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Peroxisome proliferator-activated receptor y (PPARYy)
gained considerable interest as a therapeutic target during
chronic inflammatory diseases. Remarkably, the pathogenesis
of diseases such as multiple sclerosis or Alzheimer is associated
with impaired PPARy expression. Considering that regulation
of PPARY expression during inflammation is largely unknown,
we were interested in elucidating underlying mechanisms. To
this end, we initiated an inflammatory response by exposing pri-
mary human macrophages to lipopolysaccharide (LPS) and
observed a rapid decline of PPARY1 expression. Because pro-
moter activities were not affected by LPS, we focused on mRNA
stability and noticed a decreased mRNA half-life. As RNA sta-
bility is often regulated via 3'-untranslated regions (UTRs), we
analyzed the impact of the PPARYy-3’'-UTR by reporter assays
using specific constructs. LPS significantly reduced luciferase
activity of the pGL3-PPARy-3'-UTR, suggesting that PPARy1
mRNA is destabilized. Deletion or mutation of a potential
microRNA-27a/b (miR-27a/b) binding site within the 3'-UTR
restored luciferase activity. Moreover, inhibition of miR-27b,
which was induced upon LPS exposure, partially reversed
PPARyYl mRNA decay, whereas miR-27b overexpression
decreased PPARyY1 mRNA content. In addition, LPS further
reduced this decay. The functional relevance of miR-27b-de-
pendent PPARYy1 decrease was proven by inhibition or overex-
pression of miR-27b, which affected LPS-induced expression of
the pro-inflammatory cytokines tumor necrosis factor o«
(TNFa) and interleukin (IL)-6. We provide evidence that LPS-
induced miR-27b contributes to destabilization of PPARy1
mRNA. Understanding molecular mechanisms decreasing
PPAR+y might help to better appreciate inflammatory diseases.

Inflammation is highly regulated. A pro-inflammatory
response is rapidly initiated, whereas resolution of inflamma-
tion follows the initial challenge. Dampening inflammation is
crucial to return to homeostasis, whereas prolonged and
unhalted inflammation explains the pathogenesis of many
chronic inflammatory diseases (1).
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Resolution of inflammation is partly achieved by regulating
mRNA stability of pro-inflammatory mediators at the post-
transcriptional level thus, guaranteeing a rapid response. Reg-
ulated transcripts often contain an AU-rich 3’-untranslated
region (3'-UTR).? Sequences within the 3'-UTR are recognized
by either AU-rich element (ARE)-binding proteins such as tris-
tetraprolin but also by microRNAs (miRNAs, miRs) (reviewed
in Ref. 2), which targets mRNAs for exosomal degradation.
miRNAs present a large family of small non-coding RNAs with
a length of ~22 nucleotides. They are transcribed as primary
miRNAs, which are processed by Drosha and Dicer to precur-
sor and finally mature miRNAs (reviewed in Ref. 3). The mature
miRNA is incorporated into the RNA-induced silencing com-
plex (RISC). There it associates with Argonaute proteins to tar-
get specific nRNAs via base pairing between the 3'-UTR of the
mRNA and the 5'-end of the miRNA, the so called seed region.
RNA is then degraded upon recruitment of several proteins
such as deadenylase complex, decapping enzymes, or activators
(reviewed in Ref. 4). Functionally miRNAs play an eminent role
in controlling immune responses and have been associated with
several inflammatory diseases (5). miR-146 and miR-155
gained special interest and are well described for negatively
regulating Toll-like receptor (TLR)-signaling (6). However,
TLR activation also triggers induction of miRNAs such as
miR-21 or miR-132 (5), underscoring their potential role in
regulating immune responses.

Peroxisome proliferator-activated receptor <y (PPARYy)
belongs to the nuclear hormone receptor superfamily of ligand-
activated transcription factors and originally has been charac-
terized to be important for adipogenesis and glucose metabo-
lism. There are two isoforms described (PPARYy1 and -2) (7),
which are under the control of different promoters resulting in
three established transcript variants. Transcript variants 1 and
3 code for PPARYyl whereas transcript variant 2 codes for
PPAR+y2, which is mainly expressed in adipocytes (8, 9). During
differentiation of macrophages primarily the promoter 3 and to
a certain extent promoter 1 is activated. Consequently macro-
phages mainly express PPARy1 (10). In macrophages PPARy
represses inducible nitric-oxide (NO) synthase induction as
well as concomitant NO production (11) and attenuates the

2 The abbreviations used are: UTR, untranslated region; ARE, AU-rich element,
DRB, 5-6 dichloro-1-B-ribofuranosyl-benzimidazole; IFNvy, interferon v; IL,
interleukin; LPS, lipopolysaccharide; miRNA, microRNA; NF«kB, nuclear fac-
tor kB; PMA, phorbol 12-myristate 13-acetate; PPARY, peroxisome prolif-
erator-activated receptor y; qPCR, quantitative PCR; TLR, Toll-like receptor;
TNF, tumor necrosis factor.
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oxidative burst (13, 14). Moreover, inhibiting nuclear factor kB
(NFkB) decreases expression of inflammatory cytokines such as
interleukin (IL)-1, tumor necrosis factor o (TNFa) or IL-6 (12).
Thus, PPARYy is important to shape an anti-inflammatory
macrophage phenotype and appears crucial for dampening
inflammation (15).

Insufficient resolution of an immune response often pro-
vokes chronic inflammatory diseases. Interestingly, these dis-
ease conditions often revealed impaired PPARyabundance (16,
17). Because mechanisms attenuating PPAR<y expression
remained obscure, we investigated regulation of PPARy during
inflammation. Here we provide evidence that PPARyl mRNA
is destabilized by miR-27b, which is induced in macrophages
upon lipopolysaccharide (LPS) exposure.

EXPERIMENTAL PROCEDURES

Materials—Bayl11-7082, 5-6 dichloro-1-B-ribofuranosyl-
benzimidazole (DRB), LPS (from Escherichia coli, serotype
0127:B8), and phorbol 12-myristate 13-acetate (PMA) were
purchased from Sigma-Aldrich (Deisenhofen, Germany). Ros-
iglitazone was bought from Biomol GmbH (Hamburg, Ger-
many), human recombinant TNFa came from PeproTech
GmbH (Hamburg, Germany) and human recombinant inter-
feron y (IFNvy) was obtained from Roche Diagnostics GmbH
(Mannheim, Germany). Oligonucleotides were bought from
Biomers (Ulm, Germany).

Cell Culture—THP-1 monocytes were cultured at 37 °C, 5%
CO, in RPMI 1640 supplemented with 10% fetal calf serum, 100
pg/ml streptomycin, 100 units/ml penicillin, and 5 mm gluta-
mine. THP-1 monocytes were differentiated into macrophages
by treatment with 50 nm PMA overnight and cultured for
another 24 h in fresh medium prior to experiments.

Human monocytes were isolated from buffy coats (DRK-
Blutspendedienst Baden-Wiirttemberg-Hessen, Institut fiir
Transfusionsmedizin und Immunhédmatologie, Frankfurt am
Main, Germany) using Ficoll-Hypaque gradients as described
(14). Peripheral blood mononuclear cells (PBMCs) were
washed twice with PBS and were allowed to adhere to culture
dishes for 1 h at 37 °C. Non-adherent cells were removed and
monocytes were then differentiated into macrophages by cul-
turing them in RPMI 1640 containing 100 ug/ml streptomycin,
100 units/ml penicillin, 5 mm glutamine, and 10% AB positive
human serum for 7 days.

Western Analysis—Western analysis was performed as
described previously (18). Anti-PPARy antibody (1:2000,
H100-X from Santa Cruz Biotechnology, Inc., Heidelberg, Ger-
many) and anti-tubulin (1:1000, Sigma-Aldrich) were used.
Detection and densitometric analysis were performed using the
Odyssey infrared imaging system (Li-COR Biosciences GmbH,
Bad Homburg, Germany).

Vector Construction—To analyze the role of the 3'-UTR of
PPARy mRNA, the 3'-UTR was inserted downstream of the
luciferase encoding region of the pGL3-control vector (Pro-
mega GmbH, Mannheim, Germany) using the In-Fusion™
Dry-Down PCR cloning kit (Clontech-Takara, Saint-Germain-
en-Laye, France). To this end, pGL3-control was cut with Xbal
and the PPARy-3"UTR (Acc. No. [NM_138711.3]) was ampli-
fied from ¢cDNA of differentiated THP-1 macrophages using
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the following primer pair, which generates 15-bp overlaps com-
plementary to pGL3-control (underlined). Forward: 5'-GCC-
GTGTAATTCTAGCAGAGAGTCCTGAGCC-3',  reverse:
5'-CCGCCCCGACTCTAGTTCATAATATGGTAATTT-
TTA-3'. To delete or mutate the miR-27b binding site within
the 3'-UTR respectively, we used the QuikChange XL II site
directed mutagenesis kit from Stratagene (La Jolla, CA) using
pGL3-PPARY-3'UTR as a template and the following oligonu-
cleotides: AmiR-27: 5'-GGGAAAATCTGACACCTAAAAA-
GCATTTTAAAAAGAAAAGG-3', C83A/U84G: 5'-CTG-
ACACCTAAGAAATTTAAGGTGAAAAAGCATTTTAA-
AAAGAAAAGG-3'.

Reporter Assay—For reporter analysis 1 X 10°/well THP-1
monocytes were seeded in 24-well plates and differentiated into
macrophages. After 24 h culturing in fresh medium, cells were
transfected with 0.75 ug of the different plasmids using Jet-
PEI™ transfection reagent (Polyplus transfection, Illkirch,
France) as described by the manufacturer. After transfection,
cells were cultured in fresh medium for another 24 h prior to
treatments. All reporter assays were performed in duplicate.
Cell extracts were prepared after treatment with LPS (1 pg/ml)
for 3 or 6 h. Luciferase activity was normalized to Renilla lucif-
erase activity or protein concentration of each sample.

PPAR<y promoter 1 and 3 activity was determined by using
the constructs pGL3-y1p3000 (8) and pGL3-y3p800 (9) (kindly
provided by J. Auwerx, Institut de Génétique et de Biologie
Moléculaire et Cellulaire, Illkirch, France). To investigate
PPARYy activity we performed reporter assays using the previ-
ously described peroxisome proliferator response element
(PPRE) reporter construct pAOX-TKL (19). To analyze the
impact of the PPARYy-3'-UTR, cells were transfected with the
pGL3-control vector, pGL3-PPARYy-3'-UTR, pGL3-PPARYy-
3'-UTR-AmiR-27, and pGL3-PPARvy-3'-UTR-C83A/U84G,
respectively.

Transient Transfection with miRNA Mimic and Anti-miRNA
Inhibitors—miRNA mimic and anti-miRNA inhibitors were
transfected into primary human macrophages using Amaxa®
Nucleofector® technology from Lonza Cologne AG (Cologne,
Germany) according to the manufacturer’s protocol. In brief,
1.5 X 10° cells were transfected with 100-300 pmol of anti-
miR-27a/b inhibitor or the anti-miR inhibitor negative control
(Ambion Inc., Austin, TX) and 0.1, 1, or 10 pmol miR-27b
mimic (Qiagen GmbH, Hilden, Germany) or 0.5-2 ug Allstars
negative control siRNA (Qiagen). Following transfection cells
were seeded on 3-cm Primaria dishes and cultured for another
48 h prior to experiments.

Quantitative PCR—Total RNA was isolated using PeqGold
RNAPure Kit (PeqLab Biotechnologie GmbH, Erlangen, Ger-
many) as described by the manufacturer. Reverse transcription
was done with 1 ug of RNA using iScript™ cDNA Synthesis kit
(Bio-Rad GmbH, Munich, Germany) or the miScript Reverse
Transcription Kit (Qiagen) for transcription of miRNAs. Quan-
titative PCR (qPCR) was performed with Absolute QPCR
SYBRGreen Fluorescein Mix (Abgene, Hamburg, Germany) or
miScript SYBR® Green PCR kit (Qiagen) according to the man-
ufacturer’s protocols. Amplification and data analysis were
done using the MyiQ iCycler system from Bio-Rad. The follow-
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were stimulated with 1 pg/ml LPS
for 3 h at 1 h, 1 day, 3 days, and 7

days after isolation from bufty coats,
and RNA was extracted. Expression
of transcript variants 1 and 3 was
determined by qPCR using specific
oligonucleotides. Monocytes showed
very low but similar abundance of
transcript variants 1 and 3, while we
predominantly observed induction
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FIGURE 1. LPS down-regulates PPARYy in primary macrophages. A, primary monocytes were isolated and
cultured for 1 h up to 7 days and then stimulated with 1 ug/ml LPS for 3 h. RNA levels of the PPARYy transcript
variants 1 and 3 were determined by qPCR. B, primary macrophages, differentiated for 7 days and C, differen-
tiated THP-1 macrophages were stimulated with 1 wg/ml LPS and total PPARy1 mRNA was determined by
gPCR. D, PPARy protein was determined by Western analysis after treating primary macrophages with 1 ug/ml
LPSupto 16 h. E, PPRE reporter activity was measured in differentiated THP-1 macrophages after pretreatment
with 1 ug/mlLPS for 6 h, followed by 5 um rosiglitazone for 4 h. Data present mean values *+ S.E.n = 4. Statistics
were analyzed with the unpaired Student’s t test. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

ing primer pairs were selected: 18 S forward: 5'-GTAACCCG-
TTGAACCCCATT-3’,18 Sreverse: 5'-CCATCCAATCGGT-
AGTAGCG-3', actin forward: 5'-TGACGGGGTCACCCAC-
ACTGTGCCCATCTA-3', actin reverse: 5'-CTAGAAGCAT-
TTGCGGTGGACGATGGAGGG-3', PPARYy-transcript var-
jant 1 forward: 5'-GGCCCAGCGCACTCGGA-3', PPARYy-
transcript variant 3 forward: 5'-GCTGGTGACCAGAAGC-
CTGCAT-3', PPARYy-exonl reverse: 5'-GGCCAGAATGGC-
ATCTCTGTGT-3', TNFa forward: 5'-TCTCGAACCCCGA-
GTGACA-3', TNF«a reverse: 5'-GAGGAGCACATGGGTG-
GAG-3'. For determination of PPARy1 and IL-6 mRNA as well
as miR-27a/b and Rnu6B expression we used QuantiTect®
Primer Assays (Qiagen). Values were normalized to 18 S ribo-
somal RNA, actin, or Rnu6B expression, respectively.
Statistical Analysis—Each experiment was performed at
least three times and statistical analysis was done with paired or
unpaired Student’s ¢ test. In the case of Western analysis repre-
sentative data of at least three independently performed exper-
iments are shown. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

RESULTS

LPS Reduces PPARyI mRNA and Protein—Because mecha-
nisms regulating PPAR7y expression during inflammation are
poorly understood, we investigated PPARy1 regulation in mac-
rophages. First we analyzed the mRNA level of transcript vari-
ants 1 and 3 both coding for the protein PPARy1 during macro-
phage differentiation. To this end monocytes/macrophages
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£ observed after 3 days (1.3-fold), and
g 08 a reduction in fully differentiated
% 0.6 macrophages (0.58-fold at day 7) in
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% 02 were down-regulated (Fig. 1A).
= Next, we analyzed temporal pattern
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of total PPARyl mRNA expression
(transcript variants 1 and 3) in
response to 1 ug/ml LPS. There was
a slight increase of PPARyl mRNA
after 30 min followed by a rapid
decrease of PPARYy1 with the lowest
mRNA amounts after 6 h. Extended
incubation periods allowed to
recover PPARyl mRNA content
nearly reaching control levels after
24 h of LPS treatment (Fig. 1B). The same pattern was observed
in differentiated THP-1 macrophages. As seen in Fig. 1C, 3 h of
LPS exposure significantly decreased PPARyl mRNA to ~20%
in comparison to unstimulated cells. To investigate whether a
decrease of mRNA is reflected at protein level, we analyzed
protein expression and PPARvy transactivation by reporter
assay. Western analysis showed a time-dependent reduction of
protein expression with a minimum at 8 h, again increasing
afterward (Fig. 1D). To determine PPARYy transactivation, we
transfected differentiated THP-1 macrophages with the PPRE
reporter plasmid pAOX-TKL and pretreated cells the next day
with 1 ug/ml LPS for 4 h followed by stimulation with 5 um
rosiglitazone for 4 h. Rosiglitazone, a well established synthetic
PPARY agonist (20), induced luciferase expression in control
cells, whereas prestimulation with LPS prevented transactiva-
tion by rosiglitazone (Fig. 1E). LPS alone did not alter basal
luciferase expression (data not shown).

Destabilization of PPARyl mRNA—To determine whether
down-regulation of PPARyl mRNA results from transcrip-
tional regulation, we performed luciferase reporter assays using
the PPARYy promoter 1 (pGL3-y1p3000) and 3 (pGL3-y3p800)
constructs, containing the individual promoters upstream of
the luciferase encoding region. Therefore, we transfected
THP-1 macrophages with pGL3-y1p3000 or pGL3-y3p800 and
stimulated them the next day with 1 ug/ml LPS for 3 and 6 h.
LPS exposure attenuated PPARy promoter 1 luciferase activity
to ~60% after 6 h, whereas luciferase activity of the PPARYy

Rosi = &t +
LPS - - +
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FIGURE 2. Destabilization of PPARy1 mRNA. A, PPARy promoter 1 and 3
activities were determined by reporter assay in THP-1 macrophages, trans-
fected with the promoter constructs and stimulated with 1 pg/ml LPS for 3
and 6 h. B, primary human macrophages were exposed to 100 um DRB (filled
squares) or 1 ug/ml LPS plus DRB (open circles) up to 3 h and total PPARy1
mRNA (including transcripts 1 and 3) was determined by qPCR. C, differenti-
ated THP-1 cells were transfected with the pGL3-control or pGL3-PPARYy-3’-
UTR vector, and reporter activity was analyzed in response to 1 ug/ml LPS.
Luciferase activity was normalized to protein and the ratio of pGL3-PPARy-3'-
UTR activity/pGL3-control is displayed. Data present mean values = S.E.,n =
4. Statistics were analyzed with the unpaired Student’s t test.*, p < 0.05; **,
p <0.01.

promoter 3 construct was only slightly reduced (Fig. 2A4). Tak-
ing into consideration that fully differentiated macrophages
express transcript variant 1 (resulting from activation of pro-
moter 1) at low level only, we assumed that reduction of the
promoter 1 activity to 60% is negligible for the LPS-induced
PPARyl mRNA decrease. Thus, we next analyzed post-tran-
scriptional events.

Because regulation of mRNA stability is primarily mediated
via the 3'-UTR, we analyzed the PPARy mRNA sequences and
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noticed an AU-rich 3'-UTR, which is a typical feature of regu-
lated mRNA transcripts. Therefore, we determined mRNA sta-
bility by exposing cells to the transcription inhibitor DRB (21)
and 1 ug/ml LPS. DRB alone reduced PPARy1 mRNA expres-
sion to ~60% after 3 h, whereas DRB plus LPS decreased mRNA
to 26% relative to untreated cells (Fig. 2B). Calculating the half-
life of PPARy1 revealed a reduction from 173 to 99 min, indi-
cating that the mRNA decrease is caused by destabilization.

To strengthen our hypothesis we investigated the role of the
PPARy-3'-UTR on mRNA stability by reporter assay. There-
fore, we cloned the 3’-UTR downstream of the luciferase
encoding region within the pGL3-control vector. Differenti-
ated THP-1 cells were transfected with pGL3-control and
pGL3-PPARY-3'-UTR respectively, and stimulated the next
day with LPS for 3 and 6 h. LPS significantly reduced luciferase
activity of the PPARYy-3'-UTR containing vector to ~65% after
3 h and to 50% after 6 h relative to pGL3-control (Fig. 2C),
underlining the importance of the 3'-UTR for PPARyl mRNA
stability.

miR-27b Decreases PPARyl mRNA—The in-depth analysis
of the PPARYy-3'-UTR (TargetScanHuman 5.1) revealed dis-
tinct AREs and a potential binding site for miR-27a/b (Fig. 3A).
To elucidate the impact of miR-27a/b, we deleted or mutated
the miR-27 sequence within the pGL3-PPARYy-3'UTR vector
(Fig. 3B) and measured luciferase activity in transiently trans-
fected THP-1 macrophages. Deletion as well as mutation of the
miR-27 site completely abolished the LPS-mediated reduction
of luciferase activity (Fig. 3C), suggesting a miR-27-dependent
mechanism. To see whether miR-27a and b are induced by LPS
in macrophages, cells were stimulated with 1 ug/ml LPS for 2 h.
We observed a 2.3-fold induction of miR-27b (Fig. 44) and a
1.6-fold induction of miR-27a (supplemental Fig. S1A). Because
inhibition of NF«kB with several inhibitors prevented a LPS-
mediated PPARYy decrease (22), we pretreated macrophages
with 10 um of the NF«B inhibitor Bay11-7082 for 1 h followed
by LPS exposure. Inhibition of NF«B prevented LPS-induced
miR-27b up-regulation (Fig. 44) and the PPARyl mRNA
decrease (Fig. 4B). Moreover analyzing expression of miR-27b
and PPARY1 in response to the time of LPS treatment revealed
an inverse correlation between PPARyl mRNA and miR-27b
expression (Fig. 4C). To finally prove that miR-27 mediates
LPS-induced PPARyl mRNA decay, we transfected primary
macrophages with different concentrations of anti-miR-27 and
stimulated cells with 1 pg/ml LPS for 3 h.

Anti-miR-27b prevented LPS-dependent PPARyl mRNA
reduction in a concentration-dependent manner compared
with a negative control (Fig. 5A4). Inhibition of miR-27a showed
no effect on PPARy1 reduction upon LPS exposure (supple-
mental Fig. S1B). To analyze if inhibiting miR-27b also affects
PPARyl mRNA half-life, we transfected human macrophages
with the anti-miR-27b, stimulated cells with DRB and LPS as
before and measured PPARy1 mRNA expression. Inhibition of
miR-27b impaired the ability of LPS to reduce the mRNA half-
life (Fig. 5B), verifying the impact of miR-27b on PPARy1 desta-
bilization. In line, transfection with the miR-27b mimic
reduced PPARy1 mRNA in a concentration-dependent man-
ner (Fig. 6A). However, LPS treatment further reduced PPARy1
mRNA expression (Fig. 6B). Moreover, a 2-fold induction of
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sion (supplemental Fig. S$2B).
Moreover, inhibiting miR-27b by
transfecting cells with anti-miR-
27b not only prevented the reduc-
tion but even allowed induction
of PPARyl mRNA (supplemental
Fig. S2C), suggesting that besides
miR-27b-dependent down-regu-
lation, other regulatory mecha-
nisms are operating.

Physiological Relevance of the
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FIGURE 3. Deletion and mutation of the miR-27b binding site reverses PPARy1 mRNA decay. A, sequence
of the AU-rich PPARy-3'-UTR. The miR-27 binding site is underlined, whereas ARE 1 sites (AUUUA) are shaded,
and ARE 4 (12-mer A/U with maximum one mismatch) sites are marked with boxes. B, alignment of the PPARy-
3'-UTR with the miR-27b sequence and the sequences of the construct pGL3-PPARy-3'UTR-AmiR-27 and
pGL3-PPARYy-3"UTR-C83A/U84G. Mutated nucleotides are underlined. C, differentiated THP-1 cells were trans-
fected with pGL3-control, pGL3-PPARYy-3'UTR, pGL3-PPARYy-3'UTR-AmiR-27, or pGL3-PPARy-3'UTR-C83A/
U84G and luciferase expression was measured after stimulation with 1 ng/ml LPS for 3 h. Basal activity was set
to 1, ratios of 3’-UTR constructs/pGL3-control are displayed. Data present mean values *+ S.E., n = 3. Statistics

were analyzed with the unpaired Student’s t test. *, p < 0.05; **, p < 0.01.
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FIGURE 4. NFkB-dependent miR-27b expression. A, miR-27b expression was measured in primary human
macrophages in response to LPS (1 ug/ml, 2 h) by qPCR. To investigate a role of NF«B, cells were prestimulated
for 1 h with 10 um Bay11-7082. Basal expression was set to 1. B, primary human macrophages were pretreated
with Bay as in A followed by 3 h of LPS exposure. PPARy1 mRNA was determined by gPCR. C, temporal pattern
of PPARy1 mRNA and miR-27b expression was measured by qPCR after stimulation with 1 wg/ml LPS. Data
represent mean values = S.E., n = 4. Statistics were analyzed with the paired Student’s t test. *, p < 0.05.

miR-27b by transfecting cells with miR-27b mimic decreased
PPARy1 mRNA to ~70% (supplemental Fig. S2). To determine
the impact of miR-27b overexpression on PPARyl mRNA
half-life, we transfected primary human macrophages with
siControl or miR-27b mimic and added 100 um DRB for 1 to
3 h. Interestingly miR-27b overexpression did not significantly
reduce PPARy mRNA half-life in comparison to siControl-
transfected cells in the absence of LPS (Fig. 6C).

Impact of Other Pro-inflammatory Stimuli on PPARy1 Expres-
sion—To elucidate if other pro-inflammatory stimuli besides LPS
also decrease PPARYy1 expression, we stimulated primary human
macrophages with 15 ng/ml TNFe, 10 units/ml IFNy, or IFNy
plus LPS for 3 h. TNFa also decreased PPARy1 mRNA expression
albeit to a lesser extent than LPS, whereas IFNy increased PPARy1
mRNA. Interestingly, stimulation with IFN+y plus LPS also
reduced PPARyl mRNA, suggesting that TLR4 activation over-
rules IFNy signaling (supplemental Fig. S2A4).

Next, we investigated the role of miR-27b in TNFa-mediated
PPARyl mRNA decay. TNFa also induced miR-27b expres-
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4 6 8 10

12 14 16 ison to the controls (Fig. 7, Band D).
LPS (h)

DISCUSSION

Considering the anti-inflamma-
tory potential of PPARY, its activa-
tion emerged as a strategy to
attenuate acute and chronic inflam-
matory diseases (17, 23-25). Syn-
thetic PPARYy agonists, known as thiazolidinediones (20),
already entered phase III clinical trials for the treatment of
Alzheimer disease and phase II trials for ulcerative colitis (24,
26). Remarkably, disease progression is often accompanied
by decreased PPAR<y expression, with molecular mecha-
nisms being ill-defined. For this reason we analyzed path-
ways decreasing PPARYy expression during the onset of
inflammation.

LPS, a classical pro-inflammatory stimulus time-de-
pendently reduced PPARyl mRNA and protein amounts in
macrophages, which is in line with the work of Necela et al. (22)
showing a reduction of PPARy mRNA in murine RAW?264.7
macrophages. Prolonged LPS exposure allowed to recover
PPARy mRNA to almost basal levels after 24 h. Accordingly,
treating macrophages with LPS for 24 h (27) or LPS and
interferon vy for 15 h even provoked PPARYy transactivation
(13).

Investigating PPARy promoter activity, we ruled out tran-
scriptional regulation. In fact, reduced promoter 1 activity
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appears to be negligible because this transcript variant was only
minimally expressed in fully differentiated macrophages.
Moreover, a minor reduction of promoter 3 activity after 6 h of
LPS exposure unlikely accounts for a 90% decrease of mRNA.
Therefore, we determined PPARyl mRNA stability. Experi-
ments with the transcription inhibitor DRB implied PPARy1
mRNA destabilization upon LPS exposure. This contrasts the
work of Necela et al. (22) who observed no effect of LPS on
mRNA stability using actinomycin D to block transcription.
Using actinomycin D we observed similar results. This could
result from effects of actinomycin D on mRNA stability by
inducing translocalization of ARE-binding proteins (28), which
is a major regulatory event for activation of several ARE-bind-
ing proteins such as HuR, AUF-1 or tristetraprolin (29-31).
Moreover, previous studies revealed that actinomycin D and
DRB can differently affect estimation of mRNA half-lives (32).

The use of 3'-UTR reporter constructs is an established
method to verify potential destabilization mechanisms. Lucif-
erase assays with a pGL3-PPARvy-3'-UTR construct demon-
strated the importance of the PPARYy-3'-UTR, because LPS sig-
nificantly reduced luciferase activity. In silico analysis showed

A B

2.44 %

*dek

2.0

rel. PPARy1T mRNA

rel. PPARy1 mRNA

—&— neg

o

- © - a-miR-27b

miR-27b Destabilizes PPARy mRNA

several ARE 1 (AUUUA) and ARE 4 (12-mer A/U, max. one
mismatch) sites (33) as well as a potential miR-27a/b binding
site. Deletion or mutation of the miR-27 site within the PPARy-
3'-UTR reporter construct substantiated a miR-27b-de-
pendent mRNA decay. In line, we observed a 2.3-fold increase
of miR-27b in response to LPS, which is comparable to the
induction of miR-146a after 2 h of LPS exposure in THP-1 cells
(6). In addition, mRNA from mouse lung extracts showed an
increased miR-27a and -b expression 3 h after LPS exposure
(34). Nevertheless, the role of miR-27a/b during inflammation
in macrophages remained obscure.

Several diseases are associated with dysregulated miRNA
expression. miR-146a and miR-155 have been implicated in the
development of rheumatoid arthritis, likely by regulating com-
ponents of the inflammatory response (35, 36). These miRNAs
are induced upon NFkB transactivation (6, 37, 38). We also
observed that induction of miR-27b is at least partially NFxB-
dependent. Inhibition of NF«B with Bayl1-7082 abrogated
LPS-mediated PPARy1 mRNA decay, which is corroborated by
the work of Necela et al. (22). In their studies several NF«B
inhibitors prevented the LPS-induced PPARYy decrease,
although detailed mechanism re-
mained unclear. We conclude that
the NFkB-dependent PPARyl
mRNA decrease results at least in
part from the NFkB-dependent
induction of miR-27b upon LPS
exposure. Inhibition of miR-27b
prevented PPARyl mRNA decay
and thus, points to mRNA destabili-
zation rather than translational
control by miR-27b. The potential

LPS B, + -+ o+ + o+
o-miR neg - - + + - - - -
o-miR-27b - - - - 50 100 150 150

FIGURE 5. Inhibition of miR-27b reverses PPARy1 mRNA destabilization. A, primary human macrophages
were transfected with different concentrations (50, 100, 150 pmol) of anti-miR-27b or a negative control. After
transfection, cells were stimulated with 1 ug/ml LPS for 3 h,and PPARy1 mRNA level was determined by qPCR.
B, primary human macrophages were transfected with 150 pmol of anti-miR-27b or negative control and
PPARy1 mRNA half-life was determined by stimulating cells with 100 um DRBand 1 ng/ml LPS for 1to 3 h. Data
represent mean values = S.E., n = 4. Statistics were analyzed with the paired Student’s t test. **, p < 0.01; **¥,

p < 0.001.
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of miR-27 to decrease PPARYy
mRNA is acknowledged by Lin et al.
During adipogenic differentiation
of 3T3-L1 cells microarray analysis
revealed a reduced expression of
miR-27a and -b, which was corre-
lated with an increase of PPARYy. In
line with our observations, transfec-

DRB + LPS (min)
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FIGURE 6. Overexpression of miR-27b reduces PPARy1 mRNA expression. A, primary human macrophages were transfected with different concentrations
of miR-27b mimic (0.1, 1, or 10 pmol) or siControl, respectively. B, primary human macrophages were transfected with 10 pmol of miR-27b mimic or siControl
and stimulated the next day with 1 pg/ml LPS for 3 h. C, primary human macrophages were transfected with 10 pmol of miR-27b mimic or siControl and treated
for 1-3 h with 100 um DRB 2 h after transfection. PPARy1 mRNA content was determined by qPCR. Data represent mean values * S.E., n = 4. Statistics were
analyzed with the paired Student’s t test. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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—1siC C_neg (4.12), we suggest that inflammatory
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decay. This assumption is sup-
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FIGURE 7. Modulating miR-27b expression affects TNFa and IL-6 expression. Primary human macrophages
were transfected with (A, C) 10 pmol miR-27b mimic or (B, D) 150 pmol anti-miR-27b or negative controls (siC or
neg.), respectively and prestimulated with 1 um rosiglitazone (Rosi, (A, €)) for 1 h followed by treatment with 1
ug/ml LPS for 3 h. TNFa and IL-6 mRNA expression was determined by qPCR. Data represent mean values *+
S.E., n = 5. Statistics were analyzed with the paired Student's t test. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

tion of these cells with miR-27a and -b reduced PPARy mRNA
(39). Moreover, Karbiener et al. (40) recently demonstrated
that miR-27b abundance decreased during adipogenesis of
human adipose-derived stem cells, suggesting anti-adipogenic
effects of miR-27b because of suppression of PPARYy.

Taking into consideration that LPS further decreased
PPARyl mRNA despite its reduction by miR-27b overex-
pression suggests additional regulatory mechanisms likely
by an ARE-binding protein. Moreover, as a 2-fold induction
of miR-27b reduced PPARyl mRNA to a lower extent than
LPS but overexpression of miR-27b did not alter mRNA sta-
bility, points to additional regulatory mechanisms. Never-
theless, abrogating a luciferase decrease upon LPS by dele-
tion of the miR-27 binding side or mutation of the seed
region revealed that miR-27b is a prerequisite for LPS-in-
duced PPARy mRNA destabilization.

Because PPARy was also reduced upon TLR1/2 and 5 activa-
tion (6), in response to TNFa (41) and phytohemagglutinin
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tory mediators such as IL-6 (22).
We suggest that decreased PPARYy
expression prolongs inflammation
and thus, attenuates resolution of
inflammation. Therefore, under-
standing molecular mechanisms of a PPARYy decrease may
provide options for new therapeutic approaches during
chronic inflammation.
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