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MicroRNA-30c promotes human adipocyte
differentiation and co-represses PAI-1 and ALK2

Michael Karbiener, Claudia Neuhold, Peter Opriessnig, Andreas Prokesch, Juliane G. Bogner-Strauss and Marcel Scheideler*

Institute for Genomics and Bioinformatics; Graz University of Technology; Graz, Austria
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Abbreviations: 3'UTR, 3' untranslated region; ALK2, activin receptor-like kinase 2 (ACVRI, ACTRI); BMI, body mass index;
BMP, bone morphogenetic protein; C/EBP, CCAAT enhancer binding protein; DM, differentiation medium; DMEM, Dulbecco’s
Modified Eagle’s Medium; FABP4, fatty acid binding protein 4; FASN, fatty acid synthase; FBS, fetal bovine serum; hFGF2,
fibroblast growth factor 2; FOP, fibrodysplasia ossificans progressiva; GLUT4, glucose transporter 4; HEK293 cells, human
embryonic kidney 293 cells; HFD, high-fat diet; hAMADS cells, human multipotent adipose-derived stem cells; IBMX, 3- Isobutyl-
1-methylxanthine; MEFs, mouse embryonic fibroblasts; miRNA, microRNA; NFYC, nuclear transcription factor Y, y; NTC, non-
targeting control; PA/-1, plasminogen activator inhibitor 1 (SERPINEI); PBS, phosphate buffered saline; PCR, polymerase chain
reaction; P/GF, placenta growth factor; PM, proliferation medium; PPARy, peroxisome proliferator-activated receptor y; qRT-PCR,
quantitative reverse transcription polymerase chain reaction; TG, triglycerides; 7NFo, tumor necrosis factor o; #-PA, urokinase-
type plasminogen activator; #-PAR, urokinase plasminogen activator receptor; VAV, vitronectin; WAT, white adipose tissue

Obesity is characterized by excessive adipose tissue mass and associated with type 2 diabetes and cardiovascular diseases.
To fight obesity and its sequels, elucidating molecular events that govern adipocyte differentiation and function is of
key importance. MicroRNAs (miRNAs) are a novel class of non-coding RNAs that have been shown to regulate crucial
cellular processes, including differentiation. Several studies have already assigned miRNAs to distinct functions in murine
adipocyte differentiation but only a few studies did so for humans.

Here, we investigated the function of miR-30c in human adipogenesis. miR-30c expression was increased during adi-
pogenesis of human multipotent adipose-derived stem (hMADS) cells, and miR-30c overexpression enforced adipocyte
marker gene induction and triglyceride accumulation. miRNA target prediction revealed two putative direct targets of
miR-30¢, PAI-T (SERPINET) and ALK2 (ACVRI, ACTRI), both inversely regulated to miR-30c during adipogenesis and respon-
sive to miR-30c overexpression. Luciferase reporter assays confirmed PAI-1 and ALK2 as direct miR-30c targets. Moreover,
reciprocal expression between miR-30c and PAI-1 could also be demonstrated in white adipose tissue of obesity mouse
models, suggesting a potential physiological role of miR-30c for PAI-1 regulation in the obese state. Validating PAI-1 and
ALK-2 as miR-30c mediators in adipogenesis revealed that not single silencing of PAI-1 or ALK2, but only co-silencing of
both phenocopied the pro-adipogenic miR-30c effect. Thus, miR-30c can target two, so far not interconnected genes in
distinct pathways, supporting the idea that miRNAs might coordinate larger regulatory networks than previously antici-

pated.

Introduction

A dysbalance between energy intake and energy expenditure
causes obesity that has become a global epidemic with a still
increasing prevalence in industrialized as well as developing
countries."?

In addition to its function as energy storage, adipose tissue is
also an endocrine organ, secreting various cytokines that influ-
ence not only whole-body energy homeostasis, but also inflam-
mation and fibrinolysis.? Follow-up complications of the obese
state like type 2 diabetes or cardiovascular diseases are not only
linked to the exhausted lipid-storage capacity of adipose tis-
sue but also to altered serum levels of adipose tissue-secreted
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factors.? Elucidation of molecular events that govern both adi-
pocyte differentiation and function is therefore of key impor-
tance to further dissect the obese state and its pathophysiological
consequences.

Recently, microRNAs (miRNAs) have been identified as a
group of endogenous RNAs with important gene-regulatory
roles. By binding to mRNAs of protein-coding genes to direct
their post-transcriptional repression, miRNAs have been shown
to regulate crucial cellular processes such as development, differ-
entiation, growth and metabolism.’ Indeed, interference with the
endogenous miRNA processing machinery has profound effects
on adipogenesis: silencing of Drosha, the endonuclease generat-
ing pre-miRNAs from the primary transcript, strongly impaired
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Figure 1. Changes in miR-30c levels during adipogenesis of hMADS
cells. AMADS-2 and hMADS-3 cells were stimulated to undergo adipo-
cyte differentiation two days post confluence (day 0). Total RNA was
prepared at the indicated time points and subjected to quantitative
real-time RT-PCR for miR-30c. miR-30c abundance was normalized to 5S
rRNA and is presented relative to day 0.

differentiation of 3T3-L1 cells,® whereas silencing of Dicer, the
endonuclease transforming pre-miRNAs into the mature form,
had a strong inhibitory effect on adipogenesis of human mesen-
chymal stem cells.” Mouse embryonic fibroblasts (MEFs) and pre-
adipocytes expressing mutated, non-functional Dicer were unable
to undergo adipogenesis.® Importantly, knockout of Dicer in adi-
pose tissue (using Dicer-conditional, aP2-Cre transgenic mice)
resulted in a severe depletion of white adipose tissue (WAT) in
vivo.? Collectively, these results suggest a strong involvement of
miRNAs in the process of adipogenesis. In line with this, several
in vitro studies have already revealed distinct miRNAs to steer
murine adipocyte differentiation,*'*"”
did so for human.'®

We are interested in miRNAs with a regulatory role in adi-

while only a few studies

pocyte differentiation and function, particularly in human.
In this study, we focused on miR-30c, which is induced dur-
ing adipocyte differentiation of human multipotent adipose-
derived stem (hAMADS) cells, a unique human model system
for adipogenesis.?>** Overexpression of miR-30c in hMADS
cells enforced adipocyte marker gene induction and triglyceride
accumulation. Target prediction analyses revealed as putative
direct miR-30c¢ targets PAI-1 and ALK2, each with a single,
conserved miR-30c response element in its 3'UTR. During adi-
pogenesis, PAI-1 and ALK2 were inversely regulated to miR-30¢
and responsive to miR-30c overexpression. Luciferase reporter
assays indeed confirmed PA/-I and ALK2 as direct miR-30c
targets and validated the predicted miR-30c response elements
in the PAI-1 and ALK2 3'UTR. An inverse expression between
miR-30c and PA/-I could also be demonstrated in WAT of obe-
sity mouse models, suggesting a potential physiological role of
miR-30c for PAI-1 regulation in the obese state. To assess the
function of both genes as mediators of miR-30c in adipogenesis,
we silenced PAI-I and ALK2 during adipocyte differentiation
of A(MADS cells. Intriguingly, while single silencing of PAI-1 or
ALK?2 did not affect adipogenesis, co-silencing of both targets
phenocopied the pro-adipogenic miR-30c effect. These results
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suggest that miR-30c functions as enhancer of human adipo-
genesis, at least partly via direct targeting of PAI-1 and ALK2,
thereby indicating an unexpected, cooperative and synergistic
function in human adipogenesis.

Results

miR-30c is upregulated during adipocyte differentiation. We
identified changes in expression levels of miR-30c in microarray
studies of human multipotent adipose-derived stem (hMADS)
cells and mouse embryonic fibroblasts (MEF) during adipo-
cyte differentiation (Fig. S1). Using qRT-PCR, we confirmed
these data in hMADS-2 and hMADS-3 cells, originally estab-
lished from two different donors (Fig. 1). In both cases, miR-
30c levels increased 2- to 4-fold during adipogenesis, with a
large increase at early stage between day 1 and day 5. Assuming
that the increase of miR-30c is associated with adipogenesis,
we hypothesized that altering miR-30c¢ levels should modulate
adipocyte differentiation.

miR-30c promotes adipocyte differentiation of hMADS
cells. To assess our hypothesis, we transiently transfected
hMADS-2 and hMADS-3 cells at confluence with miR-30c
mimics or non-targeting control (miR-NTC), followed 48 h later
by-induction of adipocyte differentiation. - miR-30c transfected
hMADS cells exhibited a 50- to 300-fold increase of mature
miR-30c abundance as measured by qRT-PCR 3 and 5 days
post-transfection (Fig. §2). Notably, for both hMADS cell pop-
ulations, increasing miR-30c abundance resulted in enhanced
induction of adipocyte marker genes compared to miR-NTC
transfection (Fig. 2A). PPARy and FABP4 expression already
increased at day 1, and C/EBPa reached increased levels at day
3 of differentiation. While for hAMADS-2 cells elevated marker
gene expression was blunted at day 9 (Fig. 2B, upper part), the
miR-30c effect was still evident in hMADS-3 cells, as indicated
by still increased expression levels of PPARy, C/EBPa, FABP4,
FASN and GLUT4 (Fig. 2B, lower part).

To further investigate the impact of miR-30c on differentia-
tion, lipid accumulation of miR-30c or miR-NTC transfected
hMADS cells was analyzed at day 9 of differentiation by Oil Red
O staining and quantification of intracellular triglycerides (TG).
In line with elevated mRNA levels of adipocyte marker genes,
miR-30c significantly increased TG accumulation of hMADS
cells (Fig. 2C). Interestingly, although TG levels of control
transfected cells differed between hMADS-2 and hMADS-3
cells (Fig. 2C), miR-30c enhanced TG levels to a similar value
of approximately 1.5 wmol TG/mg protein at day 9. Altogether,
marker gene expression as well as TG accumulation indicate that
miR-30c promotes adipogenesis of hMADS cells.

Identification and analysis of predicted miR-30c targets.
To search for putative direct target mRNAs of miR-30c, we
generated an intersection of those genes that were jointly pre-
dicted by miRanda,” PicTar,* TargetScan®” and EIMMo.*
We identified PAI-1 (SERPINEI, NM_000602) and ALK2
(ACVRI, ACTRI, NM_001150) as putative direct miRNA
targets, each with a single miR-30c binding site that is highly
conserved among mammals (Fig. 3A). Interestingly, PAI-I
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Figure 2. For figure legend, see page 853.
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Figure 2 (See opposite page). miR-30c promotes adipocyte differentiation of hAMADS cells. h(MADS-2 and hMADS-3 cells were transfected at conflu-
ence (day -2) with 5 nM miR-30c mimic or non-targeting control mimic (miR-NTC). Adipocyte differentiation was induced 48 h later (day 0). (A) RNA of
cells at day 1, 3 and 5 after induction of adipocyte differentiation was analyzed by quantitative real-time RT-PCR for expression of PPARy, C/EBPa and
FABP4. mRNA levels were normalized to TBP and are presented relative to miR-NTC transfected cells at day 1. For C/EBPa and FABP4, framed inserts
depict expression levels at day 1. (B) RNA of cells at day 9 of adipocyte differentiation was analyzed by quantitative real-time RT-PCR for expression
levels of PPARY, C/EBPa, FABP4, FASN and GLUTA. mRNA levels were normalized to TBP and are presented relative to miR-NTC transfected hMADS-2 cells.
(C) Analysis of triglyceride accumulation at day 9 of adipocyte differentiation. Representative pictures of hMADS-2 and hMADS-3 cells stained with Oil
Red O for visualization of intracellular triglycerides are shown in the upper part. Quantification of triglyceride accumulation, relative to total protein, is

depicted in the lower part (n = 3).

and ALK2 are downregulated during adipocyte differentia-
tion of hAMADS cells as indicated by gene expression analysis
(Fig. 3B). To investigate whether PA/-1 and ALK?2 are respon-
sive to miR-30c, we transfected miR-30c and monitored the
expression levels of PAI-1 and ALK? afterwards. Indeed, PAI-1
and ALK2 mRNA levels were decreased in miR-30c transfected
cells compared with miR-NTC transfected cells (Fig. 3C).

Furthermore, inhibition of endogenous miR-30c by transfec-
tion of antisense oligonucleotides resulted in upregulation of
PAI-I and ALK?2 (Fig. S3).

miR-30c¢ directly targets human PAI-1 and ALK?2. To vali-
date the predicted interaction of miR-30c with the PAI-I and
ALK2 mRNAs, the 3'UTRs of human PAI-1 and ALK2 were
cloned into the psiCHECK-2 vector downstream the Renilla
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Figure 3. PAI-T and ALK2 are predicted miR-30c targets with inverse expression to miR-30c. (A) Sequence conservation of the predicted miR-30c bind-
ing sites in the 3'UTRs of PAI-T and ALK2, with the miR-30c seed and seed matches highlighted in grey. (B) h(MADS-2 and hMADS-3 cells were analyzed
by quantitative real-time RT-PCR for PAI-7 and ALK2 mRNA levels at day 0, 1, 5 and 9 of adipocyte differentiation. mRNA levels were normalized to TBP
and are presented relative to day 0. (C) hMADS-2 and hMADS-3 cells were transfected at confluence (day -2) with 5 nM miR-30c mimic or non-targeting
control mimic (miR-NTC). Adipocyte differentiation was induced 48 h later (day 0). PAI-T and ALK2 mRNA levels were analyzed by quantitative real-time
RT-PCR at day 1, 3 and 5. mRNA levels were normalized to TBP and are presented relative to miR-NTC transfected cells at day 1.
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luciferase coding sequence and co-transfected with miRNA
mimics into human embryonic kidney 293 (HEK293) cells.
Indeed, co-transfections of the PAI-I and ALK2 reporters with
miR-30c resulted in 40% and 30% lower relative luciferase activ-
ity compared to co-transfections with miR-NTC, respectively
(Fig. 4A and B). Thus, miR-30c directly binds to the 3'UTRs
of PAI-1 and ALK2.

To investigate whether the predicted miR-30c¢ binding sites
mediate the repressive effect on PAI-I and ALK2, we performed
site-directed mutagenesis of the putative seed matches. Indeed,
mutation of the predicted miR-30c seed match derepressed rela-
tive luciferase activity for both PA/-I and ALK?2 reporters, thus
abolishing the inhibitory effect of miR-30c (Fig. 4A and B).
These results demonstrate that PA/-1 and ALK2 are both regu-
lated by miR-30c, each via a single miR-30c binding site in its
3'UTR.

Reciprocal changes of miR-30c and PAI-I levels in the
obese state. Plasma PAI-1 levels have been shown to rise with
increasing body mass index (BMI),?* presumably contribut-
ing to the increased risk of obese subjects for type 2 diabetes
and atherothrombotic events.’® In line with these findings,
pro-inflammatory cytokines which are increased in the obese
state, e.g., tumor necrosis factor a (7NFa), are known to
induce PAI-1 expression;*>* however, PA/-1 regulation is not
yet completely understood. We thus aimed to investigate a
potential role of miR-30c¢ as mediator of the PA/-1 induction
observed in the obese state. Therefore, we analyzed the levels of
miR-30c and PA/-1 in WAT in mouse models of nutritionally
or genetically induced obesity. Indeed, WAT of ob/ob mice
not only showed the expected increases in PA/-1 mRNA levels
compared to wild type mice, but also lower levels of miR-30c
(Fig. 5A). A similar result was obtained for WAT samples of
wild type mice fed a high-fat diet (HFD) compared to litter-
mates on a chow diet (Fig. 5B). Thus, the reciprocal expres-
sion of miR-30c and PAI-1, which was already observed during
adipocyte differentiation in vitro, appears to be existent also
in vivo in WAT. In contrast, ALK2 mRNA levels did not show
any differential expression between obese and normal weight
states (Fig. 5A and B).

Single silencing of PAI-I or ALK2 does not reproduce the
miR-30c effect on adipogenesis. As PAI-1 and ALK2 are direct
targets of miR-30c, we aimed at analyzing whether either of
them mediates the pro-adipogenic miR-30c effect. PAI-I is a
protein secreted by adipose tissue®® which has been implicated
in various complications of the obese state,’ though its role in
adipogenesis appears controversial.*3¢ ALK2 is a bone morpho-
genetic protein (BMP) type I receptor known to mediate BMP7
signalling” and has been shown to regulate BMP9-induced
osteogenic differentiation® as well as chondrogenesis.”” Thus,
a regulatory function of ALK2 might be hypothesized also for
adipogenesis.

To assess whether PAI-1 or ALK2 play a role in human adi-
pogenesis, we transfected hMADS cells with siRNAs to silence
each target (siPAI-1, siALK2), and subsequently induced adipo-
cyte differentiation. Neither PA/-I nor ALK2 silencing evoked
any changes in TG accumulation (Fig. 6A) or in the expression
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Figure 4. miR-30c directly targets human PAI-17 and ALK2. Luciferase
reporter vectors, containing either (A) the wild type 3'UTR of PAI-1
(p2-PAI-1) or (B) ALK2 (p2-ALK2), or 3'UTRs with mutated miR-30c seed
matches (p2-PAI1-m and p2-ALK2-m, respectively), were co-transfected
with 50 nM miR-30c mimic or non-targeting control mimic (miR-NTC)
into HEK293 cells. 48 h later, cells were harvested and Luciferase as-
says were performed. For each sample, Renilla luciferase activity was
normalized to firefly luciferase. Data are presented relative to miR-NTC
transfections (n = 3). *p < 0.05; **p < 0.01 vs. corresponding co-transfec-
tion with miR-NTC.

of adipocyte marker genes (Fig. 6B) at day 9 compared to control
(siNTC) transfected cells. Thus, the pro-adipogenic miR-30c
effect could not be reproduced by single silencing of the validated
miR-30c targets PAI-1 or ALK2.

Co-silencing of PAI-I and ALK2 phenocopies the miR-30c
effect on human adipogenesis. In light of these results, we aimed
to investigate whether both targets have a cooperative impact on
adipogenesis. We transfected hMADS cells either with a pool of
siRNAs against PAI-] and ALK2, or with siNTC, and subse-
quently initiated adipocyte differentiation. Intriguingly, Oil Red
O staining at day 9 revealed that co-silencing of PA/-1 and ALK2
resulted in elevated lipid accumulation compared to siNTC, and
quantification of triglycerides revealed that this increase was
significant (Fig. 6C). Furthermore, the adipocyte marker genes
PPARy, C/EBPa, FABP4, FASN and GLUT4 showed elevated
mRNA levels upon co-silencing of PAI-1 and ALK2 (Fig. 6D).
We thus demonstrate that co-silencing of PAI-I and ALK2 phe-
nocopies, at least in part, the promoting effect of miR-30c on
human adipogenesis.
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Figure 5. Analysis of miR-30c, ALK2 and PAI-1 expression in white adi-
pose tissue of murine obesity models. (A) Ob/ob mice (n = 3) and their
wild type littermates (n = 6) were fed a chow diet after weaning. RNA
from WAT of 4 months old mice was analyzed by quantitative real-time
RT-PCR for expression levels of miR-30c, mPAI-1 and mALK2. 5S rRNA
was used as internal reference for miR-30c; mUxt mRNA was used as in-
ternal reference for mPAI-1 and mALK2. Data is presented relative to wild
type mice. **p < 0.01 vs. mice on chow diet. (B) Wild type mice were

fed a chow diet (n = 3) or a high fat diet (HFD, n = 5) after weaning. RNA
from WAT of 4 months old mice was analyzed by quantitative real-time
RT-PCR for expression levels of miR-30c, mPAI-1 and mALK2 as described
above. *p < 0.05; ***p < 0.001 vs. wild-type mice on chow diet.

Discussion

In this study, we first identified miR-30c to be upregulated
during early adipocyte differentiation of murine and human
cells (Fig. 1 and Fig. S1). Subsequent functional analysis with
hMADS cells, a unique model system to study human adipo-
genesis,”>?* demonstrated that miR-30c promotes adipocyte
differentiation, as evidenced by accelerated upregulation of the
adipogenic key transcription factors PPARYy and C/EBPa, ulti-
mately resulting in increased expression of adipocyte marker
genes and enhanced triglyceride accumulation (Fig. 2A-C).
miR-30c belongs to the miR-30 family, which comprises five
distinct members (a to e) that are perfectly conserved between
mouse and human, and is expressed in a variety of different
tissues. In line with this, studies have either proposed or vali-
dated functions of miR-30 family members in numerous types
of cancer, % but also in several other biological contexts such
as myocardial matrix remodelling,” apoptosis®® and kidney

www.landesbioscience.com

development.”’ A possible involvement of the miR-30 family in
adipocyte function was first conceivable after a global miRNA
expression analysis during adipogenesis of human preadipo-
cytes showed a potent upregulation of miR-30c expression.'®
This finding was subsequently confirmed for adipogenesis of
mouse 3T3-L1 cells.”® In line with both studies, we identi-
fied miR-30c in a miRNA screening during adipogenesis of
hMADS cells as one of the miRNAs with the most dramatic
upregulation. Moreover, we demonstrate for the first time a
function for this member of the miR-30 family in adipocyte
differentiation (Fig. 2).

Mature miR-30c¢ can be generated from two distinct pre-
miRNAs, both residing in intronic regions of distinct host
genes. While hsa-miR-30c-1 is located within the open read-
ing frame of the nuclear transcription factor Y, y (NFYC) gene
(NM_014223) at chromosome 1, hsa-miR-30c-2 is intronic to
C6orf155 (NR_026807), a processed transcript with no known
protein product, at chromosome 6. We found both host genes to
be expressed during adipocyte differentiation of hMADS cells
(Fig. S4). Thus, it is reasonable to propose that both loci contrib-
ute to miR-30c expression during human adipogenesis. However,
the expression profiles are not congruent with miR-30c¢, as NFYC
was only modestly upregulated at late stages (day 9 and day 16),
while C6orfI55 expression showed a peak at day 5, followed by
a decrease (Fig. S3). This could be explained by different half-
lives of mRNA and miRNA. Alternatively, miR-30c could be
transcribed from transcription start sites other than the host gene
promoter, i.e. independently of its host genes, as recently shown
for several intronic miRNAs.”! Future studies addressing mecha-
nisms that regulate miR-30c¢ transcription will be of interest and
will also enable the integration of this miRNA in the cascade of
regulatory events that promote adipogenesis.

As genome-wide studies revealed that a single miRNA can
directly regulate hundreds of target mRNAs,>*?* for any bio-
logical process investigated it is therefore obvious that (1) iden-
tification of those targets that mediate (at least predominantly)
the miRNA effect is challenging; and that (2) the miRNA
likely mediates its effect via more than a single target. In order
to decrease the false-positive rate for predicted direct miR-30c
target candidates to be further analyzed, we combined several
prediction algorithms and in-house generated gene expression
data of h(MADS cells during adipogenesis. As a result, among
the most interesting candidates we identified PA/-I and ALK2,
being not only predicted by at least four distinct algorithms,
but also showing inverse expression profiles compared to miR-
30c expression, i.e., downregulation during adipocyte differ-
entiation (Fig. 3B). Furthermore, both genes were responsive
to miR-30c overexpression (Fig. 3C) and miR-30c inhibition
(Fig. S3). Lastly, luciferase reporter assays indeed confirmed the
direct interaction of miR-30c with PA/-1 and ALK2 via single
miRNA binding sites in their 3'UTRs (Fig. 4A and B). The
luciferase activity is quantified by a bioluminescent signal that
directly and very sensitively reflects protein levels. As miR-30c
overexpression repressed the reporter activity in the presence of
the 3'UTR of PAI-1 and ALK2, but not upon miR-30c binding
site mutations in these 3'UTRs, miR-30c was able to repress
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Figure 6. Effects of miR-30c target gene silencing on human adipocyte differentiation. hAMADS-3 cells were transfected at confluence (day -2) with

5 nM siRNA against PAI-1 (siPAI-1) and ALK2 (siALK2), either separately (A and B) or in combination (C and D), or with equal concentrations of a non-
targeting control siRNA (siNTC). Adipocyte differentiation was induced 48 h later (day 0). (A and C) Analysis of triglyceride accumulation at day 9 of
adipocyte differentiation. Representative pictures of cells stained with Oil Red O for visualization of intracellular triglycerides are shown in the upper
part. Quantification of triglyceride accumulation, relative to total protein, is depicted in the lower part (n = 3). (B and D) Analysis of PPARy, C/EBPaq,
FABP4, FASN and GLUT4 mRNA levels by quantitative real-time RT-PCR at day 9 after start of differentiation. mRNA levels were normalized to TBP and

protein levels by direct binding to the 3'UTRs of PAI-I and
ALK2. Moreover, our finding of a direct PAI-I regulation by
miR-30c was recently confirmed in a different context, as PAI-1
induction in human pulmonary microvascular endothelial cells
by placenta growth factor (P/GF) is presumably mediated via
downregulation of miR-30¢.”

It has been demonstrated that several miRNAs are differ-
entially expressed upon genetically induced obesity in mice."
In line with this, we demonstrate decreased miR-30c levels in
WAT upon genetically as well as diet-induced weight gain (Fig.
5A and B). This suggests that miR-30c could be involved in the
detrimental effects of obesity. Furthermore, we were interested
whether miR-30c and its identified direct targets PA/-1 and ALK2
are also reciprocally expressed in this context. While ALK2 was
unaltered, weight gain indeed evoked reciprocal changes in PAI-1
and miR-30c expression (Fig. 5A and B). Among possibilities
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to explain such difference, distinct expression of the two genes
between adipocytes and the cells of the stromal vascular fraction
cannot be ruled out. Future experiments should shed some light
on that issue.

The function of PA/-1 in adipogenesis and adipose tissue biol-
ogy still remains controversial. Liang et al. showed that PAI-1
overexpression in 3T3-L1 cells inhibits adipocyte differentiation,
while preadipocytes from PAI-I"" mice showed stronger differen-
tiation.”> However, a different study showed no effects of a PAI-1
neutralizing antibody or PAI-I overexpression on adipogenesis
of 3T3-F442A preadipocytes, and also comparable adipogenesis
of PAI-I"" and wild type MEFs.’® Investigations of mouse mod-
els appear controversial as well: Morange et al. described faster
weight gain of PAIl"" compared to wild type mice on a high-fat
diet,”” and a study of transgenic mice overexpressing PA/-1 under
control of the adipocyte promoter 2P2 showed reduced body
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and fat mass compared to wild type mice.”® In contrast, another
study showed that PA/-1 deficiency protected mice against diet-
induced obesity.”” This apparent divergence of results might be
explained by different mouse strains used, by different effects
of local or systemic PAI-1 overexpression or knockout, due to a
postulated dose-dependent effect of PA/-1 on adipogenesis,*® and
lastly also due to different ALK2 levels. With respect to human
adipogenesis, in this study we present evidence that cell-autono-
mous modulation (via siRNA silencing) of the newly identified
miR-30c target PA/-1 in adipocyte precursors has—on its own—
negligible effects on adipocyte differentiation (Fig. 6A and B),
which is in line with previously published data using murine adi-
pogenesis models.*®

ALK?2 is a receptor tyrosine kinase belonging to the class of
BMP type I receptors and has been shown to mediate BMP7 %
and BMP9 signalling.’® Reports describing a stimulatory role
of constitutively active ALK2 on osteogenic and chondrogenic
differentiation®”® are in line with the identification of ALK2
mutations as the cause of fibrodysplasia ossificans progres-
siva (FOP), a rare autosomal disease characterized by ectopic
osteogenesis and chondrogenesis in soft tissues.® Concerning
adipogenesis, there have been no indications for a direct ALK2
involvement so far. BMP7, though, has been implied in direct-
ing mesenchymal stem cell differentiation from white to brown
adipogenesis;** however, BMP7 can also signal via type I recep-
tors other than ALK2. Similar to PAI-1, our study showed no
effects of single ALK2 silencing on adipogenesis of hMADS
cells (Fig. 6A and B).

Interestingly, combined silencing of both miR-30c targets,
PAII and ALK2, enforced adipogenesis (Fig.-6C and D),
thereby recapitulating the miR-30c effect, at least partly. We
thus present, for the first time in adipogenesis, a miRNA that
might regulate differentiation via direct targeting of (at least) two
genes which operate in distinct signaling pathways. In addition,
we have revealed a cooperative, anti-adipogenic action of PAI-1
and ALK2, two proteins that were not known before to be inter-
connected. This opens up the question how the two correspond-
ing gene regulatory networks might be related. PA/-1 is known
to bind to the extracellular matrix components vitronectin (VV)
and urokinase-type plasminogen activator (#-PA), thereby alter-
ing binding of VN and #-PA to integrins and the urokinase
plasminogen activator receptor (#-PAR, CD87).% Based on our
observations, we could envision that subsequent downstream sig-
nalling of PAI-1 via VIN/u-PA and integrins/u-PAR, as well as
BMP-elicited, ALK2-mediated signalling might relay two redun-
dant inhibitory signals, each retarding the progression of adipo-
genesis. Consequently, downregulation of both pathways, which
might be mediated by miR-30c via PA/-I and ALK?2 targeting,
removes the inhibitory signals, thereby promoting adipocyte dif-
ferentiation. It will be interesting to explore this cross-talk of
PAI-1 and BMP signalling in more detail in the future.

Collectively, our study depicts miR-30c¢ as a promoter of adi-
pocyte differentiation and—via direct targeting of PAI-I and
ALK2—as a possible link between two distinct, so far not inter-
related pathways. Thus, our findings support the idea that miR-
NAs might connect and co-ordinate regulatory networks larger
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than previously anticipated. Moreover, the identification of direct
miRNA targets, combined with the analysis of their cooperative
effect on a biological process, can provide novel insights into
those larger regulatory networks.

Materials and Methods

Materials. 100 mm cell culture dishes (#664160) and 12-well cell
culture plates (#665180) were bought from Greiner. 96-well cell
culture plates (#3596) were obtained from Corning. Dulbecco’s
Modified Eagle’s Medium (DMEM, #BE-12-707F) and Ham’s
F12 Medium (#BE12-615F) were purchased from Lonza.
Fetal bovine serum (FBS, #P30-3300) was from Pan Biotech.
Normocin (Invivogen, #ant-nr-2) was bought from Eubio. Human
fibroblast growth factor 2 (hFGF2, #F0291), Insulin (#19287),
apo-Transferrin  (#12252), Triiodothyronin (T3, #T6397),
3-Isobutyl-1-methylxanthine (IBMX, #17018) Dexamethasone
(#D4902), formaldehyde (36.5%, #F8775) and chloroform
(299%, #C2432) were purchased from Sigma-Aldrich. 2-propa-
nol (#7343.1), Glycerol (298%, #7530.1) and nuclease-free water
(#T143.3) were obtained from Roth. Rosiglitazone was a product
from Cayman Chemicals (#71740). miRIDIAN microRNA mim-
ics, ON-TARGETplus SMARTpool siRNAs and DharmaFECT
Duo (#T1-2010-02) were- produced -by Dharmacon- and pur-
chased from THP. HiPerFect transfection reagent (#301707)
was bought from QIAGEN. Oil Red O (#1155984) reagent was
obtained from ICN Biomedicals. Infinity Trigylcerides Reagent
(#TR22203) was purchased from Microgenics. BCA Protein
Assay Kit (#Pier-23227) was bought from VWR. High Fidelity
PCR Enzyme Mix (#K0192) was obtained from Fermentas.
RQ1 RNase-Free DNase (#M6101), Xhol (#R6165) and Notl
(#R6435) restriction enzymes, psiCHECK-2 vector (#C8021)
and Dual Luciferase Reporter Assay System (#E1980) were
bought from Promega. Mutagenesis of luciferase reporters was
performed using the QuikChange Lightning Site-Directed
Mutagenesis Kit (Agilent Technologies, #210519) with primers
synthesized by Integrated DNA Technologies. Protease Inhibitor
Cockrail (PIC, #1836170) was obtained from Roche. Trypsin
(#15400054), Phosphate buffered saline (PBS, #10010015),
IM HEPES (#15630122), L-Glutamine (#25030024), TRIzol
reagent (#15596018), SuperScript II Reverse Transcriptase Kit
(#18064014), dNTP mix (#10297018), random hexamer prim-
ers (#48190011), oligo (dT),, ,, primers (#18418012), Platinum
SYBR Green qPCR SuperMix-UDG w/ROX (#11744500) and
RNase OUT Recombinant Ribonuclease Inhibitor (#10777019)
were purchased from Invitrogen. Universal cDNA Synthesis Kit
(#203300), SYBR Green master mix (#203400) and primers for
detection of miR-30c (#204783) and 5S rRNA (#203906) were
purchased from Exiqon.

Cell culture. hAMADS-2 and hMADS-3 cells were grown
in proliferation medium (PM), consisting of DMEM with
10% FBS, 10 mM HEPES, 2 mM L-Glutamine, 100 pg/ml
Normocin and 2.5 ng/ml hFGF-2. For adipocyte differentia-
tion, cells were grown to confluence in PM (designated day -2)
and medium was changed to PM without AFGF2. After two
days (designated day 0), adipocyte differentiation was initiated
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by differentiation medium (DM), consisting of DMEM/Ham’s
F12 Medium, 5 mM HEPES, 2 mM L-Glutamine, 100 pg/ml
Normocin, 860 nM Insulin, 10 wg/ml apo-Transferrin, 0.2 nM
Triiodothyronin, 100 nM Rosiglitazone, 100 wM 3-Isobutyl-
I-methylxanthine (IBMX) and 1 pM Dexamethasone. IBMX
and Dexamethasone were omitted after 3 days, and DM was
changed every 2-3 days. Mouse embryonic fibroblasts (MEFs)
were isolated and differentiated as described recently in refer-
ence 64. Human embryonic kidney 293 (HEK293) cells were
grown in DMEM with 10% FBS, 4 mM L-Glutamine and 100
pg/ml Normocin.

Transfection of miRNA mimics and siRNAs. hMADS cells
were seeded in 12-well plates and transfected at day -2 with 5 nM
miRIDIAN microRNA mimics (miR-30c or Negative Control
#1), or 5 nM ON-TARGETplus SMARTpool siRNAs (siPAI-1,
siALK2 or siGENOME Non-Targeting siRNA Pool #2) using
HiPerFect following manufacturer’s instructions. After 2 days
(day 0), adipocyte differentiation was initiated by DM.

Oil red O staining. Cells were washed with PBS, fixed in 3.7 %
formaldehyde (in PBS) for 15 min, washed with PBS, stained by 1
h incubation with Oil Red O (0.5 g Oil Red O in 100 ml isopro-
panol diluted with water (60:40) and filtrated), washed twice in
water and then photographed.

Triglyceride assay. Cells were washed with PBS (4°C) and
detached from the plates using a cell scraper and 300 pL PBS
per well. Subsequently, samples were homogenized by sonica-
tion. Triglyceride quantification was performed with Infinity
Triglycerides Reagent according to manufacturer’s protocol with a
dilution series of glycerol in PBS serving as standard. Triglyceride
concentration was normalized to total protein determined by
BCA Assay.

qRT-PCR. Total RNA was obtained using TRIzol. 0.5-1
g of RNA were DNase digested with RQ1 RNase-Free DNase
and ¢cDNA synthesis was performed with random hexamer
primers and oligo (dT),, ,
Transcriptase following manufacturer’s instructions. The qRT-

primers using SuperScript II Reverse

PCR reaction volume was 18 pL, consisting of 4.5 ng reverse
transcribed RNA in water, 200 nM forward and reverse primer
(sequences in online Table S1) and Platinum SYBR Green
qPCR SuperMix-UDG with ROX. Assays were run on ABI
Prism 7000 with 2 min at 50°C, 10 min at 95°C, 40 cycles of 15
sec at 95°C and 1 min at 60°C. Data evaluation was performed
using the QPCR online application.®

miRNA qRT-PCR. miR-30c expression levels were analyzed
using the miRCURY LNA Universal RT microRNA PCR system
(Exiqon) according to the manufacturer’s instructions. 5§ rRNA
was used as endogenous reference RNA. Relative quantification
of miRNA expression levels was performed as described above.

Luciferasereporterassay. The 3'UTRsof PAI-1 (NM_000602)
and ALK2 (NM_001105) were amplified by RT-PCR (primer
sequences in online Table S2) using HighFidelity PCR Enzyme
Mix. The 207 bp and 983 bp products were inserted into the Xhol
and Notl restriction sites of the psiCHECK-2 vector. Correct inser-
tion was validated by sequencing, and generated reporter vectors
were termed p2-PAI-1 and p2-ALK2, respectively. Subsequently,
reporter vectors with mutated miR-30c binding site were estab-
lished by site-directed mutagenesis (primer sequences in online
Sup. Table S2), with mutations at positions 25 of the PAI-I seed
match and positions 3, 5 and 7 of the ALK2 seed match. Successful
mutation was assessed by sequencing and mutated reporter vectors
were termed p2-PAI-1-m and p2-ALK2-m. 20 x 10° = HEK293
cells were seeded in 96-well plates, and 20 h later, transfections
were performed using 0.2 ! DharmaFECT Duo, 100 ng of vec-
tor constructs and either 50 nM of miRIDIAN microRNA mimic
Negative Control #1 (NTC) or miR-30c mimic per well. Cells
were harvested 48 h after transfection and assayed for Renilla and
firefly luciferase activity using the Dual Luciferase Reporter Assay
System (Promega) and the lumino-meter Orion II (Berthold).

Animal studies. All animal procedures used were approved by
the Austrian Federal Ministry for Science and Research. C57/Bl6
mice were put on a chow diet (4.5% fat calories) or on a HFD
(40% fat calories, both diets from ssniff Spezialdiacten GmbH,
Soest, Germany) immediately after weaning. Ob/ob mice and
their wild type littermates were put on a chow diet immediately
after weaning. All mice were kept on a 12 h/12 h light/dark cycle.
After 3 months, mice were fasted overnight and refed for one
hour before sacrification to harvest epididymal fat pads.

Statistical analysis. Dataare presented as means + SEM.
Differences between groups were analyzed by applying Student’s
two-tailed ttest for independent samples.
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