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Regulation of human adipogenesis by miR125b-5p
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ABSTRACT
MicroRNAs (miRNAs) are non-coding RNAs that regulate target gene expression at the post-
transcriptional level and are supposed to be implicated in the control of adipogenesis. We aimed to
identify miRNAs which are involved in the regulation of human adipogenesis and searched for their
molecular targets.

Applying microarray-analysis we identified miR125b-5p as upregulated during human adipocyte
differentiation, although its role during adipogenesis is unknown. We identified and characterized
the matrix metalloproteinase 11 (MMP11) as a direct target of miR125b-5p by showing that
miR125b-5p overexpression significantly reduces MMP11 luciferase activity and mutation of any
single binding site was sufficient to abolish the miR125b-5p mediated inhibition of luciferase
activity. MMP11 overexpression decreased fat accumulation, indicating that MMP11 acts as an anti-
adipogenic regulator. In contrast, overexpression of miR125b-5p itself reduced adipogenesis.

In summary, we identified miR125b-5p as upregulated during human adipogenesis indicating
that miR125b-5p may serve as a regulator of human adipocyte differentiation. We further show that
miR125b-5p downregulates the anti-adipogenic MMP11, but directly inhibits adipogenesis itself.
Taken together, these data implicate that miR125b-5p can affect human adipogenesis via MMP11
and probably additional targets.

KEYWORDS
adipogenesis; microRNAs;
miRNA125b-5p; MMP11;
obesity

Introduction

Adipocyte differentiation is a major mechanism in the
accumulation of body fat mass.1 Hence, dysregulation of
adipogenesis may contribute to the development of obesity.
Potential regulators of tissue development in general and
adipogenesis specifically include miRNAs. Over the past
few years, it has become clear that miRNAs are involved in
critical biological processes, including development, metab-
olism, differentiation and proliferation, as well as apoptosis,
and are thereby implicated in the development of different
diseases including obesity.2-4 MiRNAs are a family of 19-24
nucleotide small RNAs that downregulate gene expression
at the post-transcriptional level by binding to the
30untranslated regions (UTRs) of target genes.5 Mature
miRNA sequences are evolutionarily highly conserved5 and
exhibit high tissue specificity.6 Computer-based predictions
estimated that 2–3% of all genes encode miRNAs and 30%
of all human genes may be targeted by miRNAs.7 Although
miRNA expression and function have been extensively
investigated in neuronal, muscle and haematopoietic
systems, little is known about their involvement in

adipogenesis.8,9 However, the finding that suppression of
Drosha, an essential enzyme for miRNA maturation, abol-
ished adipocyte differentiation10 suggests that miRNAs
affect adipogenesis.11 So far, only few miRNAs have been
investigated for their impact on adipogenesis in more
detail. For example, miR143,12 miR27b13 and miR13014

were shown to act as pro- or antiadipogenic regulators by
suppressing PPARg, while Let-7 miRNA regulates adipo-
cyte differentiation by targeting HMGA2 in 3T3-L1 cells.15

There are supposedly many more miRNAs with an impli-
cation in adipogenesis.

The aim of this work was to identify miRNAs impli-
cated in adipocyte differentiation and evaluate their rele-
vance for human adipogenesis.

Results

MiR125b-5p is differentially expressed during human
adipogenesis

To identify differentially expressed miRNAs, we differen-
tiated human preadipocytes of the SGBS cell line into
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mature adipocytes, extracted RNA at different time
points and searched for differentially regulated miRNAs
via sequencing in 2 independent adipocyte differentia-
tion courses.16 Representative images at days 0, 4, 8 and
12 after adipogenic induction are shown in Figure 1A.
The increasing expression of the adipogenic markers
PPARg, FABP4 and ATGL (Fig. 1B–D) verified
adipogenesis.

We identified 195 differentially expressed miRNAs
during human adipogenesis. For further analyses we
prioritized at least 2.5-fold upregulated miRNAs
(p< 0.001) at day 12 compared to day 0 after induction
of adipogenesis. Seven miRNAs fulfilled these criteria
(miR378a-3p, miR-let7c, miR193a-5p, miR107, miR7d-
5p, miR148a-3p and miR125b-5p). Twelve miRNAs
were repressed to 40% at day 12 (miR21-5p, miR493-3p,
miR409-3p, miR125b-1-3p, miR381, miR431-5p,
miR155-5p, miR146a-5p, miR486-5p, miR21-3p,
miR299-3p and miR100-3p), while the rest did not show
differential expression. We selected miR125b-5p for fur-
ther analysis, since this miRNA has so far not been inves-
tigated in the context of human adipogenesis in contrast
to the other miRNAs.15,17-22 We confirmed a 3.3-fold
upregulation of the miR125b-5p strand and a 5.5-fold
downregulation of the miR125b-3p strand during adipo-
genesis (Fig. 1E).

Identification of MMP11 as a target of miR125b-5p

To identify putative targets of miR125b-5p we applied
PicTar algorithms23 revealing 531 potential targets. We
prioritized targets i) with a PicTar score higher than 5,
ii) which were confirmed by other computer-based algo-
rithms (TargetScanHuman), and iii) which have already
been described in the context of adipogenesis. Applying
this scoring strategy, the StAR-related lipid transfer
domain protein 13 (STARD13) and the matrix metallo-
proteinase-11 (MMP11) ranked highest. Although,
MMP11 mRNA expression appeared lower in mature
adipocyte, the downregulation of MMP11 was not signif-
icant on mRNA level (Fig. 1E), as well as STARD13 (data
not shown) during adipogenesis. However, MMP11 pro-
tein levels were significantly down regulated (Fig. 1F). In
subsequent analyses, we were not able to verify an inter-
action between miR125b-5p and STARD13 with a
reporter assay (data not shown), and thus we focused on
MMP11. PicTar predictions revealed 3 putative
miR125b-5p binding sites in the 30UTR region of
MMP11 (Fig. 1G). Homology comparison across differ-
ent species (human, primate, mouse, rat and chicken)
revealed a high degree of sequence conservation, particu-
larly for the second miR125b-5p binding site (Fig. 1G).

Mir125b-5p directly represses MMP11 in adipocytes

To determine whether miR125b-5p targets MMP11 in
human preadipocytes, we overexpressed or downregulated
miR125b-5p using precursor or antagonizing molecules
(pre-miR125b-5p or anti-miR125b-5p) (Fig. 2A). By mea-
suring miR125b-5p mRNA and protein levels after
miR125b-5p overexpression, we confirmed a 10-fold up-
regulation of miR125b-5p (Fig. 2A), which was accompa-
nied by an almost complete downregulation of MMP11
mRNA and protein levels; whereas miR125b-5p downre-
gulation had no effect onMMP11mRNA or protein levels
(Fig. 2B).

To investigate whether this co regulation is also
detectable in vivo, we analyzed MMP11 and miR125b-5p
expression in subcutaneous AT samples of 100 healthy
children. To minimize the effect from cells of the stromal
vascular fraction (macrophages, endothelial cells, etc.),
we measured mRNA expression only in isolated adipo-
cytes. In 49% of our samples we observed an undetect-
able MMP11 expression. Therefore, we decided to
stratify AT samples into tertiles according to miR125b-
5p expression (Table 1). We observed a twofold decrease
in MMP11 expression in samples with high miR125b-5p
compared to samples with low/absent miR125b-5p
mRNA levels (Fig. 2C). To assess whether this co regula-
tion results from a direct interaction of miR125b-5p and
MMP11, we cotransfected preadipocytes with luciferase
reporter constructs containing wild-type (WT) or
mutant (MUT) miR125b-5p binding sites together with
pre-miR125b/pre-ntRNA or anti-miR125b/anti-ntRNA
oligos (Fig. 2D). Comparable transfection efficiency was
ensured by normalizing all values to a renilla control.
Luciferase activity of WT MMP11 was significantly
reduced in the presence of miR125b-5p (Fig. 2E), while
luciferase activity did not change in the presence of anti-
miR125b-5p. Mutation of all 3 miR125b-5p binding sites
MUT (1.2.3) abolished the regulatory effect of miR125b-
5p (Fig. 2E), confirming that miR125b-5p directly inter-
acts with MMP11 mRNA. We further assessed the
relevance of the individual binding sites by selectively
mutating each of the 3 distinct sites in the MMP11
30UTR. The lack of any single binding site was sufficient
to abolish miR125b-5p mediated inhibition of luciferase
activity (Fig. 2E), indicating that all sites are essential for
the miR125b-5p/MMP11 interaction.

MMP11 is a negative regulator of human
adipogenesis

To evaluate the role of MMP11 itself during adipogene-
sis, we investigated the effect of MMP11 knockdown and
overexpression on adipocyte differentiation. Efficient
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Figure 1. Inverse regulation of miR125b-5p and MMP11 during human adipogenesis. (A) Representative phase contrast images of cells
at 0-12 d after adipogenic induction. (B) PPARG, (C) FABP4, (D) ATGL, (E) MMP11 (white bars), miR125b-5p (black bars) and miR125b-3p
(gray bars) mRNA levels and (F) MMP11 protein levels during adipogenesis. MMP11 protein levels were normalized to total protein
amount in each sample. The data are presented as meanC-SEM of these 2 independent adipocyte differentiation courses. (G) Homology
comparison of predicted miR125b-5p binding sites in the 30UTR region of human MMP11. Conserved miR125b-5p binding sites between
different species are indicated by a bold sequence. For standardization, target gene expression was normalized to the mean of the 2
housekeeping genes: b-actin (ACTB), and TATAbox-binding protein (TBP). �, p < 0.05; ���, p < 0.001, ns, not significant.
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Figure 2. MiR125b-5p targets MMP11 by binding to the 30UTR. (A) MiR125b-5p overexpression (pre-miR125b-5p) and downregulation
(anti-miR125b-5p) efficiency was verified by qRT-PCR and normalized to scrambled control (pre-ntRNA, anti-ntRNA). (B) MMP11 mRNA
and protein levels after overexpression or downregulation of miR125b-5p. (C) MMP11 mRNA expression after stratification in tertiles
according to miR125b-5p mRNA levels in isolated human adipocytes of children. (D) Luciferase reporter plasmids carrying wild-type
(WT) or mutant (MUT) miR125b-5p binding sites (gray boxes). MUT(1-3) indicate individual mutations of the single binding site; MUT
(1.2.3), mutation of all binding sites. The insertion of the mutation is indicated in bold. (E) Relative luciferase activity after co-transfection
of control or MMP11 with pre-miR125b-5p/pre-ntRNA or antimiR125b-5p/anti-ntRNA in SGBS preadipocytes. In addition, relative lucifer-
ase activity after cotransfection of control or mutated versions of miR125b-5p binding sites with pre-miR125b-5p/pre-ntRNA or anti-
miR125b-5p/anti-ntRNA in SGBS preadipocytes. For standardization, target gene expression was normalized to the mean of the 2 house-
keeping genes: b-actin (ACTB), and TATAbox-binding protein (TBP). �, p < 0.05; ���, p < 0.001.
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MMP11 knockdown was verified by decreased MMP11
mRNA at day 0 and 12 of adipogenesis and by decreased
protein levels 48h after transfection of MMP11-specific
siRNAs (Fig. 3A). MMP11 knockdown had only a weak
pro-adipogenic effect, indicated by Oilred-O-staining
(Fig. 3B). PPARg (Fig. 3C), FABP4 (Fig. 3D) and ATGL
(Fig. 3E) mRNA levels were not altered compared to a
non-target scrambled siRNA control. In addition, we
overexpressed MMP11 and investigated the effect on adi-
pogenesis. Efficient MMP11 overexpression was verified
by increased protein levels 48h after transfection
(Fig. 4A) and significantly increased MMP11 mRNA
expression at d0 of adipogenesis (Fig. 4B). MMP11 over-
expression significantly inhibited adipogenesis by 77% as
shown by decreased Oilred-O absorbance (Fig. 4C) and
decreased PPARg (Fig. 4D), FABP4 (Fig. 4E) and ATGL
(Fig. 4F) mRNA levels. Hence, MMP11 is a negative reg-
ulator of adipogenesis.

MiR125b-5p overexpression inhibits adipogenesis

We finally evaluated the effect of miR125b-5p directly on
adipogenesis. For this, we overexpressed miR125b-5p
using precursor molecules (pre-miR125b-5p) and
observed significantly increased levels of mature
miR125b-5p at days 0 and 12 of adipogenesis (Fig. 5A).
MiR125b-5p overexpression led to a reduced fat accumu-
lation as shown by a 57% lower frequency of differenti-
ated adipocytes (Fig. 5B). Moreover, miR125-5p
overexpression resulted in a reduced MMP11 expression
(Fig. 5C), and was associated with significantly decreased
PPARg mRNA expression (Fig. 5D). Furthermore,
FABP4 (Fig. 5E) and ATGL (Fig. 5F) mRNA levels were
slightly reduced after miR125b-5p overexpression. We
further assessed the relevance of miR125b-5p during adi-
pogenesis by transfection of preadipocytes with antisense
miR125b-5p oligos. MiR125b-5p knockdown was veri-
fied by 5-fold decreased miR125b-5p levels at day 0 and
12 of adipogenesis (Fig. 6A). However, miR125b-5p
knockdown did not influence adipogenesis, since we did
not observe differences in Oilred-O absorbance (Fig. 6B).
In addition, we did not observe differences in MMP11
(Fig. 6C), PPARg (Fig. 6D), FABP4 (Fig. 6E), and ATGL
(Fig. 6F) mRNA levels.

Discussion

The aim of this study was to identify miRNAs which are
involved in the regulation of human adipogenesis and to
characterize their molecular targets and thereby address
the functional relevance during adipocyte differentiation.
We identified miR125b-5p as differentially up-regulated
during human adipogenesis and showed that MMP11 is

a direct target of miR125b-5p. Furthermore, MMP11
overexpression significantly inhibited adipocyte differen-
tiation, suggesting that MMP11 itself is a negative
regulator of human adipogenesis. In contrast, miR125b-
5p-overexpression reduced fat accumulation, indicating
that miR125b-5p itself has an additional antiadipogenic
effect, potentially by the regulation of a so far unknown
target which favors adipogenesis (Fig. 7).

MiR125b-5p is induced during adipogenesis

We identified miR125b-5p as upregulated immediately
after experimental induction of human adipogenesis,
which is in line with other studies showing that miR125b
was upregulated in subcutaneous AT from obese com-
pared to non-obese subjects24 and in subcutaneous AT
of patients with multiple symmetric lipomatosis.25

Although miR125b has been identified as a brain-
enriched miRNA,26 these data indicate that miR125b-5p
may have an important role during murine and human
adipogenesis. It is, however, unknown at which level
miR125b affects adipogenesis. In humans, the miR125b
consists of 2 paralogs,27 which are transcribed from 2 dif-
ferent loci located on chromosomes 11q23 (miR125b-1)
and 21q21 (miR125b-2), coding for the same mature
sequence.

MiR125b-5p decreases MMP11 protein levels by
direct interaction

Using PicTar algorithms, we identified MMP11 as prom-
ising target genes for miR125b-5p. MMP11 (previously
called stromelysin 3) is a member of the MMP family
and is expressed in association with intense tissue
remolding during embryogenesis, tissue involution,
wound healing or metamorphosis.28 In contrast to most
MMPs, MMP11 is processed intracellularly and secreted
as an active enzyme.28,29 Downregulation of MMP11
mRNA and protein during adipogenesis in parallel with
increasing miR125b-5p expression supports the hypothe-
sis that miR125b-5p may be a direct regulator of
MMP11. Furthermore, MMP11 expression was low in
the situation of high miR125b-5p expression in subcuta-
neous AT samples from children, suggesting a counter-
regulatory role of miR125b-5p on MMP11 in human
AT. We confirmed this hypothesis by showing that over-
expression of miR125b-5p significantly repressed
MMP11. PicTar predictions revealed 3 potential binding
sites for miR125b-5p in the 30UTR of MMP11. Particu-
larly the second miR125b-5p binding site showed a high
degree of structural conservation across the different spe-
cies, which lead to the assumption that this binding site
could be critical for the miR125b-5p mediated
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Figure 3. MMP11 knockdown only mildly affected adipogenesis. (A) SiRNA-mediated MMP11 knockdown efficiency was verified at
mRNA level on day 0, 12 of adipogenesis and 48 h after transfection on protein level. (B) On day 12, Oilred-O absorbance was assessed
to determine adipogenic capacity after MMP11 and PPARg knockdown. (C) The magnitude of PPARg, (D) FABP4, and (E) ATGL mRNA after
transfection with siRNAs against control (white square), MMP11 (closed circle) or PPARg (open circle) were assessed by qRT-PCR analyses.
For standardization, target gene expression was normalized to the mean of the 2 housekeeping genes: b-actin (ACTB), and TATAbox-
binding protein (TBP). �, p < 0.05, ��, p < 0.01; ���, p < 0.001.
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Figure 4. MMP11 acts as a negative regulator of adipogenesis. (A) MMP11 overexpression efficiency was measured on protein level and
compared to cells transfected with empty vector or untreated cells. (B) MMP11 mRNA levels at day 0 and 12 of adipogenesis after
MMP11 overexpression and compared to controls. (C) Effects of MMP11 overexpression on adipogenesis were measured by Oilred-O
staining at day 12 of adipogenesis. (D) PPARg, (E) FABP4, and (F) ATGL mRNA levels after overexpression of MMP11 (closed circle)
compared to an empty vector control (white square) or untreated cells (open circle). For standardization, target gene expression was
normalized to the mean of the 2 housekeeping genes: b-actin (ACTB), and TATAbox-binding protein (TBP). �, p < 0.05; ��, p < 0.01; ���,
p < 0.001.
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Figure 5. MiR125b-5p act as a negative regulator of adipogenesis. (A) MiR125b-5p overexpression (pre-miR125b-5p) efficiency was
assessed at day 0 and 12 of adipogenesis (black bars) and compared to pre-ntRNA control (white bar). (B) On day 12, Oilred-O absor-
bance was measured in order to investigate the effect of miR125b-5p on adipogenesis. (C) MMP11 mRNA levels after miR125b-5p
(closed circle) overexpression compared to a pre-ntRNA (white square) control. (D) PPARg, (E) FABP4, and (F) ATGL mRNA levels after
miR125b-5p (closed circle) overexpression compared to a pre-ntRNA (white square) control. For standardization, target gene expression
was normalized to the mean of the 2 housekeeping genes: b-actin (ACTB), and TATAbox-binding protein (TBP). �, p < 0.05 ��, p < 0.01,
���, p < 0.001.
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Figure 6. MiR125b-5p downregulation does not affect adipogenesis. (A) MiR125b-5p downregulation efficiency was assessed at day 0
and 12 of adipogenesis (black bars) and compared to pre-ntRNA control (white bar). (B) Oilred-O absorbance was measured at day 12
after adipogenic induction in order to investigate the effect of miR125b-5p on adipogenesis. (C) MMP11 mRNA levels after miR125b-5p
(closed circle) downregulation compared to anti-ntRNA (white square) control. (D) PPARg, (E) FABP4, and (F) ATGL mRNA levels after
miR125b-5p (closed circle) downregulation compared to an anti-ntRNA (white square) control. For standardization, target gene
expression was normalized to the mean of the 2 housekeeping genes: b-actin (ACTB), and TATAbox-binding protein (TBP). �, p < 0.05 ��,
p < 0.01, ���, p < 0.001.
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downregulation of MMP11. Nonetheless, in our study all
3 binding sites were essential for the interaction and
mutation of any single site abolished the regulatory effect
of miR125b-5p onMMP11 expression.

MMP11 is a negative regulator of adipogenesis

Based on our findings of direct repression of MMP11 by
miR125b-5p, we were interested whether MMP11 itself
has an effect on adipogenesis. Particularly, MMP11 over-
expression led to a significant decrease in fat accumula-
tion and molecular adipogenesis markers, suggesting
that MMP11 plays a role in adipocyte metabolism. These
results are in line with earlier studies in mice showing
significantly higher body weights in MMP11 deficient
mice compared to control littermates, which was appar-
ently attributed to better differentiation capacity of
embryonic fibroblasts in MMP11 deficient mice.30 Our
observation of a rather weak effect on differentiation
capacity after MMP11 knockdown may be explained by
a generally lowMMP11 expression in SGBS cells. Similar
to our results, knockdown of other MMPs such as gelati-
nase B (MMP9) did not affect in vitro adipogenesis.31

The mechanism and the timing by which MMP11 acts
on adipogenesis are not fully clarified. It has been shown
that MMP11 is not only able to reduce preadipocyte dif-
ferentiation but also to revert mature adipocytes into
preadipocytes.32 Despite extensive research using various
approaches, the specific substrate of MMP11 has not yet
been found. It was suggested that MMP11 might have
collagenolytic properties against the native a3 chain of
collagen VI under normal and malignant conditions.33

In addition, cancer cell-induced MMP11 expression by
adjacent adipocytes led to their dedifferentiation,34 sug-
gesting that the event of adipocyte dedifferentiation

might be the cleavage of collagen VI by MMP11. Apart
from this assumption, results from our study indicate
that MMP11 might play a role at early stages of adipo-
genesis, which is supported by the observation that
MMP11 protein levels were downregulated at the end of
adipogenesis. However, we cannot exclude that MMP11
could also play a role at later stages.

MiR125b-5p acts as a direct repressor of
adipogenesis

Considering that the miR125 family has been shown to
play a crucial role in cell differentiation, proliferation
and apoptosis,35 we were interested whether miR125b-
5p directly affects adipogenesis. Considering the downre-
gulation of the anti-adipogenic MMP11, an increased
adipogenesis after miR125b-5p overexpression may have
been expected. However, overexpression of miR125b-5p
significantly repressed adipogenesis. Potential explana-
tions for this finding include that each miRNA can inter-
act with hundreds of targets and hence miR125b-5p may
regulate other pro-adipogenic target genes that superim-
pose the effect of MMP11.36,37 In 3T3 preadipocytes,
miR125b-5p affected adipogenesis and proliferation, at
least partially through downregulating Smad4. In order
to investigate if this is also true for human adipogenesis,
we overexpressed miR125b-5p in preadipocytes and
analyzed the global mRNA expression via Illumina Bead-
Chip Microarray. However, Smad4 was not downregu-
lated, indicating that it is no direct target of miR125b-5p
during human adipogenesis.38 Nonetheless, we identified
CCAAT/enhancer-binding protein b (CEBPB), CCAAT/
enhancer-binding protein delta (CEBPD), and early B-cell
factor 1 EBF1 as significantly downregulated (data not
shown) after miR125b-5p overexpression. However, we

Figure 7. Schematic overview of the findings. MiR125b-5p directly down-regulates MMP11, which in turn acts as negative regulator of
human adipogenesis. Furthermore, miR125b-5p has an anti-adipogenic effect, most likely through the regulation of further unknown
pro-adipogenic target(s), which may superimpose the effect of MMP11.
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did not find miR125b-5p binding sites in these genes.
The confirmation of further miR125b-5p targets with a
pro-adipogenic effect is further complicated as we do not
know if miR125b-5p regulated these targets itself or ear-
lier steps of adipogenesis. First, it might be possible that
miR125b-5p down regulates a target which has an acti-
vating effect on C/EBP-b or C/EBP-d. At this point it is
pure speculation what target this could be. For example
C/EBP-ß expression depends on other genes that are also
essential to adipogenesis, such as cAMP responsive ele-
ment binding protein 1 (CREB1) and the early growth
response protein 2 (EGR2).39 Egr2 (also called Krox20)
is induced early in 3T3-L1 adipogenesis and promotes C/
EBP-b expression. Decreasing amounts of Krox20
reduces the ability of 3T3-L1 cells to differentiate.40

However, PicTar algorithms did not reveal a putative
miR125b-5p binding site for KROX20 as well as CREB1.
Second, it might be possible that the unknown target is
involved in early steps of adipogenesis, such as prolifera-
tion. Therefore, at this point we cannot conclusively
answer the question concerning what pro-adipogenic
target is involved in the miR125b-5p interaction.

Overall, our observations indicate that the miR125b-
5p/MMP11 interaction may not represent a key regula-
tion in the process of adipogenesis. Nevertheless, this
interaction could be essential for other mechanisms. It
has recently been shown that MMP11 is induced in AT
by cancer cells as they invade their surrounding environ-
ment.28,32 MMP11 negatively regulates adipogenesis
which in turn leads to the accumulation of non-
malignant peritumoral fibroblast-like cells favoring
cancer cell survival and tumor progression.32 Possibly,
the miR125b-5p/MMP11 axis might play a role in the
MMP11-mediated bi-directional crosstalk between
invading cancer cells and adjacent adipocytes.

In conclusion, we identified miR125b-5p as a regula-
tor of human adipogenesis. One of the targets of
miR125b-5p is MMP11, which confers slightly pro-
adipogenic effects. The direct anti-adipogenic effect of
miR125b-5p implies that an additional target of
miR125b-5p affects human adipogenesis.

Methods

Cell culture and adipocyte differentiation

We applied the human preadipocyte cell line Simpson-
Golabi-Behmel syndrome (SGBS), which was a generous
gift from Martin Wabitsch (Ulm, Germany).16 Cells were
cultured in Dulbecco’s modified Eagle medium (DMEM/
HAM F12) (Life Technologies, Karlsruhe, Germany) sup-
plemented with 10%FCS, 33 mmol/l biotin, 17 mmol/l pan-
tothenic acid. SGBS cells were differentiated into mature

adipocytes as previously described.41 To quantify differenti-
ation capacity, differentiated adipocytes were fixed at day
12 post-induction in Roti-Histofix 4% (Carl Roth GmbH,
Karlsruhe, Germany), washed with PBS and stained with
Oilred-O-solution (0.3% in 60% isopropanol, Sigma, St.
Louis, USA) for 15 min. After washing with PBS, Oilred-
O-solution was extracted by incubation with isopropanol,
and quantified at 540 nm using the FLUOstar OTIMA
(BMG LABTECH, Offenburg, Germany).

Primary adipocytes of the Leipzig Adipose Tissue
Childhood Cohort

Subcutaneous adipose tissue (AT) samples were obtained
from the Leipzig Adipose Tissue Childhood Cohort as
previously described42 encompassing 100 Caucasian chil-
dren (0–18 years) undergoing elective orthopedic surgery
(n D 77), herniotomy/orchidopexy (n D 10), or abdomi-
nal, thoracic or back surgery (n D 13). Children were
free of severe diseases and medication potentially influ-
encing AT biology. The following exclusion criteria were
applied: diabetes, generalized inflammation, malignant
disease, genetic syndromes, or permanently immobilized
children. Written informed consent was obtained from
all parents. The study was approved by the local ethics
committee (265–08, 265–08-ff) and is registered in the
National Clinical Trials database (NCT02208141).42

RNA extraction and qRT-PCR analyses

Total RNA was extracted using TRIzol Reagent (Invitro-
gen, Carlsbad, USA) and reverse transcribed using miS-
cript II RT Kit (Qiagen, Hilden, Germany) according to
the manufacturer’s instructions. qRT-PCRs of MMP11,
peroxisome proliferator-activated receptor gamma
(PPARg), fatty acid binding protein 4 (FABP4) and adi-
pose triglyceride lipase (ATGL) were performed with
2xqPCR MasterMix Plus Low ROX (Eurogentec, Seraing,
Belgium), 900nM of each primer and 200nM probe using
the ABI 7500 Real-Time PCR system (Applied Biosys-
tems, Darmstadt, Germany). Mature miR125b-5p and
miR125b-3p RNA were reverse transcribed using the
miScript II RT Kit (Qiagen). For miR125b qRT-PCR
primer (hs-miR-125b_1 and hsmiR-125b_1�_1, Qiagen)
and the miScript SYBR Green PCR Kit (Qiagen) were
used according to the manufacturer’s instructions. For
standardization, target gene expression was normalized
to the mean of the 2 housekeeping genes: b-actin
(ACTB), and TATAbox-binding protein (TBP).

MMP11: F50-CGGGCGCTGGGAGAA30, R50-TCA-
CATCGCTCCATACCTTTAGG-30, Probe 5-ACGGAC
CTCACCTACAGGATCCTTCGG-3�; PPARg: F50-
GATCCAGTGGTT GCAGATTACAA-30, R50-GAGGG
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AGTTGGAAGGCTCTTC-30, Probe 5-TGACCTGAAA
CTTCAAGAGTACCAAAGTGCAA-3�; FABP4:
F50-GGAAAATCAACCACCATAAAGAGAA-30, R50-
GGA AGTGACGCCTTTCATGAC-30, Probe 5-
CATTCCACCACCAGTTTATCATCCTCTCGT-3;
ACTB: F50-CGACGCGGCTACAGCTT-30, R50-CCTT
AATGTCACGCACG ATTT-30, Probe 5-ACCAC-
CACGGCCGAGCGG-3; TBP: F50-TTGTAAACTT-
GACCTAAAGACCATTGC-30, R50-TTCGTGGCTCTC
TTATCCTCATG-30, Probe 5-AACGCCGAATATAAT
CCCAAGCGGTTG-3. Expression analyses for ATGL
were performed with TaqMan Gene Expression Assay
(Hs00386101_m1, Applied Biosystem, Darmstadt,
Germany). For RNA analyses of primary human
adipocytes, AT samples were separated as previously
described.42

MMP11 and miR125b-5p overexpression
and knockdown

Preadipocytes were transfected using the Neon Transfec-
tion System 100 ml Kit (Invitrogen) according to Bern-
hard et al.43 For MMP11 overexpression, 1.25 mg of
expression plasmid (Ambion, Abingdon, UK) were
transfected and empty pCMV6-XL5 vector was used as a
control. For miR125b-5p overexpression, 500 nmol of
pre-miR125b-5p (Ambion) or a scrambled negative
control (pre-ntRNA, Ambion) were transfected. For
MMP11 and PPARg knockdown experiments, gene-
specific ON-TARGETplus SMARTpool small interfering
(si)RNAs and ON-TARGETplus control reagents (Dhar-
macon, Lafayette, LA, USA) were used at a final concen-
tration of 500 nmol/l. The downregulation of miR125b-
5p was carried out by transfection with antagonizing
miR125b-5p (anti-miR125-5p, Ambion) or scrambled
negative control RNA (anti-ntRNA, Ambion). After elec-
troporation 350,000 cells were seeded in 6-well format
and differentiated. Efficient knockdown was confirmed
on day 0 and 12 post-induction by qRT-PCR.

Luciferase reporter assay

To generate MMP11 luciferase reporter constructs, frag-
ments of putative miR125b-5p binding sites were cloned
into the 30UTR region using HindIII-SpeI restriction
sites of the pMIR-report plasmid (Ambion, Carlsbad,
USA) (Fig. 2D). Correct insertion was confirmed by
sequencing. For dual luciferase assays, 3£105 SGBS cells/
ml were co-transfected with 0.2 mg of firefly luciferase
reporter plasmid, 0.1 mg of a control vector containing
Renilla luciferase (Promega, Fitchburg, Madison, USA),
and 500nmol of pre-miR125b-5p (Ambion) or scram-
bled negative control RNA (pre-ntRNA, Ambion) 24h
post-transfection. Luciferase activity was quantified
using Dual Luciferase Assay System (Promega) accord-
ing to the manufacturer’s instructions. Putative
miR125b-5p binding sites were mutated using site-
directed mutagenesis primers.

MMP11 mutagenesis Primer (1): F50-TGGCTTGGAT
GCCCTAATGAGTGCTGACCCCTGCC-30, R50-GGCA
GGGGTCAGCACTCATTAGGGCATCCAAGCCA-30;
MMP11 Mutagenesis Primer (2): F50-CTGAGCCCATG
TCTCCTAATGAGGATGGGGTGGGGT-30, R50-ACCC
CACCCCATCCTCATTAGGAGACATGGGCTCAG-30;
MMP11 Mutagenesis Primer (3): F50-TCTCCATCCCT
GTCCCTAATGATAGCACCATGGCAGGAC-30, R50-
GTCCTGCCATGGTGCTATCATTAGGGACAGGG
ATGGAGA-30.

Western blot analysis of MMP11

Adipocytes were lysed in RIPA buffer (50 mM Tris-HCL
pH 7.4, 150 mM NaCl, 1% NP-40, 1 mM EDTA, 1 mM
PMSF, 0.25% Na-deoxycholate, 1mM Na3VO4, 1 mM
NaF, 1 mg/ml aprotinin, 1 mg/ml leupeptin, 1 mg/ml pep-
statin), incubated for 10 min on ice, and centrifuged at
12,000xg for 10 min at 4�C. Samples (30 mg) were sepa-
rated on 12% SDS-polyacrylamide gels and transferred to a
polyvinylidene difluoride membrane. Membranes were
blocked for 1h at room temperature with 5% non-fat-milk
in Tris-buffered saline plus 0.1% Tween20, followed by

Table 1. Characteristics of the Childhood Adipose Tissue Cohort (n D 100) after stratification in tertiles according to miR125b-5p mRNA
levels.

Lower tertile miR125b mRNA Central tertile miR125b mRNA Upper tertile miR125b mRNA
P

n Mean § SEM n Mean § SEM n Mean § SEM (1st vs. 3rd tertile)

Anthropometric parameters
Age [years] 34 10.96 § 0.89 32 12.64 § 0.76 34 11.02 § 0.75 0.951

1.06–18.22 1.21–18.44 2.34–18.32
BMI SDS 34 0.93 § 0.27 32 1.54 § 0.21 34 1.03 § 0.29 0.800

¡1.80–4.34 ¡0.81–3.63 ¡2.53–4.17
PH 31 2.87 § 0.28 32 3.30 § 0.34 32 2.75 § 0.30 0.770

1–5 1–6 1–6

Note. Statistical significance for differences between groups was determined by Student t test.
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overnight incubation at 4�C with polyclonal rabbit a

MMP11 antibody (1:1000, M0806, Sigma) or monoclonal
a b-Actin (1:5000, A5316, Sigma). Signals were detected
using a horseradish peroxidase (HRP) conjugated second-
ary antibody, followed by incubation with Pierce Super Sig-
nal West Femto Trial Kit (Thermo Scientific).

Bioinformatic and sequencing analysis

Putative miR125b binding sites in the human MMP11
30UTR were identified with PicTar (MDC, Berlin,
Germany) and TargetScanHuman (Whitehead Institute
for Biomedical Research, Cambridge, UK) database. For
the identification of differentially expressed miRNAs, we
differentiated SGBS preadipocytes and analyzed the
global miRNA expression profile via high-throughput
sequencing in 2 independent differentiation experiments.
For this, 500 ng of RNA were used in the small RNA pro-
tocol with the TruSeqTM Small RNA sample prepkit v2
(Illumina) according to the instructions of the manufac-
turer. Data analysis was performed according to Stokowy
et al.44 Microarray data were confirmed by qRT-PCR.

Statistical analyses

Data are presented asmean§ SEMof at least 3 independent
experiments measured in duplicates. Differences were ana-
lyzed by Student’s t-test, one-way ANOVA with post-hoc
Dunnett’s test or 2-way ANOVA with Bonferroni correc-
tion for multiple comparisons. Statistical analysis of the data
was performed using GraphPad Prism 5 software (Graph-
Pad Software Inc., La Jolla, USA).
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