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ABSTRACT

Aims: In this study, we specifically aimed at identifying distinct miRNAs that are governing nutrient-
driven adipogenesis via the mTOR pathway.

Methodology: The murine pre-adipocyte cell line 3T3-L1 was differentiated in the presence and
absence of mTOR inhibitor rapamycin. MiRNA profiles were generated using two different array
platforms. Differential regulated miRNAs were subjected to in silico target prediction. Candidate
miRNA-target pairs were studied via luciferase assays, transfection assays and functional assays.
Results: This study confirmed 31 previously known and revealed 7 additional miRNAs, namely miR-
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34a, -96, -106b, -148b, -214*, -678 and -690 as being involved in adipocyte differentiation.
Furthermore, we identified a subset of 16 miRNAs showing both responsiveness to rapamycin and
being predicted to target genes within the mTOR pathway. Within mTOR signaling, the novel
miRNA-target pairs miR183-Tsc1 (tuberous sclerosis 1), miR378-Tsc1 and miR103-Pik3r1
(phosphatidylinositol 3-kinase regulatory subunit alpha), were confirmed via luciferase-based
binding assays. Accordingly we observed down-regulation of Tsc?1 on transcript level in cells
transfected with miR-183 or -378 (18.3 % P = .004 and 40.4 % P < .0001). However, on protein level
we could detect Tsc1 up-regulation (35.7 % and 39.8 %), which is consistent with an inhibitory
influence on MTOR signaling (33.6 % and 32.9 %) and on adipocyte differentiation of these
miRNAs.

Conclusion: Our findings reveal a novel role for a set of miRNAs during adipocyte differentiation
and mTOR signaling. Especially the attenuating effect of miR-183 and -378 on adipocyte
differentiation and mTOR signaling suggests their potential as biomarkers for nutrient-driven
dysregulation of adipogenesis.

Keywords: microRNA; mTOR; adipocyte differentiation; Tsc1; nutrient signaling.
ABBREVIATIONS

Delta-like 1 homolog (DIk1); mammalian target of rapamycin (mTOR); phosphatidylinositol 3-kinase
regulatory subunit alpha (Pik3r1); phosphatidylinositol 3-kinase regulatory subunit gamma (Pik3r3);
Peroxisome proliferator-activated receptor gamma (Ppary); peptidylprolyl isomerase b (Ppib); pre-
adipocyte factor-1 (Pref-1); p70 ribosomal protein S6 kinase (Rps6kb); p70 ribosomal protein S6

kinase 1 (S6k1); Tuberous sclerosis 1 (Tsc1).

1. INTRODUCTION

Understanding the molecular basis of nutrient-
driven adipogenesis is essential to identify and
monitor new therapeutics, either by drugs or
diets that could ameliorate the adverse sequels
of obesity. Various nutrient-signaling pathways
are responsible for adapting protein synthesis,
cell growth and cell differentiation to nutrient
availability towards maintenance of whole-body
metabolic homeostasis [1]. Among these, the
mechanistic target of rapamycin (mTOR)
pathway is an evolutionary conserved and well-
studied intracellular nutrient-signaling pathway
involved in the regulation of adipocyte
differentiation, lipogenesis and intracellular
accumulation of triglycerides [2,3]. In vivo studies
in humans showed that chronic nutrient overload
activates mTOR signaling and leads to insulin
resistance [4], whereas inhibiting TOR-signaling
blocks metabolic and cardiotoxic phenotypes
caused by high fat diet in Drosophila [5]. The key
enzyme of this pathway is the protein kinase
mTOR complex 1 which can be experimentally
inhibited by rapamycin, thereby negatively
affecting insulin  signaling and adipocyte
differentiation [3]. In clinical practice rapamycin
(alias sirolimus) and its derivatives are mainly
used in transplant patients for their
immunosuppressive activity [6,7]. Its in vivo
application in obese subjects for the purpose of

inhibiting nutrient-driven mTOR overactivation
and adipocyte differentiation is precluded by
associated unfavorable side-effects [8-10].
However, the identification of the specific targets
that exert rapamycin-like effects on nutrient
signaling might provide an approach to search
for alternative therapeutic options.

MiRNAs control gene expression post-
transcriptionally and are known to play a role in
lipid and lipoprotein metabolism [11]. By targeting
few key regulatory molecules within a given
pathway, single miRNAs can control whole
signaling cascades [12]. Some specific miRNAs
were shown to play a role in obesity and its
associated pathologies [13-15]. This knowledge
has been utilized to treat e.g.
hypercholesterolemia and liver steatosis in mice
[16]. Some miRNAs, such as miR-99a, -100 and
-199a* have previously been implicated in mMTOR
nutrient signaling in the context of cancer and
dermal wound healing [17-20]. However, the
pattern of miRNA regulation involved in mTOR
signaling during adipocyte differentiation has not
yet been elucidated.

In this study, we specifically aimed at identifying
distinct miRNAs that are associated with the
inhibition of adipogenesis via the effect of
rapamycin on mTOR nutrient signaling. Our
findings reveal a novel role for a set of miRNAs
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during adipocyte differentiation and mTOR
signaling. Among 22 identified rapamycin
sensitive miRNAs miR-183 and -378 appear to
be functionally relevant in mTOR signaling and
adipocyte differentiation.

2. MATERIALS AND METHODS

2.1 Differentiation of 3T3-L1 Pre-

adipocytes

3T3-L1 and HEK-293 cells were pre-cultured in
DMEM (4.5 g/l glucose, with L-Glutamine; PAA,
Pasching, Austria) supplemented with 10% Fetal
Bovine Serum (Invitrogen, Life Technologies,
Carlsbad, CA, USA) and 1% antibiotic-
antimycotic solution (PAA). Differentiation was
initiated by the addition of 200 nM insulin
(Aventis, Sanofi, Paris, France), 1 uM
dexamethasone (Sigma-Aldrich, St. Louis, MO,
USA) and 0.5 mM 3-isobutyl-1-methylxanthine
(Fluka, Sigma-Aldrich) at day 0. After two days,
cells were further grown in growth medium
supplemented with 200 nM insulin.
Subsequently, medium was changed every two
days until cell harvest at day 8.

24 hours post transfection differentiation was
initiated (designated as day 0) by the addition of
200 nM insulin, 1 yM dexamethasone and 0.5
mM IBMX to growth medium. After 3 days cells
were further grown in growth medium
supplemented with 200 nM insulin and medium
was changed again at day 5. Cells were
differentiated for 6 days before harvest.

2.2 Oil Red O staining

Oil Red O staining of 3T3-L1 cells was performed
following the procedure described by Green and
Kehinde [21] with minor modifications. Briefly,
3T3-L1 cells were washed with PBS and fixed in
0.5% glutaric acid solution (Sigma-Aldrich, St.
Louis, MO, USA) for 5 min. Cells were washed
twice with PBS followed by a wash step with 60%
isopropanol. Cells were stained in fresh Oil Red
O solution (60% 30.5puM Oil Red O in
isopropanol and 40% H,O; Sigma Aldrich) for at
least 1 h and washed with 60% isopropanol and
PBS. Lipid deposition was evaluated optically by
light microscopy (Leica DM IL, Leica, Wetzlar,
Germany).

2.3 miRNA microarrays

For semiquantitative miRCURY™  Locked
Nucleic Acid microRNA Arrays (miRCURY™
LNA Array, Exiqon, Vedbaek, Denmark), total
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RNA from 2 independent experiments was
isolated at day 0 and day 8 from 3T3-L1 cells as
described above and additionally purified by
precipitation adding 10 yl ammonium acetate,
1 ul glycogen and 450 pl 100% ethanol per
100 yI RNA-solution, followed by incubation
at -20°C overnight. Integrity of purified RNA was
confirmed using an Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA).
Hy3-/Hy5 labeled RNA (miRCURY LNA
microRNA Array Power Labeling Kit, Exiqon) was
manually hybridized on miRNA microarrays
(MRCURY™ LNA microRNA Array v9.2,
Exigon). Slides were scanned by a GenePix
4000A Microarray Scanner (Axon Instruments,
Foster City, CA, USA) and analyzed by
GenePix® Pro Software (Axon Instruments).

Quantitative miRNA profiles were generated via
TagMan® Array Rodent MicroRNA Cards
(Applied  Biosystems, Life  Technologies,
Carlsbad, CA, USA) according to the supplier's
protocol, inclusive of preamplification steps. Total
RNA from 1 experiment was prepared in an
identical manner as for semiquantitative
miIRCURY™ LNA Arrays. TagMan® LDA runs
were performed on an ABI PRISM® 7900HT Fast
Real-Time PCR System (Applied Biosystems)
and analyzed by SDS v2.3 software (Applied
Biosystems) employing the AACr-method [22].
Values were normalized using sno-202 as
reference.

2.4 In silico target prediction

Prediction of direct miRNA targets was
performed using five prediction programs: PITA,
miRanda, targetScanS, pictar and targetspy.
Targets with consensus target prediction of at
least 2 algorithms were considered predicted.
Because of the similarity of their seed
sequences, mMiRNAs belonging to the same
family were grouped. For enrichment analysis of
rapamycin-sensitive miRNA target genes in
specific pathways, DIANA-miRPath (v.1.0)
software was used applying PicTar 4-way and
TargetScan 5 algorithms [23].

2.5 Real-time PCR

MiRNA-levels were determined using TagMan
MicroRNA Reverse Transcription Kit, TagMan
Universal PCR Master Mix and TagMan
MicroRNA  Assays  (Applied Biosystems)
according to the manufacturer’s instructions.
Sno-202 levels were used for normalization [22].
Marker and target transcript levels were

®
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determined using QuantiTect Reverse
Transcription Kit (Qiagen) and Power SYBR®
Green Mastermix (Applied Biosystems). Primers
were designed using Primer3 (v. 4.0.0) [24]. Ppib
was used for normalization.  Relative
quantification was analyzed by the AACt-method
[22].

2.6 miRNA transfection assays

3T3-L1 cells were transfected with Pre-miR™
miRNA Precursor miRNAs, Anti-miR™ miRNA
Inhibitors or the respective negative controls #1
(Ambion) using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instruction. 72
hours post transfection target gene and protein
levels were quantified.

2.7 Luciferase assays

PCR-amplified 3'UTRs of Pik3r1, Pik3r3 and
Tsciwere cloned into psiCHECK™-2 vector.
HEK-293 cells were transfected with the Pre-
miR™ miRNA Precursor miRNAs or negative
control #1 (Ambion) and the respective vector
constructs using Lipofectamine2000 (Invitrogen).
After 48 h, Renilla luciferase activity was
measured and normalized to firefly luciferase
activity.

2.8 Immunoblot analysis

Protein was extracted from cells using TNT lysis
buffer supplemented with Protease and
Phosphatase Inhibitor Cocktails (Calbiochem®,
Merck, Darmstadt Germany). 10 ug of protein
was separated on a SDS-polyacrylamide gel and
blotted on a PVDF membrane. The membrane
immunoreacted with the respective antibodies
against phosphorylated p70 S6 Kinase (Thr-389),
p70 S6 Kinase, Tsc1 (Hamartin), P13 Kinase p85
and o-tubulin. Bound HRP-linked secondary
antibody was visualized by Immun-Star™ HRP
Chemiluminescent Kit (BioRad, Hercules, USA).
All antibodies were obtained from Cell Signaling,
Danvers, USA.

2.9 Statistical analysis

For miRNA microarrays, statistical analysis was
carried out with the data analysis and statistics
language R (R Foundation for Statistical
Computing)using the Bioconductor suite for
bioinformatics [25], specifically the limma
package [26].After background correction via the
method of Ritchie et al. [27] non-positive spots

were removed and the remaining signal intensity
values were normalized to per-chip median
values by loess-smoother  normalization.
Differential expression of microRNAs was
analyzed with the limma package [28] fitting a
linear model for each gene and computing a
moderated f-statistic and its P value [26] and was
shown as log of ‘fold changes’ (Log,FC=log,
exprlexpr2). P values were corrected for
multiple testing by the method of Benjamini and
Hochberg [29].

MiRNAs were designated as ‘differentially
regulated’ if adj PmiRCURYTM LNA Array< .05 and
l0g2F Cragmane Loa 2 0.3. Statistically significant
differences of real-time PCR and reporter assay
results were evaluated using Student’s t-test
provided in GraphPad Prism 5.0 (GraphPad
Software, San Diego, CA, USA). P values of .05
or less were considered significant.

3. RESULTS

3.1 Strategy for miRNA Discovery and
Confirmation

We aimed to generate a data set of
differentiation-associated miRNAs whose
expression is altered by mTOR. Therefore, we
utilized the mTOR inhibitor rapamycin and
compared miRNA profiles from 3T3-L1 cells
undergoing a differentiation protocol over eight
days in the presence or absence of rapamycin.
To confirm a large number of miRNAs, which
were  significantly  deregulated in  semi-
quantitative miRCURY™ LNA Array analysis, we
used quantitative TaqMan® LDA arrays instead
of single real-time PCRs. Results from
miRCURY™ LNA Arrays and the quantitative
TagMan® LDA highly correlated (Spearman’s
Rho 0.80; P< 4.50e-16; Fig. 1).

MiRNAs were designated as ‘differentially
regulated’ if they displayed concordant changes
in both microarray platforms. We found 75 % of
the miRNAs identified by miRCURY™ LNA Array
in differentiation experiments and 79 % of the
miRNAs during rapamycin treatment as being
concordantly regulated in both microarray
platforms. Unconfirmed miRNAs included 15
miRNAs, for which no probes were present on
commercially available TagMan LDA® and 4
miRNAs that showed divergent regulation. These
were not considered for further analyses.
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TagMan® LDA
0

miRCURY™ LNA Array

Fig. 1. Correlation between relative miRNA
expression changes measured by TaqMan®
LDA and miRCURY™ LNA Array analysis.
Spots represent differential expression data
(log, fold change of day 8 vs. day 0 and day 8
vs. day 8 of rapamycin treatment) of
miRCURY™ LNA Array and TagMan® LDA.
MiRNAs which were differentially expressed
during adipocyte differentiation andinhibition
by rapamycin treatment are shown
Spearman’s Rho = 0.80; P = 4.50e-16

3.2 Effect of rapamycin on adipocyte
differentiation-associated miRNAs

Differentiation of 3T3-L1 pre-adipocytes (day 0)
into adipocytes (day 8) was confirmed by
increased levels of adipocyte marker transcript
Ppar-y (25-fold, P< .0001), decreased levels of
pre-adipocyte marker transcript DIk1, alias Pref-
1, (11-fold, P < .0001) and by increasing
deposition of lipid droplets (Fig. 2). Whereas
Ppar-y expression increased continuously from
day 2 to day 8, DIk1 levels decreased sharply in
the initial phase of differentiation finally reaching
the low levels of terminal differentiation. The
strong up-/down-regulation of these biomarkers
is reverted in adipocytes treated with 10 nM
rapamycin. In concordance these cells resemble
pre-adipocytes at an early stage of
differentiation. Additionally, a markedly
decreased cytoplasmic lipid droplet accumulation
was observed (Fig. 2).

40 miRNAs fulfilled our criteria of showing
confirmed differential regulation during adipocyte
differentiation (Table s1). Among these, an

involvement of miR-34a, -96, -106b, -148b, —214',
-678 and -690 in adipocyte differentiation has not
been identified previously. Experiments utilizing
the mTOR inhibitor rapamycin revealed 22
miRNAs as de-regulated between differentiated
and rapamycin-treated adipocytes (Fig. 3).
Among those, 18 miRNAs had already shown
significant up- or down-regulation during
differentiation, which was markedly attenuated or
completely reverted by rapamycin. Four miRNAs
did not change significantly during differentiation
but were influenced by rapamycin (Fig. 3).
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Fig. 2. Inhibitory effects of rapamycin on 3T3-
L1 differentiation. (A) Real-time PCR
mediated quantification of marker gene
expression of adipocyte marker Ppar-y and
(B) Pre-adipocyte marker DIk1 (alias Pref-1) in
differentiating adipocytes in the absence or
presence of 10 nM rapamycin (+ rapa). Mean
values * S.E.M. of two experiments, each
performed in triplicates. (C) Phenotypic
comparison of untreated and rapamycin-
treated cells undergoing a differentiation
protocol for 8 days. Cells were fixed and
stained with Oil Red O (200x magnification)
Statistical significances were calculated between
expression levels in the presence and absence of
rapamycin at the respective time-points. ** P <.01, ***
P <.001

113



Kaeuferle et al.; JABB, 2(2): 109-122, 2015; Article no.JABB.2015.013

% [ rapamycin treatment
Il cell differentiation
S
c 27
o
=
o
3
<)
Y
N
E’ 0 I—l I_I T T
-2- « * *
LS P F PR PR DR R P R RS P D
FFIFFITEFFEFFEFIFPFIEFFT PN EFEgEE
R R I N R Rty ~Q-’\ S & é‘q- & FFF
FFLSLSFTEES & ¢ TR EFTAFFTITFTSSE
& & & & & T T FTF I TF TS TF&S
& & & ST

Fig. 3. Influence of rapamycin on miRNA expression during adipocyte differentiation

Log2F Crircury™

LNA Array Values show miRNA expression changes between day 0 and day 8 of differentiating

adipocytes in the absence (black) and in the presence of 10 nM rapamycin (grey). MiRNAs being confirmed as
differentially expressed by both array platforms are shown

3.3 Predicted role of rapamycin-sensitive
miRNAs within the mTOR pathway

Next we subjected the 22 rapamycin-sensitive
miRNAs to a stringent in silico target prediction.
From these, 16 miRNAs were concordantly
predicted to target genes of the mTOR-pathway
by at least two prediction tools (Table 1). Using
DIANA-miRPath based enrichment analysis, we
observed that in silico predicted targets for the
set of rapamycin-sensitive miRNAs were
significantly enriched in the mTOR pathway
(PPicTar4-way = 0021 PTargetScanS = 005)

The upstream and downstream relationships of
predicted mTOR targets to rapamycin-sensitive
mTOR complex are shown in Fig. 4. From these
16 pre-selected microRNAs further prioritization
was done according to high fold-changes in
response to rapamycin as well as predicted
targeting of central regulatory genes within
mTOR pathway. Based on these criteria, the five
miRNA-target pairs miR183-Tsc1, miR378-Tsc1,
miR103-Pik3r1, miR107-Pik3r1 and miR182-
Pik3r3 were subsequently selected for further
evaluation.

3.4 Validation
interactions

of miRNA-target gene

To experimentally confirm in silico predicted
miRNA-target gene pairs luciferase-based

binding assays and transfection assays were
performed. A significantly reduced luciferase
activity strongly indicated binding of both miR-
183 and -378 to the 3’'UTR of their predicted
target gene Tsc? (60.1 % P< .0001 and 27.0 % P
= .001 respectively) and further of miR-103 to its
predicted Pik3r1 target gene 3’'UTR (23.5 % P =
.002; Fig. 5A). MiR-107 and -182 did not bind to
Pik3r1 and Pik3r3 3'UTR respectively (Fig. 5A).

To assess miRNA-mediated target gene
regulation miRNA transfection assays were
performed. Therefore cells were transfected with
the respective candidate Pre-miR™ miRNA
Precursor molecules, leading to a strong up-
regulation of the respective intracellular miRNA
levels (data not shown). Indeed, target gene
Tsc1 expression was strongly down-regulated by
miR-183 and -378 (18.3 % P = .004 and 40.4 %
P < .0001 respectively). Likewise, miR-103
transfection resulted in significant down-
regulation of Pik3r1 levels (25.2 % P< .0001; Fig.
5B). MiR-107 and -182 did not alter Pik3r1 and
Pik3r3 expression (Fig. 5B).

Taken together both, luciferase and transfection
assay results validated in silico prediction of the
miRNA-target pairs miR183-Tsc7, miR378-Tsc1
and miR103-Pik3r1.
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Table 1. mTOR target prediction of rapamycin-sensitive miRNAs. MiRNAs with confirmed
differential expression on day 8 of differentiation in the presence or absence of rapamycin
were subjected to target prediction

microRNA rapamycin effect* Predicted mTOR pathway target genes

miR-182 -3.06 Mapk1, Pik3r3, Rictor

miR-96 -2.90 Akt3, mTOR, Rptor, Rictor, Rps6ka6

miR-183 -2.70 Rps6ka2, Tsc1

miR-378 -2.12 Akt1, Mapk1, Cab39, Tsc1

miR-103/107 -1.66/-2.10 Eif4b, Cab39, Pik3cb, Pik3r1, Vegfa

miR-143 -0.83 Eif4b, Pik3cg, Pik3r3, Rps6kal, Rps6ka2

miR-30a -0.82 Prkaa2, Cab39, Pik3cd, Pik3r2, Ddit4, Rictor, Ros6kb1

miR-494 -0.76 Akt1, Akt3, Prkaa2, Ulk2, Igf1, Mapk1, Cab39, Pik3cb

miR-340-5p -0.72 Akt3, Hif1a, Igf1, Rps6kb1

miR-29a 0.65 Akt3, Eif4e2, Igf1, Pik3cg, Pik3r1, Pik3r3, Rptor, Vegfa

miR-503 1.01 Akt3, Eif4b, Eif4e, Rictor, Vegfa

miR-125b-5p 1.03 Eif4ebp1, Rps6kal, Vegfa

miR-199a-3p 1.06 Hif1la, mTOR, Pik3cd, Rheb, Rps6kb1

miR-214 1.06 Akt2, Akt3, Ulk1, Eif4b, Igf1, Cab39, Pik3ch, Pik3r3,
Rictor, Rps6ka1, Vegfa

miR-222 1.61 Prkaa2, Pik3r1, Ddit4, Rps6kb1, Tsc2

*Rapamycin effect: log» fold change (day 8 rapamycin treatment - day 8)

Energy stress Hypoxia
| |

Rapamycin———+

Hif1-a

Vegfa

Angiogenesis

\\

Growth factors
Hormones

extracellular
amino acids

mTOR

Rictor

Eif4ebp1 Ulk
|
- |
~ < - - |
Protein and lipid synthesis v
| Autophagy

v
Cell growth

Fig. 4. Scheme of predicted miRNA targets within mTOR signaling pathway

— molecular interaction or activation, ¢ inhibition, —> indirect effect. Genes from mTOR target prediction
(Table 1) are depicted. Pik3r1 and Pik3r3 genes encode two different regulatory subunits of Pi3k. MiRNA targets
Tsc1, Pik3r1 and Pik3r3 were further investigated. Rps6kb gene encodes S6k1 protein
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Fig. 5. Validation of miRNA-target gene interactions. (A) Experimental confirmation of miRNA
binding to the 3’UTR of the predicted target genes by luciferase reporter assays. Relative
luciferase activity of HEK-293 cells transfected with miR-183, -378, -103, -107 and -182 and a
luciferase reporter plasmid harbouring the 3’'UTRs of the respective target mRNAs are given.
(B) Confirmation of target gene down-regulation after miRNA transfection. Gene expression
levels of Tsc1, Pik3r1 and Pik3r3 were quantified using real-time PCR 3 days after transfection
of 3T3-L1 cells with the respective miRNA and control molecules
(A) Mean values + S.E.M. of two independent experiments each performed in triplicates
(B) Mean values + S.E.M. of four independent experiments. ** P <.01, *** P <.001

3.5 miRNA-mediated functional effects

The functional relevance of the candidate
miRNAs was further evaluated by measuring
miRNA-mediated effects on target protein levels,
mTOR signaling and adipocyte differentiation. To
our surprise transfection of 3T3-L1 pre-
adipocytes with miR-183 and -378 led to a slight
increase in Tsc1 protein levels (35.7 % P = .29
and 39.8 % P = 49; Fig. 6A and B), whereas
both miRNAs have been shown to decrease
Tsc1 gene expression (Fig. 5B). These results
suggest complex regulation mechanisms of
mTOR signaling. Pik3r1 protein levels did not
change in cells transfected with miR-103 or -107
(Fig. 6A and B).

Based on previous reports that mTORC1
regulates protein synthesis via phosphorylation
of p70 S6k1 protein encoded by the Rps6kb
gene ([30], Fig. 4), miRNA effects on mTOR
signaling were evaluated by measuring S6k1
phosphorylation. Fig. 6C and D show a moderate
decrease in Phospho-S6k1 levels relative to total
S6k1 protein levels in cells transfected with miR-
183 and -378 (33.6 % P = .10 and 329 % P =
.28). This may point to miRNA-mediated
attenuation of mTOR signaling, whereas miR-
103, -107 and -182 did not show an effect on
S6k1 phosphorylation.
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Fig. 6. Functional effects of candidate miRNAs on mTOR signaling. (A), (C) MiRNA effects on
target protein levels and S6k1 phosporylation. Inmunoblots of Pik3r1 (P85A), Tsc1 (hamartin),
S6k1 and p-S6k1 protein in cells transfected with miR-103, -107, -182, -183 or -378. a-tubulin
was used as loading control. (B), (D) Densitometric analysis of immunoblots. p-S6k1 levels are
presented as p-S6k1/S6k1 quotient
(B), (D) Immunoblots from 2 independent experiments, each presented as relative ratio of the respective
protein levels to a-tubulin relative to control treatments

Functional effects of miR-183 and -378 on
adipocyte differentiation were evaluated in
differentiation assays. During normal cell
differentiation and in the absence of rapamycin
miR-378 levels increased continuously from day
2 on, whereas miR-183 levels showed a sharp
increase from day 6 on (Fig. 7A and B). In a
second approach 3T3-L1 cells were transfected
with anti-miR-183 and -378 resulting in a strong
intracellular miRNA level reduction (data not
shown) and differentiated for 6 days
subsequently. Anti-miR-183 and -378
transfections led to an adipocyte marker gene
Ppar-y increase (38.5 % and 49.0 %) and pre-
adipocyte marker gene Dik1 reduction in
differentiated cells (42.5 % and 38.5 %; Fig. 7C).
These results are consistent with the hypothesis
that miR-183 and -378 attenuate mTOR-
signaling and adipocyte differentiation.

4. DISCUSSION

In this study we aimed at identifying a subset of
miRNAs  being involved in  adipocyte
differentiation via regulation of the mTOR
pathway. Our strategy for miRNA discovery
included utilization of two different miRNA
microarray platforms, which produced
comparable results with reasonable good
correlation as described previously [31]. Only
those miRNAs were considered as confirmed
which showed corresponding deregulation both
in semiquantitative screening and quantitative
confirmatory microarray. This strategy proved to
be highly efficient even though few differentially
expressed miRNAs may be lost because not all
miRNAs were present on both platforms.
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Fig. 7. Expression changes of (A) miR-183 and (B) miR-378 during 8 days of differentiation. (C)
Effects of candidate miRNAs on adipocyte and pre-adipocyte markers. Real-time PCR
mediated quantification of adipocyte marker Ppar-y and pre-adipocyte marker DIk1 (alias Pref-
1) in cells which were differentiated for 6 days after transfection with anti-miR-183 and -378
normalized to control cells. For both miRNAs and biomarker levels normalized fold changes
are shown
Mean values + S.E.M of two independent experiments, each measured in triplicates.
*P<.01**P<.001 (A, B) Asterisks show significant regulation as compared to day 0.

(C) Changes were significant in both experiments

We initially identified 40 miRNAs as differentially
regulated during 3T3-L1 differentiation (day 0 —
day 8) in the absence of any pharmacological
alteration of the mTOR pathway. These results
were consistent with earlier studies reporting 31
of these differentially regulated miRNAs, that
appear to be involved in regulating fat cell
differentiation in adipocyte cell lines derived from
humans and mice [13,15,32]. Discrepant results
compared to prior knowledge were only observed
for expression levels of two miRNAs, miR-27b
[33] and miR-182 [34]. Beyond this prior
knowledge, our study additionally revealed
differential regulation of miR-34a, -96, -106b, -
148b, -678, -690 and -214*, all of them not yet
being documented in the context of fat cell
differentiation. Some of these miRNAs have
been implicated in insulin signaling or glucose
metabolism, such as miR-96 or miR-690 [35,36]
or in cell cycle regulation, such as miR-96, miR-
106b or miR-34a [37-42]. Cluster miR-183-96-
182, which we found markedly deregulated
during adipocyte differentiation, has previously
been described to play an important role in the
control of signal transductions by targeting 12
different signaling pathways, including insulin
signaling [35].

MiRNAs, whose expression is significantly
altered during differentiation, must be expected
to arise as a consequence of regulatory events

occurring in numerous pathways that can govern
adipogenesis [43]. The specific aim of this study
was to identify those involved in mTOR signaling,
one of the key nutrient sensing pathways. Our
study confirmed the inhibitory effect of rapamycin
on adipocyte differentiation as evidenced by
quantification of marker transcripts and
decreased deposition of lipid droplets [3,44,45].
In the absence of mTOR inhibitor rapamycin
Ppary expression showed a continuous increase
throughout differentiation. This transcription
factor trans-activates the expression of
adipocyte-specific genes involved in glucose and
lipid metabolism and thus plays a critical role in
the induction of adipocyte differentiation as well
as for maintenance of the mature adipocyte
phenotype [46]. In contrast, transmembrane
protein DIk1 has already been described as an

adipocyte differentiation inhibitor [46]. The
protein is involved in maintaining the pre-
adipocyte phenotype and thus its down-

regulation is required for adipose conversion.
Accordingly transcript levels of DIk1 showed a
sharp decrease in the early stage of 3T3-L1
differentiation and disappeared later on. Addition
of rapamycin reversed such physiological
regulation of differentiation marker transcripts
which is suggestive for a central role of mMTOR in
nutrient  driven  adipocyte differentiation.
Additionally, chronic mTOR inhibition attenuated
regulation of differentiation-associated miRNAs.
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Almost half of the miRNAs (18 out of 40)
differentially regulated during adipogenesis were
also sensitive to rapamycin-treatment. MiR-340-
5p, -494, -322 and -450a-5p were identified as
‘rapamycin-sensitive’, though  showing no
differential regulation during adipogenesis. Aside
from miR-322, which has been described as
regulator of adipogenesis via the WNT/[} catenin
signaling pathway in another study [47], these
miRNAs may mediate differentiation-independent
effects of mTOR signaling.

Although the miRNA pattern involved in mTOR
signaling during adipocyte differentiation has not
yet been elucidated, members of miR-99 family
(miR-99a and -b, miR-100) and miR-199a-3p
have been implicated in mTOR signaling in other
biological settings [17-20]. Accordingly we
identified miR-199a-3p as rapamycin-sensitive,
whereas miR-100 slightly missed our criterion of
adj P< .05 (adj Pmir-100 = -08) and miR-99a and -
b were not deregulated at all in our adipocyte
study.

To identify presumptive miRNA-target pairs
within the mTOR pathway, our set of 22
‘rapamycin-sensitive’ miRNAs was subjected to a
stringent in silico target prediction. Among these,
16 were indeed predicted to target components
of the mTOR pathway, thereby confirming the
utility of rapamycin in the experimental discovery
approach. Moreover, mTOR pathway targets
were found to be significantly enriched in the set
of predicted rapamycin-sensitive miRNA targets.
Our analyses included all mTOR pathway genes,
up- and downstream of mTOR complex 1, the
site of rapamycin action, and thus may comprise
miRNAs functionally involved in regulatory loops
[48].

Subsequently we selected five ‘rapamycin-
sensitive’ miRNAs for further studies and
confirmed physical interaction of the three
predicted miRNA-target gene pairs miR183-

Tsc1, miR378-Tsc1 and miR103-Pik3r1 by
luciferase  reporter  assays.  Additionally,
transfection assays confirmed miRNA
miR-183, -378 and -103 mediated down-

regulation of the respective target transcripts
Tsc1 and Pik3r1. However, immunoblots of Tsc1
protein levels show that these are inversely
correlated with the respective target mRNA
levels in cells transfected with miR-183 and -378.
This unexpected phenomenon could be due to
functionally overruling regulation of up-stream
targets resulting in de-regulated protein levels in
the whole signaling cascade. Tsc1 is known to

inhibit MTOR [49] and in line with that, we found
decreased mTOR signaling on a functional level.
This effect was associated with an inhibitory
effect on adipocyte differentiation as anti-miR-
183 and -378 treatments led to increased
adipocyte marker and decreased pre-adipocyte
marker gene expression. Therefore, these
miRNAs seem to attenuate both mTOR signaling
and differentiation. The different shape in the
time-course  of these miRNAs  during
differentiation suggests that miR-183 may rather
play a role only in the late phase of differentiation
while miR-378 appears to be functional also in
earlier phases.

As one limitation of this study the entire network
and time-course of regulation in mTOR pathway
by the proposed candidate miRNAs is not yet

fully characterized. This would e.g. need
functional experiments for mTOR signaling
activation both in miR-183 and -378
overexpressing cells and controls. Gene

expression data from such cells might reveal the
regulatory network of the candidate miRNAs
beyond Tsc in more detail.

5. CONCLUSION

Taken together, this study identified a subset of
miRNAs playing both a role in mTOR signaling
and in adipocyte differentiation. In particular we
showed that miR-183 and -378 are functionally
relevant in adipocyte differentiation via influence
on mTOR signaling. They could potentially serve
as biomarkers for nutrient-driven dysregulation of
adipogenesis.
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APPENDIX

Table s1. Differentially regulated miRNAs during adipogenesis. miRNAs with confirmed (a) up-
regulation or (b) down-regulation in differentiated adipocytes (day 8) compared to pre-
adipocytes (day 0) are depicted

A B
microRNA log,FC adj P-value microRNA log,FC adj P-value
(d8/d0)* (d8/d0)*

miR-378 3.05 4 85E-07 miR-222 -1.68 1.49E-06
miR-193 3.03 6.18E-11 miR-221 -1.62 3.05E-03
miR-107 2.87 1.49E-06 miR-34c -1.46 9.50E-05
miR-103 2.84 1.49E-06 miR-214 -1.24 8.81E-05
miR-210 2.64 6.27E-04 miR-214* -1.18 3.49E-02
miR-146b 2.40 1.49E-06 miR-34a -1.01 3.04E-05
miR-365 2.35 8.19E-03 miR-29a -0.94 1.13E-04
miR-96 1.75 3.86E-05 miR-199b* -0.84 6.27E-04
miR-183 1.46 7.29E-03 miR-678 -0.82 3.44E-03
miR-182 1.21 1.28E-02 miR-199a-5p -0.77 4 95E-04
miR-143 1.12 1.16E-04 miR-31 -0.77 1.29E-03
miR-22 1.10 6.27E-04 miR-199a-3p -0.73 6.10E-04
miR-30a 1.07 1.75E-04 miR-503 -0.67 1.63E-03
miR-148b 1.02 3.92E-02 miR-125a-5p -0.63 5.74E-03
let-7¢ 0.89 8.17E-04 miR-125b-5p -0.60 3.79E-03
miR-30c 0.85 1.17E-03 miR-690 -0.45 3.92E-02
miR-30e 0.83 2.28E-03

miR-152 0.83 5.69E-03

miR-10b 0.80 5.76E-03

miR-15a 0.75 4.21E-02

miR-106b 0.64 3.09E-02

miR-30b 0.61 7.59E-03

let-7d 0.50 3.52E-02

miR-27b 0.35 4.42E-02

*FC: fold change, d8: day 8, d0: day 0
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