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BACKGROUND: A growing body of evidence suggests that many downstream pathologies of obesity are amplified or even
initiated by molecular changes within the white adipose tissue (WAT). Such changes are the result of an excessive expansion of
individual white adipocytes and could potentially be ameliorated via an increase in de novo adipocyte recruitment (adipogenesis).
Mesoderm-specific transcript (MEST) is a protein with a putative yet unidentified enzymatic function and has previously been
shown to correlate with adiposity and adipocyte size in mouse.

OBJECTIVES: This study analysed WAT samples and employed a cell model of adipogenesis to characterise MEST expression and
function in human.

METHODS AND RESULTS: MEST mRNA and protein levels increased during adipocyte differentiation of human multipotent
adipose-derived stem cells. Further, obese individuals displayed significantly higher MEST levels in WAT compared with normal-
weight subjects, and MEST was significantly correlated with adipocyte volume. In striking contrast to previous mouse studies,
knockdown of MEST enhanced human adipocyte differentiation, most likely via a significant promotion of peroxisome proliferator-
activated receptor signalling, glycolysis and fatty acid biosynthesis pathways at early stages. Correspondingly, overexpression of

MEST impaired adipogenesis. We further found that silencing of MEST fully substitutes for the phosphodiesterase inhibitor
3-isobutyl-1-methylxanthine (IBMX) as an inducer of adipogenesis. Accordingly, phosphorylation of the pro-adipogenic
transcription factors cyclic AMP responsive element binding protein (CREB) and activating transcription factor 1 (ATF1) were highly

increased on MEST knockdown.

CONCLUSIONS: Although we found a similar association between MEST and adiposity as previously described for mouse, our
functional analyses suggest that MEST acts as an inhibitor of human adipogenesis, contrary to previous murine studies. We have
further established a novel link between MEST and CREB/ATF1 that could be of general relevance in regulation of metabolism, in

particular obesity-associated diseases.
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INTRODUCTION

White adipose tissue (WAT) is the quantitatively most important
energy storage in the vast majority of animal species.' The proper
function of its parenchymal cells—the white adipocytes—is a
critical determinant for metabolic health. Indeed, many follow-up
complications of obesity, most importantly insulin resistance and
associated type 2 diabetes, have been shown to be amplified or
even caused by white adipocyte dysfunction. Such detrimental
changes can be related to the adipocytes’ exhausted capacity for
triglyceride storage (resulting in lipotoxicity) and also comprise a
pro-inflammatory shift in the WAT secretory profile.>® It has
further been demonstrated that adipocyte necrosis is highly
increased in the obese state.* On the other hand, increasing the
number of white adipocytes by pharmacological treatments, for
example, via thiazolidinediones, results in marked amelioration of
obesity-associated insulin resistance.>®

Physiologically, the differentiation of WAT-residing precursor
cells (stem cells and preadipocytes) into mature adipocytes is
triggered (or restrained) by a large repertoire of hormones and
nutritionally derived substances that act on a large array of

pro- and anti-adipogenic genes.” The plethora of molecules
generated by enzymes that are involved in lipid and carbohydrate
metabolism constitutes a critical regulatory layer in adipogenesis,
such as, for example, arachidonic acid, which is implicated in the
generation of endogenous ligands for the nuclear receptor
peroxisome proliferator-activated receptor-y (PPARy),® an indis-
pensable factor for adipocyte development,® or steroids such as
cortisol,'® which acts as a ligand of the glucocorticoid receptor.
Despite the already detailed knowledge about transcriptional
networks in adipogenesis,’’ there are still several genes that are
known to be expressed in the adipocyte lineage, which are
predicted (based on amino acid sequence and/or secondary
structure) to have enzymatic activity but for which a particular
enzymatic reaction has not been identified. One such protein is
mesoderm-specific transcript (MEST, PEG1), harbouring an a/f
hydrolase fold that is present on a large number of enzymes
including lipases, esterases, amidases, epoxide hydrolases, deha-
logenases and hydroxynitrile lyases.'?> Mest was originally
identified as highly abundant in the mesoderm and its
derivatives,'® and was subsequently found to be an imprinted
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gene that is expressed solely from the paternal allele in mouse'
and human,’® at least in early developmental stages. When
comparing gene expression patterns between wild-type and
genetically obese (leptin deficient) mice, Soukas et al.'® for the first
time revealed a strong upregulation of Mest in periuterine WAT in
the obese state. This finding was corroborated and extended by
several other studies, implying a potential relevance for Mest in
murine  WAT physiology. First, Mest was also shown to be
increased in parametrial WAT of wild-type mice exposed to a
10-week high-fat diet.'”” Second, Koza et al.'® profiled inguinal
WAT of C57BL/6J mice on a high-fat diet. Despite the animal’s
identical genetic background, this study found a substantial
variation in body weight gain between individual mice, with Mest
being the most dynamically regulated transcript between the
groups with highest and lowest weight gains.'® Third, the Mest
induction in WAT was found to be promoted by diets high in
unsaturated and saturated fats, and this induction was prevented
when high-fat diet-fed mice were simultaneously exposed to cold
stress (4 °C, preventing high-fat diet-induced body weight gain)."”
Altogether, the levels of Mest in various mouse WAT depots
appear to be closely linked to the accumulated fat mass (that is,
adiposity). In line with this observation, transgenic mice over-
expressing Mest in the adipogenic lineage display an enlargement
of adipocyte size,'”” whereas global Mest knockout mice exhibit
reduced adiposity.'® These effects are likely cell autonomous, as
Mest overexpression promoted, whereas Mest knockdown
impaired adipocyte differentiation of 3T3-L1 preadipocytes.’”°

In the present study, we have aimed to analyse, for the first
time, possible functions of MEST in human adipocyte develop-
ment. As previously described for mouse,'”'®?" MEST expression
was upregulated during human adipocyte differentiation,
increased in human WAT in the obese state and significantly
correlated with adipocyte volume. However, knockdown of MEST
during human adipocyte differentiation evoked an unexpected
increase in lipid accumulation and adipocyte marker gene
expression, and microarray analysis revealed a significant promo-
tion of PPAR signaling and glycolysis pathways. In line with these
results, overexpression of MEST reduced human adipocyte
differentiation. Interestingly, knockdown of MEST could fully
substitute the phosphodiesterase inhibitor  3-isobutyl-1-
methylxanthine (IBMX) as an inducer of adipogenesis and
correspondingly promoted the phosphorylation of cyclic AMP
responsive element binding protein 1 (CREB) and activating
transcription factor 1 (ATF1), revealing a previously unknown
inhibitory function for MEST in the control of these transcriptional
regulators.

MATERIAL AND METHODS
Cell culture experiments

Human multipotent adipose-derived stem (hMADS) cells were
established from a 2.6-year-old female donor (umbilical adipose
tissue; hMADS-1 cells) and a 4-month-old male donor (prepubic
adipose tissue; hMADS-3 cells), respectively.”> hMADS cells were
used for experiments between passages 15 and 30. Proliferation
medium consisted of Dulbecco’s modified Eagle’s medium (Lonza,
Basel, Switzerland) supplemented with 10% fetal bovine serum
(Lonza), 10 mm HEPES (Life Technologies, Karlsruhe, Germany),
2mm L-glutamine (Life Technologies), 100 ugmi~" Normocin
(InvivoGen, Toulouse, France), and 2.5ngml~' recombinant
human fibroblast growth factor 2 (FGF2; Sigma, St Louis, MO,
USA). For experiments, cells were seeded and grown to
confluence (designated d-2), when the medium was changed to
proliferation medium without human FGF2. Adipocyte differentia-
tion was induced 2 days later (d0) by a chemically defined
medium. Unless indicated otherwise, this medium consisted of
Dulbecco’s modified Eagle’s medium/Ham'’s F12 (1:1, Lonza), 5 mm
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HEPES, 2mm L-glutamine, 100ugml~" Normocin and the
pro-adipogenic components Insulin (10 nm), apo-transferrin
(10pg ml™"), triiodothyronine (0.2 nwm; all Sigma), rosiglitazone
(100 nv; Cayman Chemical Technology, Ann Arbor, MI, USA), and
for the first 3 days IBMX (100 um; Sigma) and dexamethasone
(1 uM; Sigma). Medium was replaced every 2-3 days. Transfection
of cells with small interfering RNAs (siRNAs) was performed at d-2
using HiPerFect transfection reagent (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions, with a final siRNA
concentration of 10 nm. Two distinct siRNAs (1-sense: 5-UGACUA
AGGUUGACAUAAUUU-3’, 1-antisense: 5'-AUUAUGUCAACCUUAG
UCAUU-3’; 2-sense: 5-CAAAAGAGGUCCUGGCCAUUU-3’, 2-anti-
sense: 5'-AUGGCCAGGACCUCUUUUGUU-3’) were designed using
the Dharmacon/GE Healthcare siDESIGN center and applied as
equimolar pool to silence MEST; both siRNAs targeted all six
RefSeq mRNA transcript variants. For control transfections,
miRIDIAN microRNA Mimic Negative Control 1 (GE Dharmacon,
Lafayette, CO, USA, CN-001000-01) was used. Medium containing
transfection solution was replaced after 2 days (d0). MEST
overexpression was performed with lentiviral particles manufac-
tured by GeneCopoeia (Rockville, MD, USA); the construct was
based on the pReceiver-Lv105 vector containing the MEST
coding sequence (NM_002402.2). A similar vector containing the
enhanced green fluorescent protein coding sequence was used as
control. Cells were transduced at d-2 using a multiplicity of
infection of 10.

Analysis of lipid accumulation

Staining of intracellular lipids by Oil Red O was performed as
described previously.®> To quantify intracellular triglyceride
accumulation, cells were washed with phosphate-buffered saline
(4°C; Life Technologies) and scraped off the surface of 12-well
plates using 300 pl phosphate-buffered saline per well. Homo-
genisation was performed by ultrasonication (20s) using a
Sonopuls UW2070 (Bandelin, Berlin, Germany). Fifteen microlitres
of sample, as well as a dilution series of a glycerol standard (2 mm
to 62.5 pm; Roth, Karlsruhe, Germany) were pipetted into wells of a
96-well plate before addition of Infinity Triglycerides Reagent
(200 pl/well; Fisher Scientific, Hampton, NH, USA). Subsequently,
reactions were incubated at 37 °C for 30 min and absorbance at
500 nm was recorded.

Preparation of adipocyte progenitors and mature adipocytes from
human adipose tissue samples

The stromal vascular fraction and mature adipocytes were
prepared from human subcutaneous adipose tissue obtained by
liposuctions or plastic surgery as described.>* Patients with body
mass index < 30 were considered as non-obese and patients with
body mass index >30 were considered obese. Fluorescence-
activated cell sorting of stromal vascular fraction was performed
as described.® Progenitor cells were sorted as CD45 CD317/
CD34" cell population using the following antibodies: CD45 Pacific
blue clone T29/33 (DakoCytomation, Glostrup, Denmark), and anti-
CD34 clone 8G12 APC and anti-CD31 M89D3, fluorescein
isothiocyanate (both from BD Biosciences, San Jose, CA, USA).
Purity of progenitor fraction was 97.7+1.68%. Quantitative
reverse-transcriptase PCR was performed as described.?

RNA isolation and analysis

Total RNA was obtained using TRIzol reagent (Life Technologies)
according to the manufacturer’s instructions. To analyse the
expression of particular genes of interest, cDNA synthesis of 0.5—
1ug total RNA was performed using the QuantiTect Reverse
Transcription Kit (Qiagen). Subsequently, quantitative real-time
reverse transcription PCR was performed as described
previously.® Primer sequences are provided in Supplementary
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Figure 1. Endogenous expression of MEST in human adipocyte differentiation and adipose tissue. (@ and b) hMADS cells were grown to
confluence (d-2) and stimulated to undergo adipocyte differentiation 2 days later (designated d0). (@) RNA was prepared at indicated time
points and subjected to quantitative real-time reverse transcription PCR (RT-gPCR) for fatty acid-binding protein 4 (FABP4) and MEST.
Expression levels were normalised to TBP and are presented relative to d9 (n=3). *P < 0.05, **P < 0.01, ***P < 0.001 versus undifferentiated
cells at d-3. (b) Protein lysates were prepared at indicated time points and analysed by western blotting for MEST and p-tubulin (Tubgf).
(c) Abdominal scWAT biopsies from 26 non-obese and 30 obese female donors were analysed by microarray (Gene Expression Omnibus
experiment GSE25401). Expression levels of leptin (LEP) and MEST are shown as boxplots. *P < 0.05, ***P < 0.001. (d and e) Expression of MEST
was analysed by RT-gqPCR in (d) adipocyte progenitor cells (CD45~/CD317/CD34") from scWAT biopsies of 10 non-obese and 8 obese subjects,
and (e) mature adipocytes from scWAT biopsies of 4 non-obese and 6 obese subjects. MEST expression levels were normalised to 18S rRNA.

Table S1. Raw data storage and further analyses were performed using ECL Plus (Thermo Scientific, Waltham, MA, USA) and Lucent
with the quantitative PCR application®” using integrated Analy- Blue X-ray films (Advansta, Menlo Park, CA, USA). Stripping of blots
zerMiner Cq and efficiency calculation algorithms.® Global gene was performed using Restore Plus Western Blot Stripping Buffer
expression analysis of 15539 distinct RefSeq mRNAs was (Thermo Scientific) according to the manufacturer’s instructions,

performed by two-colour microarrays; metadata (experimental followed by re-blocking in Tris-buffered saline supplemented with
parameters and detailed procedures), raw data files and final 0.05% Tween 20 with 5% milk for 1 h. Detection of B-tubulin was
(filtered and normalised) data are accessible via Gene Expression  performed as loading control. Densitometric analysis of bands was
Omnibus (GSE63132). performed using ImagelJ (http://imagej.nih.gov).

Western blotting Glucose measurements

Collection of total cellular protein, electrophoresis and blotting Glucose concentration in supernatants from cells was analysed
were performed as described previously.”> Membranes were using a BioProfile 100 Plus device (Nova Biomedical, Waltham, MA,
blocked for 1h in Tris-buffered saline supplemented with 0.05%  USA) according to the manufacturer’s instructions.

Tween 20 and either 5% non-fat milk (Sigma) or 5% bovine serum

albumin (GE Healthcare, Little Chalfont, UK). Subsequently, Enzyme immunoassays

membranes were incubated overnight at 4°C with primary  Cells were lysed by incubation in 0.1 m HCl (275 pl per well of a
antibodies. Detailed information on used antibodies is provided six-well plate) for 20 min, then scraped off the wells and
in Supplementary Table S2. After washing (3 x Tris-buffered saline homogenised by repeated pipetting. Lysates were centrifuged
supplemented with 0.05% Tween 20 for 10 min), membranes were (10 min/1000 g) and supernatants were used for acetylation and
incubated with horseradish peroxidase-conjugated secondary subsequent measurement of intracellular cAMP and <GMP
antibody for 2 h at room temperature, followed by washing as concentrations by EIA (Cayman Chemical Technology) according
described above. Signals were detected by chemiluminescence to the manufacturer’s instructions.
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Statistical analysis

Data are presented as meanszs.e.m. and were analysed by
Student’s unpaired t-test, unless indicated otherwise. Differences
were considered as statistically significant when P < 0.05.

RESULTS

Endogenous expression of MEST in human adipocyte
differentiation and adipose tissue

Exposure of 2-day post-confluent hMADS cells to a chemically
defined adipogenic medium resulted in a strong upregulation of
the adipocyte marker fatty acid-binding protein 4 within 9 days
(Figure 1a, left panel). Similarly, MEST mRNA levels were high at
day 9, but already showed a significant increase from day —3 to
day O, that is, when cells were still cultivated in growth medium
(Figure 1a, right panel). This increase was also evident when MEST
protein levels were analysed by western blotting, revealing only
low amounts of MEST before the confluent stage, but already
robust levels at the start of adipocyte differentiation, and a
pronounced further increase as differentiation proceeded until
day 9 (Figure 1b). To assess whether our in vitro adipogenesis
model is reflecting the in vivo situation, we obtained data from a
publicly available study in which gene expression profiles of
human abdominal scWAT from 30 obese and 26 non-obese
females had been compared.?® As expected, mRNA levels of the
adipocytokine leptin were significantly higher in obese versus
non-obese subjects (Figure 1c). Further, we also observed a
significant elevation of MEST expression in the obese state
(Figure 1c), thereby confirming previous results from mouse. In
line with these results, we also found increased MEST levels in
sorted (CD457/CD317/CD34") adipocyte progenitors (Figure 1d) as
well as in the mature adipocyte fraction (Figure 1e) of human
scCWAT. As previous studies have described that MEST over-
expression results in enlarged adipocytes, we analyzed the
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Figure 2.

relation of MEST and adipocyte size in human scWAT samples.
Indeed, we found in 56 women a significant correlation between
MEST mRNA and adipocyte volume (p=0.311; P=0.02) measured
as described® (Supplementary Figures S1a and b).

MEST suppresses human adipocyte differentiation

To analyse a possible function for MEST in human adipogenesis,
we transfected hMADS cells with siRNAs to silence MEST (siMEST)
and subsequently induced adipocyte differentiation. Interestingly,
Oil Red O staining (Figure 2a) as well as triglyceride quantification
(Figure 2b) revealed a markedly elevated intracellular lipid
accumulation on MEST depletion at day 9 compared with control
(siC)-transfected cells. Quantitative real-time reverse transcription
PCR showed corresponding increases in the expression of fatty
acid-binding protein 4, fatty acid synthase and the glucose
transporter GLUT4 (SLC2A4) (Figure 2c). Further, PPARy and
CCAAT/enhancer-binding protein-a, both key transcriptional
regulators of the adipogenic differentiation programme,'>? were
increased by MEST silencing, as were the mRNAs of the lipid
droplet-coating protein perilipin (PLIN1), adipose triglyceride
lipase (PNPL2A) and hormone-sensitive lipase (LIPE) (Figure 2c).
In line with these loss-of-function experiments, MEST overexpres-
sion resulted in diminished lipid accumulation and reduced
expression of adipocyte markers (Supplementary Figure S2). As
hMADS cells can differentiate into brown(-like) adipocytes,® we
also analysed uncoupling protein 1; however, uncoupling protein
1 mRNA levels were very low and not affected by changing the
abundance of MEST (data not shown). Collectively, our results
argue for a suppressive role of MEST in human adipogenesis.

MEST silencing promotes PPAR signalling and glycolysis pathways

Previous studies in mouse 3T3-L1 preadipocytes have described
pro-adipogenic effects of Mest.'”?° Having observed the opposite
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Silencing of MEST promotes human adipocyte differentiation. hMADS cells were transfected at confluence with siRNAs to target

MEST (siMEST) or a control siRNA (siC) and adipocyte differentiation was induced 2 days later (d0). Cells were analysed at d9. (a) Triglyceride
accumulation was visualised by Oil Red O staining. Upper panels: whole wells; lower panels: representative bright-field microscopy images
(x40 magnification). (b) Quantification of intracellular triglycerides (n=4). (c) Quantitative real-time reverse transcription PCR (RT-qPCR)
analysis of adipocyte marker gene expression (normalised to TBP, relative to siC, n=3-6). (b and ¢) *P < 0.05, **P < 0.01, ***P < 0.001 versus

siC-transfected cells.
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in human, we decided to investigate the global impact of MEST
silencing at the early stage of adipogenesis, that is, 3 days after
induction of differentiation. Microarray analysis yielded a total of
2278 unique RefSeq mRNAs which were robustly detected
(Supplementary Table S3). To obtain pathways that might be
significantly addressed by MEST knockdown, we subjected this
data set to gene set enrichment analysis.>* Interestingly, genes of
the PPAR signalling pathway were found to be significantly (false
discovery rate g-value < 10™ %) enriched among transcripts that
were upregulated by MEST silencing (Figure 3a, left panel). The
significant (g < 10™* induction of genes implicated in fatty acid,
triacylglycerol and ketone body metabolism (derived from the
reactome database, Supplementary Table S4) was an additional
result supporting that adipocyte differentiation and, in particular,
lipid biosynthesis were substantially promoted by MEST depletion
even at this early stage of differentiation. Indeed, we found fatty
acid synthase among the most highly upregulated transcripts
(>2.5-fold higher abundance in siMEST-transfected versus siC-
transfected cells; Supplementary Table S3). Further, genes of the
glycolysis/gluconeogenesis pathway were also significantly
(@=1.16x10"% enriched among upregulated transcripts
(Figure 3a, right panel). Correspondingly, glucose clearance from
the differentiation medium was significantly increased in siMEST-
transfected cells at day 3 (Figure 3b). Altogether, this suggests that
MEST knockdown strongly promotes de novo triglyceride bio-
synthesis from glucose.

MEST knockdown triggers early events in human adipogenesis

As transcriptomic analyses had revealed that MEST silencing
evoked a substantial promotion of lipid biosynthesis pathways
already at day 3 of adipocyte differentiation, we reasoned that
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MEST might be implicated in the early regulatory circuits of
adipocyte differentiation. In further support of this hypothesis, the
morphology of siMEST-transfected cells (compared to siC-
transfected cells) at this time point was indicative of a more
advanced differentiation stage, with a higher number of cells
having changed their fibroblast-like shape into a more spherical
shape (Figure 4a). As for the induction of adipocyte differentiation,
various in vitro model systems (including hMADS cells) are usually
exposed to a cocktail containing dexamethasone and IBMX for the
first 2-3 days. We therefore asked whether knockdown of MEST
might obviate the cell's need for one of these compounds.
Although adipocyte differentiation was clearly suppressed for siC-
as well as siMEST-transfected cells that were cultivated without
dexamethasone (Figures 4b-d), we observed a strikingly efficient
triglyceride accumulation (Figures 4b and c) as well as increased
expression of adipocyte marker genes (Figure 4e) for MEST-
depleted cells in the absence of IBMX.

MEST acts on the CREB/ATF1 signalling pathway

IBMX is a phosphodiesterase inhibitor, preventing the degradation
of cAMP and cGMP. Both second messengers have been reported
to trigger early events in adipocyte differentiation via activation of
protein kinases A and G, respectively, which in turn leads to
phosphorylation of the transcription factor CREB. As treatment of
hMADS cells with IBMX could be fully substituted by MEST
knockdown, we decided to analyse this signalling axis during the
early stages of differentiation. Indeed, when exposed to complete
differentiation medium, siMEST-transfected cells showed a sub-
stantial increase in phosphorylation of CREB and the related
protein ATF1 compared with siC-transfected cells at days 1, 2 and
3 after induction of adipogenesis (Figure 5a). A similar, although
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Figure 3. MEST depletion induces PPAR signalling and glycolysis pathways. hMADS cells were transfected at confluence (d-2) with siRNAs
targeting MEST (siMEST) or a control siRNA (siC). Adipocyte differentiation was induced 2 days later (d0). (@) RNA from cells at d3 was analysed
by microarray to obtain a global view of mRNAs that are responsive to MEST depletion. A total of 2278 unique RefSeq mRNAs was sorted
according to differences in expression between siMEST- and siC-transfected cells (middle heat map). Gene set enrichment analysis (GSEA
preranked) revealed a significant enrichment of the KEGG pathways ‘PPAR signaling’ (false discovery rate (FDR) g-value < 0.0001) and
‘glycolysis/gluconeogenesis’ (FDR g-value =0.0001) among upregulated transcripts. Expression of the transcripts assorted to both pathways
are shown as heat maps (log2-transformed expression ratios (siMEST/siC). (b) Supernatants of hMADS cells at d0 and d3 were analysed for

glucose concentration (n=5, *P < 0.05).

© 2015 Macmillan Publishers Limited

International Journal of Obesity (2015) 1733 - 1741



MEST in human adipogenesis
M Karbiener et al

1738

(o]
a 800
siC siMEST
® 600 +
9]
o
@
S 400
o
:§L 200 +
0 - -- -
-Dex -IBMX
b @ sic M siMEST
siC siMEST
d
259 -Dex
[2]
-— 2 -
o 0
o
Dex < 15
- 4 i
X 10 I
T 05
O_O_ii- ol & iiiiii-i &
Qb‘ee&"‘%\’o\’\éoq‘?“’\
{(y?’ & 00) A AR qug— O& @Q’
O siC M siMEST
e
2519 -IBMX
© i
BMx ¢ 20
k)
< 157
4
L 101
““Illllllll
O'O_veuvveov/\
Q g & UGN Q
&< RN &
O siC B siMEST
Figure 4. MEST depletion substitutes IBMX as inducer of human adipocyte differentiation. h(MADS cells were transfected at confluence (d-2)

with siRNAs targeting MEST (siMEST) or a control siRNA (siC). Adipocyte differentiation was induced 2 days later (d0). (a) Representative bright-
field microscopy images (x40 magnification) of cells at d3. (b-e) hMADS cells were stimulated to undergo adipocyte differentiation in
suboptimal differentiation media lacking either dexamethasone (—Dex) or IBMX (-IBMX). (b) Triglyceride accumulation was visualised by Oil
Red O staining at d9. (c) Quantification of intracellular triglycerides at d9 (n=4). (d and e) Quantitative real-time reverse transcription PCR
(RT-gPCR) analysis of adipocyte marker gene expression (d9) for cells differentiated without Dex (d) or without IBMX (e). Gene expression was

normalised to TBP and is presented relative to siC-transfected cells that were differentiated in complete differentiation medium (n=4). (c-e)
*P < 0.05, **P < 0.01, ***P < 0.001 versus siC-transfected cells exposed to the same differentiation cocktail.

less pronounced, effect was observed when cells were exposed to
differentiation medium lacking IBMX (Supplementary Figure S3).
We further measured intracellular cAMP and cGMP levels at the
start of differentiation, as well as on day 2. Unexpectedly, cCAMP
levels were reduced due to MEST silencing (Figure 5b). In contrast,
cGMP levels were increased by ~25% at day 2 (Figure 5c¢), yet the
absolute levels of cGMP were found to be considerably lower than
cAMP levels in differentiating hMADS cells. We thus propose that
MEST acts on mediators which lie downstream of these second
messengers, or that it affects a distinct signalling pathway, which
ultimately regulates CREB/ATF1 phosphorylation.

DISCUSSION

Throughout the past decades, excessive weight gain has become
a global epidemic. Since 1980, the prevalence of obesity has
almost doubled, with ~200 million male and ~ 300 million female
adults worldwide being classified as obese in 2008.3° In contrast to
earlier contention, which regarded adipose depots as a rather
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passive energy storage that expands as obesity develops, adipose
tissue is nowadays considered a major endocrine organ with
crucial implication in the pathology of obesity-associated
diseases.® Indeed, as for the development of insulin resistance
and preatherosclerotic changes, an ‘adipocentric view' has been
proposed,®® placing detrimental changes in adipocyte physiology
at the beginning of these afflictions. It should be noted that such
weight gain-induced changes not only comprise an increase of
adipocyte size*’ (leading to necrosis at its extreme end*) but also a
decrease in adipocyte differentiation.*® Thus, further elucidation of
gene regulatory networks, which either promote or inhibit
adipogenesis, is of utmost importance to better understand the
molecular basis of adipose tissue malfunction in the obese state.

Proteins with predicted but not yet identified enzymatic
function can be considered as particularly interesting candidates
for further investigation. MEST is one such protein exhibiting an
intriguingly high correlation with fat mass, which could be
indicative of an involvement in lipid storage/mobilisation. In line
with previous mouse studies,'””'® we also found MEST to be more

© 2015 Macmillan Publishers Limited
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Effects of MEST depletion on phosphorylation of CREB/ATF1 and intracellular cAMP and cGMP levels. h(MADS cells were transfected

at confluence (d-2) with siRNAs targeting MEST (siMEST) or a control siRNA (siC). Adipocyte differentiation was induced 2 days later (d0) using
complete differentiation medium. (a) Protein lysates of cells at d1, d2 and d3 were analysed by western blotting for phosphorylation of CREB
and ATF1 (p-CREB and p-ATF-1), total CREB, MEST and p-Tubulin (Tubp). Numbers above p-CREB bands reflect the results of densitometric
analysis (ratio of p-CREB/CREB) and are presented relative to siC-transfected cells at d1. (b and c) Cells at d0 and d2 were analysed for
intracellular levels of CAMP (b) and cGMP (c). Testing for significant differences in second messenger levels was performed by a paired t-test;

*P < 0.05.

abundant in WAT from obese as opposed to normal-weight
humans (Figures 1c—e). MEST mRNA levels were further found to
be significantly associated with adipocyte size (Supplementary
Figure S1), albeit with less distinct correlation as leptin, the
classical marker for adipocyte hypertrophy.

Although at least three studies in mouse have evolved the
concept that Mest is a positive regulator of adipogenesis,'”'9°
our study suggests that MEST might have opposite effects in early
steps of adipocyte differentiation in human. Similar to Jung et al.*°
we have employed an RNA interference-based strategy to knock
down MEST during adipocyte differentiation, yet have observed a
pronounced upregulation of triglyceride accumulation and
expression of adipocyte marker genes (Figure 2). These findings
were corroborated by pathway analysis of global gene expression
data, which revealed a significant upregulation of the PPAR
signalling pathway, and genes involved in fatty acid, triacylgly-
cerol and ketone body metabolism. Further, overexpression of
MEST evoked a corresponding decrease in adipocyte differentia-
tion (Supplementary Figure S2). Based on these results, it can be
speculated that an increase of MEST in the obese state might
participate in detrimental changes in WAT (and ultimately other
tissues) by hampering de novo adipocyte recruitment. As for
mouse cells, Jung et al.”® demonstrated that MEST inhibits the
anti-adipogenic Wnt signalling pathway>>*° via blocking matura-
tion of the Wnt co-receptor low-density lipoprotein receptor-
related protein 6.° In contrast, although the Wnt signalling
pathway was included in a collection of 186 gene sets (derived
from the KEGG (Kyoto Encyclopedia of Genes and Genomes)) that
we used as input for gene set enrichment analysis, we could not
detect a significant upregulation of this pathway due to MEST
silencing in differentiating hMADS cells. This was further
supported by the fact that we observed a ~2-fold upregulation
of the Wnt inhibitor dickkopf homolog 1 4142 4t this early
stage of adipocyte differentiation (Supplementary Table S3).
Altogether, we propose that species-specific regulatory circuits
might be responsible for the diverging impact of MEST in human
versus mouse adipogenesis as, for example, recently shown for
the lim domain only 3 (LMO3) gene.** Alternatively, we cannot rule
out that the effect of MEST is critically dependent on the
differentiation stage of adipocyte precursors, as we have
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employed mesenchymal stem cells that are multipotent at the
clonal level, whereas others have used cells at the
preadipocyte stage.

In addition to the pronounced upregulation during adipocyte
differentiation, we also noted a preceding increase of MEST mRNA
and protein as proliferating hMADS cells (d-3) reached the
quiescent stage (dO, Figures 1a and b). In this phase of our
experiments, FGF2 was withdrawn from the medium when
hMADS cells had grown confluent (d-2). It can thus be
hypothesised that MEST is under suppressive control of FGF2.
Indeed, a recent study on human dermal fibroblasts (GSE48967)
has revealed a significant downregulation of MEST on treatment
with FGF2.** Alternatively, it can be speculated that growth arrest
due to contact inhibition might trigger pathways that unleash
enhanced transcription of the MEST gene.

We also observed a significant promotion of the KEGG pathway
‘glycolysis and gluconeogensis’ on MEST knockdown at day 3,
concomitant with a depletion of glucose from the medium
(Figure 3). In conjunction with the elevated lipid accumulation of
hMADS-derived adipocytes at day 9, we propose that MEST
silencing triggers de novo triglyceride biosynthesis from glucose. It
will be of high interest to test whether the newly discovered
relationship between MEST and glycolysis is also existent in other
cell types, not least because an increase in glycolytic flux is a
frequent characteristic in cancer.*” In this respect, it should be
noted that a recent study has described increased CpG island
methylation of the MEST promoter region (suggesting down-
regulation of MEST transcription) in drug-resistant ovarian cancer
cell lines.*

Efficient adipocyte differentiation of quiescent human and
mouse precursor cells has long been known to be induced by
insulin, glucocorticoids and a cAMP-elevating agent.*’*® As for the
latter, it is important to keep in mind that the frequently used
phosphodiesterase inhibitor IBMX also acts on ¢cGMP-degrading
phosphodiesterases, and that cGMP has pro-adipogenic effects
comparable to cAMP.*® Through activation of protein kinases A/G,
both second messengers trigger the phosphorylation of the
downstream transcriptional effector CREB, which is necessary for
adipocyte differentiation.® Motivated by the fact that MEST
knockdown promoted PPAR signalling and lipid biosynthesis
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pathways already at day 3 after induction, we decided to repeat
experiments in suboptimal differentiation media lacking those
pro-adipogenic components, which are only present at the very
beginning of differentiation (Figure 4). Indeed, this approach
revealed that MEST depletion could completely substitute IBMX
(but not dexamethasone), thereby implying MEST in the
regulatory pathway of cAMP/cGMP, protein kinases A/G and
CREB. This hypothesis was principally confirmed as phosphoryla-
tion of CREB and the related transcription factor ATF1 was
substantially increased by MEST knockdown (Figure 5a). However,
we did not detect an elevation, but instead a reduction of cCAMP
due to MEST silencing in early adipogenesis (Figure 5b). Although
cGMP levels were increased at day 2 (Figure 5¢), this upregulation
is unlikely to be the main cause for the promotion of CREB/ATF1
phosphorylation as (i) CAMP levels are decreased at the same time
point and (ii) overall, cCAMP levels were found to be > 100-fold
higher than cGMP levels in our cell model. We thus propose that
invalidation of MEST promotes CREB/ATF1 phosphorylation via
one or more distinct routes. For instance, Ras-mitogen activated
protein kinase signalling,>'** Ca?*/calmodulin-dependent protein
kinase®® and protein kinase C°* have been described to
phosphorylate CREB. Future studies addressing the responsiveness
of these pathways to MEST will therefore be of high interest to
further explore the newly discovered link between MEST and
CREB/ATF1. Keeping in mind the behavioural abnormalities of
Mest knockout mice® as well as the high importance of CREB in
the central nervous system,® this axis could also be of relevance
for brain function.

In summary, we have used human samples and cells to confirm
the high abundance of MEST in adipocytes and its association with
fat mass, findings that had previously been obtained only in
mouse experiments. Functional investigations have revealed an
unexpected inhibitory role of MEST in human adipogenesis and,
for the first time, have linked this protein to a pathway that
triggers the phosphorylation of CREB, a crucial transcription factor
not only in metabolism but also in cognitive abilities. Altogether,
these results have laid a fruitful basis for further research that will
ultimately elucidate the precise molecular activity of MEST, and
that could eventually lead to the development of novel treatment
strategies to ameliorate obesity-associated diseases.
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