-PCR was performed
using Mx3000PTM (Stratagene). The forward and reverse
primers for PPARα mRNA were 5′-ACG GAA AGC CCA
CTC TGC CCC CTC TC-3′ and 5′-CTT GTC CCC
GCA GAT TCT ACA TTC G-3′, respectively. The
forward and reverse primers for ACSM2B mRNA were
5′- AGT GAA AAC AGC CAG GA-3′ and 5′-GAC TTC
ATC CCC AGC AAC-3′, respectively. A 1-μl portion of
the reverse-transcribed mixture was added to a PCR
mixture containing 10 pmol of each primer, 12.5 μl of
SYBR Premix Ex Taq solution and 75 nM ROX in a final
volume of 25 μl. The PCR conditions of PPARα and
ACSM2B were as follows: after an initial denaturation at
95°C for 30 s, the amplification was performed by
denaturation at 94°C for 4 s and 20 s, annealing and
extension at 64°C for 20 s for 45 cycles. The PPARα and
ACSM2B mRNA levels were normalized with GAPDH
mRNA as described previously (19).

Real-Time RT-PCR for Mature miR-21 and miR-27b

Polyadenylation and reverse transcription were performed
using Ncode miRNA first strand cDNA synthesis kit
(Invitrogen) according to the manufacturer’s protocol. The
forward primers for miR-21 and miR-27b were 5′-TAG
CTT ATC AGA CTG ATG TTG A-3′ and 5′-TTA ACA
GTG GCT AAG TTC T -3′, respectively, and the reverse
primer was the supplemented universal qPCR primer. The
PCR analyses were performed as follows: after an initial
denaturation at 95°C for 30 s, the amplification for miR-21
and miR-27b was performed by denaturation at 95°C for 4 s
and 10 s, annealing and extension at 64°C and 56°C for 20 s

and 10 s for 40 cycles, respectively. The mature miR-21 and
miR-27b levels were normalized with U6 snRNA determined
by real-time RT-PCR as described previously (19).

Construction of Reporter Plasmids

Various fragments of the human PPARα mRNA were
inserted into the Xba I site, downstream of the luciferase
gene in the pGL3-promoter vector. As the positive controls,
a fragment containing the perfectly matching sequences of
the mature miR-21 and miR-27b, 5′-CTA GAT AGC TTA
TCA GAC TGA TGT TGA T-3′ and 5′-CTA GAC AGA ACT
TAG CCA CTG TGA AT-3′ (the matching sequences of
miR-21 and miR-27b are italicized), was also inserted, and
the products were termed pGL3/c-miR-21 and pGL3/c-
miR-27b, respectively. DNA sequencing analysis was
performed to confirm the nucleotide sequences of these
constructed plasmids using Long-Read Tower DNA se-
quencer (GE Healthcare Bio-Sciences, Piscataway, NJ).

Luciferase Assay

Various pGL3 luciferase reporter plasmids were transiently
transfected with the phRL-TK vector intoHEK293, HepG2, or
HeLa cells. Briefly, the day before transfection, the cells were
seeded into 24-well plates and cultured for 24 h. To the
HEK293 cells, 170 ng of pGL3 plasmid, 30 ng of phRL-TK
vector and the precursors for miRNA or control were co-
transfected using LipofectAMINE 2000. To the HepG2 and
HeLa cells, 170 ng of pGL3 plasimd, 30 ng of phRL-TK vector
and the AsO for miR-21 or control were transfected using Tfx-
20 and LipofectAMINE Reagent, respectively. After incubation
for 48 h, the cells were lysed with a passive lysis buffer, and then
the luciferase activity wasmeasured with a luminometer (Wallac,
Turku, Finland) using the dual-luciferase reporter assay system.

Statistical Analyses

Statistical significance was determined by unpaired, two-tailed
student’s t-test or ANOVA followed by Tukey’s method test.
Correlation analyses were performed by Pearson’s product-
moment method. A value of P<0.05 was considered
statistically significant.

RESULTS

miR-21 and miR-27b Decreased the PPARα Protein
Level Affecting the Induction of its Target Gene
in Human Liver-Derived Cell Lines

The length of the 3′-UTR of human PPARα is about
8.4 kb. Computational prediction using Target scan

PPARα is Regulated by miRNAs in Human Liver 2469



(http://www.targetscan.org/) indicated that 28 miRNAs
share complementarity with the sequence in the 3′-UTR.
Meanwhile, when PicTar (http://pictar.mdc-berlin.de/)
was used, 9 miRNAs were found to share complementarity.
Among these miRNAs, we selected liver-enriched miRNAs
(miR-21, miR-22, miR-24, miR-27b, miR-181a, and let-7a)
according to miRanda (http://www.microrna.org/microrna/
getMirnaForm.do). We sought to investigate whether these
miRNAs can down-regulate PPARα by transfection of
the precursors for the miRNAs. First, we determined the
PPARα protein and mRNA levels in HuH7, HepG2,
HEK293, and HeLa cells by Western blot and real-time
RT-PCR analyses, respectively (Fig. 1a). HuH7 cells
showed the highest PPARα protein level, which corre-
sponds to the levels in human liver samples. HepG2 cells
showed the highest PPARα mRNA level. Among the four
cell lines, no positive correlation was observed between the
PPARα protein and mRNA levels, suggesting the involve-
ment of post-transcriptional regulation. When we trans-
fected the precursors for the miRNAs into the HuH7 cells,
the PPARα protein levels were significantly decreased by
the overexpressions of miR-21 (P<0.001, 47% of control)
and miR-27b (P<0.01, 43% of control) (Fig. 1b), but not
by those of miR-22, miR-24, miR-181a and let-7a. When
miR-21 and miR-27b were inhibited by the transfection of
AsO, a significant increase of PPARα protein was
observed (Fig. 1c). In contrast, the PPARα mRNA level
was not affected by the overexpression or inhibition of
miR-21 and miR-27b (Fig. 1b and c), suggesting that the
mechanism of the down-regulation would be translational
repression. We confirmed that the mature miRNA levels
were significantly changed by the transfection of the
precursor or AsO for miRNA (Fig. 1d). When we
performed this experiment using HepG2 cells that showed
relatively lower PPARα protein level (Fig. 1a), similar
changes were observed (Fig. 1b). Thus, we found that
PPARα in human liver-derived cells was negatively
regulated by miR-21 and miR-27b. The miR-21 levels in
the intact HuH7 and HepG2 cells and AsO for miR-21-
treated HuH7 were within the range of the miR-21 levels
in human livers, which were described in the latter section.
The miR-27b levels in the intact HuH7 and HepG2 cells
and precursor or AsO for miR-27b-treated HuH7 cell
were within the range of the miR-27b levels in human
livers. The fact suggests that the regulation by miR-21 and
miR-27b for PPARα would be feasible in human liver.

Next, we investigated the effect of the miR-21- and miR-
27b-dependent regulation of PPARα on the expression of
target genes. Treatment of HuH7 cells with 100 μM
bezafibrate resulted in a significant induction (1.3-fold) of
ACSM2B mRNA, a target of PPARα. When miR-21 and
miR-27b were overexpressed, no significant induction was
observed, whereas the inhibition of miR-21 and miR-27b

resulted in the increased induction (1.9-fold and 1.4-fold,
respectively) of ACSM2B mRNA (Fig. 1e). Moreover,
overexpression of the miRNAs significantly (P<0.001)
decreased the basal level (52% and 46% of control,
respectively), suggesting that PPARα would play an
important role in the constitutive expression of ACSM2B.
In contrast, the inhibition of the miRNAs did not increase
the basal level. This would probably be due to the relatively
mild changes of PPARα protein (Fig. 1c) as well as
miRNAs (Fig. 1d) by AsO transfection. Collectively, it
was suggested that miR-21 and miR-27b appear to affect
the expression of genes downstream of PPARα.

Identification of Functional MRE in PPARα mRNA

By the computational search of miRNA recognition
elements (MREs) for miR-21 and miR-27b in the 3′-
UTR of the PPARα mRNA, two sites for miR-21
(termed MRE21_1 and MRE21_2) and six sites for
miR-27b (MRE27b_1, MRE27b_2, MRE27b_3,
MRE27b_4 MRE27b_5, and MRE27b_6) were pre-
dicted (Fig. 2a). The alignments of these MREs with
miR-21 and miR-27b based on RNAhybrid (http://bibiserv.
techfak.uni-bielefeld.de/rnahybrid/welcome.html) are also
shown in Fig. 2a. To identify functional MREs, we
performed luciferase assays with the overexpression or
inhibition of miR-21 and miR-27b. We selected HEK293
and HepG2 cells for the overexpression and inhibition
studies, respectively, because these cell lines showed the
lowest and highest expression levels of miR-21 and miR-27b
(Fig. 2b). When the precursor for miR-21 was transfected
into HEK293 cells, the luciferase activity of pGL3/c-miR-21

Fig. 1 Effects of miR-21 and miR-27b on the PPARα protein, mRNA and
ACSM2B mRNA levels. (a) The expression levels of PPARα protein in
four cell lines were determined by Western blot and normalized with
GAPDH protein levels. A sample of human liver homogenate showing
average level of PPARα protein was also applied. The expression levels of
PPARα mRNA were determined by real-time RT-PCR and normalized
with GAPDH mRNA levels. ND: Not detected. (b, c and d) HuH7 (or
HepG2) cells were transfected with 50 nM precursor or AsO for miRNAs
or control. After 72 h, total RNA and total cell homogenates were
prepared. The expression levels of PPARα protein were determined by
Western blot and normalized with GAPDH protein levels. The expression
levels of PPARα mRNA, mature miR-21, and mature miR-27b were
determined by real-time RT-PCR and normalized with GAPDH mRNA
and U6 snRNA levels, respectively. The data are relative to that with the
control. Each column represents the mean ± SD of three independent
experiments. *P<0.05, **P<0.01, ***P<0.001, compared with
control. NT: No transfection. (e) Forty eight hours after the transfection
of precursor or AsO for miRNAs, HuH7 cells were treated with 100 μM
bezafibrate for 24 h. The expression levels of ACSM2B mRNA were
determined by real-time RT-PCR and normalized with the GAPDH
mRNA level. Each column represents the mean ± SD of three
independent experiments. **P<0.01, ***P<0.001, compared with
bezafibrate (−). †††P<0.001, compared with precursor or AsO for
control.

b
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was significantly decreased (P<0.001, 12% of control),
suggesting that the overexpressed miR-21 was actually
functional. The luciferase activity of the plasmid containing
MRE21_1 was significantly decreased (P<0.01, 60% of
control) by the overexpression of miR-21, but that of the
plasmid containing MRE21_2 was not (Fig. 2c). When the
AsO for miR-21 was transfected into HepG2 cells, the
increase of the luciferase activity of the plasmid pGL3/c-
miR-21 was not observed (data not shown), because the
repression of miR-21 level might be insufficient. Then, we
used HeLa cells showing relatively lower miR-21 level.
When the AsO for miR-21 was transfected into HeLa cells,
the luciferase activity of pGL3/c-miR-21 was significantly
increased (P<0.05, 7.0-fold). The luciferase activity of the
plasmid containing MRE21_1, but not the plasmid contain-
ing MRE21_2, was significantly increased (P<0.01, 1.7-
fold). Taken together, it was suggested that MRE21_1 is
functional.

When the precursor for miR-27b was transfected into
HEK293 cells, the luciferase activity of pGL3/c-miR-27b
was significantly decreased (P<0.001, 9% of control),
suggesting that the overexpressed miR-27b was functional
(Fig. 2d). However, the luciferase activities of five plasmids
containing MRE27b_1~MRE27b_6 were not affected by
the overexpression of miR-27b. Next, we searched addi-
tional MREs for miR-27b in the coding region and 5′-UTR
of PPARα mRNA and found in each one a potential site,
termed MRE27b_7 and MRE27b_8, respectively. The
luciferase activities of the plasmids containing these MREs
were not affected by the overexpression of miR-27b
(Fig. 2d). Thus, we could not identify a functional MRE
for miR-27b. The inhibition study using AsO for miR-27b
was not performed, since the significant decrease of the
luciferase activities of the plasmids containing PPARα
fragment were not observed by the overexpression study.

Relationship between the Expression Levels of PPARα
Protein, PPARα mRNA, miR-21, and miR-27b
in Human Livers

To investigate the significance of the miRNA-dependent
regulation of PPARα in human livers, we sought correla-
tions between the expression levels of PPARα protein,
PPARα mRNA, miR-21, and miR-27b using 24 human
livers. The PPARα protein levels showing 7-fold variability
were not correlated with the PPARα mRNA levels showing
11-fold variability (Fig. 3a), supporting the involvement of
post-transcriptional regulation. Interestingly, the miR-21
levels (5-fold variability) showed a significant inverse
correlation with the protein levels (r = −0.56, P<0.01)
(Fig. 3b) and the translational efficiency of PPARα
(protein/mRNA ratio) (r = −0.44, P<0.05) (Fig. 3c). On
the other hand, the miR-27b levels showing large interin-

dividual variability (70-fold) were not correlated with the
protein levels (Fig. 3d) and translational efficiency of
PPARα (Fig. 3e). Thus, it was considered that miR-21,
rather than miR-27b, would have a substantial impact on
the PPARα expression in human livers.

DISCUSSION

Earlier studies demonstrated that rat PPARα is activated by
protein kinase C (PKC) signaling pathway (20), p38
pathway (21), and glucocorticoids (22). Human PPARα is
also activated by PKC signaling pathway (23) and is up-
regulated by insulin through the mitogen-activated protein
kinase pathway (24). Thus, the mechanisms or factors
regulating human PPARα expression are very limited. In
this study, we examined the possibility of the post-
transcriptional regulation of human PPARα by miRNAs.

We found that the PPARα protein level in human liver-
derived cell lines was decreased by the overexpression of miR-21
and miR-27b, but not by that of miR-22, miR-24, miR-181a
and let-7a (Fig. 1b). A possible concern is that the decrease of
the target expression might be an artifact of the overexpression.
This possibility can be excluded because we found that the
PPARα protein level was increased by the inhibition of
endogenous miR-21 and miR-27b (Fig. 1c). Furthermore, we
found that the miR-21- and miR-27b-dependent down-
regulation of PPARα protein affected the expression level or
the induction of its target gene (Fig. 1e). Our findings revealed
a significant role for miR-21 and miR-27b in the regulation of
PPARα in human liver-derived cells. Previously, Iliopoulos et al.
(25) reported that human PPARα protein was down- and up-
regulated by the overexpression and inhibition of miR-22 in
normal and osteoarthritic chondrocytes, respectively. However,
this finding was not reproducible in the present study using
human liver-derived cells. Possible explanations for this
discrepancy are largely speculative but may include the
possibility that other targets take precedence over PPARα for

Fig. 2 Luciferase assay using various reporter plasmids containing MRE21
and MRE27b in the human PPARα mRNA. (a) Schematic representation
of human PPARα mRNA and the predicted target sequences of miR-21
and miR-27b in human PPARα mRNA. The numbering refers to the 5′
end of mRNA as 1, and the coding region is from +183 to +1589. Bold
letters, seed sequence. (b) The expression levels of mature miR-21 and
mature miR-27b in cell lines were determined by real-time RT-PCR and
normalized with the U6 snRNA levels. Each column represents the mean
of two independent experiments. (c, d) The reporter plasmids (170 ng)
were transiently transfected with phRL-TK plasmid (30 ng) and 50 nM
precursor or AsO for miRNAs or control into HEK293 or HeLa cells,
respectively. The firefly luciferase activity for each construct was
normalized with the Renilla luciferase activities. Values are expressed as
percentages of the relative luciferase activity of pGL3-p plasmid. Each
column represents the mean of two or mean ± SD of three independent
experiments, respectively. *P<0.05, **P<0.01, ***P<0.001, compared
with the precursor or AsO for control.

�
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miR-22 in the liver. In addition, Zheng et al. (26) recently
reported that PPARα was regulated by miR-10b using
human hepatocyte cell line (L02) cultured with high
concentrations of free fatty acid (as a non-alcoholic fatty
acid liver disease model). Actually, miR-10b was pre-
dicted to be a potential regulator of PPARα by in silico
analysis, but we did not focus on miR-10b because its
expression level was low (as 137-fold low as the miR-21
level) in human liver (27). Zheng et al. (26) revealed that

miR-10b is most highly up-regulated (5.4-fold) by treat-
ment with high concentrations of free fatty acid. There-
fore, it is speculated that the role of miR-10b in the
PPARα regulation might be specific for some aberrant
conditions. The significance of miR-21 in regulating the
constitutive expression levels of PPARα in human livers
was supported by our correlation analysis showing an
inverse correlation between the PPARα protein and miR-
21 levels (Fig. 3).

Fig. 3 Relationship between the
miR-21, miR-27b, PPARα protein
levels and translational efficiency in
human livers. Relationship
between the PPARα mRNA and
protein levels (a), the mature miR-
21 and PPARα protein levels (b),
the mature miR-21 levels and
translational efficiency of PPARα
(PPARα protein/mRNA) (c), the
mature miR-27b and PPARα
protein levels (d), and the mature
miR-27b levels and translational
efficiency of PPARα (e). Expres-
sion levels of mature miR-21,
mature miR-27b, and PPARα
mRNA in a panel of 24 human
livers were determined by real-
time RT-PCR and normalized with
the U6 snRNA and GAPDH
mRNA levels, respectively. The
PPARα protein level was deter-
mined by Western blot analysis
and normalized with the GAPDH
protein level. The values
represent the levels relative to that
of the lowest sample. Data are the
mean of two independent
experiments.
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It has been reported that the expression of miR-21,
which is an intergenic miRNA, is induced by interleukin-6
(IL-6) via the activation of the signal transducer and
activator of transcription 3 (Stat3) (28). IL-6, a major
mediator of the acute phase response in liver, induces
fibrinogen-β, an acute phase protein gene (29), but PPARα
inhibits the IL-6-dependent activation of fibrinogen-β
promoter by its interaction with glucocorticoid receptor-
interacting protein 1 (30). The present study suggests
additional pathways by which the inhibitory effects of
PPARα on fibrinogen-β expression may be diminished by
miR-21. Taken together, miR-21 and PPARα are likely
involved in the acute inflammation response. The sequen-
ces of miR-21 are common in human, mouse and rat. The
seed sequence of the functional MRE for miR-21 we
identified (MRE21_1) is conserved between human and
mouse (Fig. 2a), but not in rat. Therefore, mouse may be a
good model to investigate the significance of the miR-21-
dependent regulation of PPARα in vivo.

Cell-based experiments clearly demonstrated that
miR-27b down-regulates PPARα. Since we could not
identify a functional MRE27b, we cannot conclude
whether the regulation might be through a direct
mechanism or indirect mechanism via some factor(s)
involved in a post-transcriptional process. We also failed
to obtain a clue from the analysis of correlations between
the miR-27b and PPARα protein levels or translational
efficiency using a panel of human liver samples. However,
we consider that the absence of an inverse correlation
would not be sufficient to rule out the involvement of miR-
27b. Another concern is the highly variable expression
levels of miR-27b (70-fold) in comparison with the
variability in miR-21 (5-fold) and PPARα protein (7-fold)
levels. The miR-27b is an intronic miRNA in the C9orf3
gene located on chromosome 9. So far, there is no
information about how miR-27b or C9orf3 expression is
regulated. Recent studies have described that miR-27b
regulates PPARγ (16,31) or RXR (32), a heterodimer
partner of PPARα, PPARγ, and other nuclear receptors.
Thus, the involvement of miR-27b in adipogenesis and
energy metabolism is implied. Therefore, elucidation of
the causes of the large interindividual variability in the
miR-27b levels would be valuable for understanding the
physiological significance of miR-27b.

CONCLUSION

We found that miR-21 and miR-27b negatively regulate
the expression of PPARα in human liver, affecting the
expression of its downstream gene. Since PPARα is an
important regulator of fatty acid catabolism, miR-21 and
miR-27b would be one of the factors controlling lipid

metabolism. It would be of interest to investigate in the
future whether the expression of miR-21 and/or miR-27b
might be changed in response to metabolic factors, insulin,
glucose, glucocorticoid, or fasting. This study provides new
insight into the regulation of PPARα in human liver.
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