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Depot specific differences in the adipogenic
potential of precursors are mediated by
collagenous extracellular matrix and Flotillin
2 dependent signaling
Gerald Grandl 1, Sebastian Müller 1,2, Hansjörg Moest 1,2, Caroline Moser 1, Bernd Wollscheid 2,
Christian Wolfrum 1,*
ABSTRACT

Objective: Adipose tissue shows a high degree of plasticity, and adipocyte hyperplasia is an important mechanism for adipose tissue expansion.
Different adipose depots respond differently to an increased demand for lipid storage. Orchestrating cellular expansion in vivo requires extra-
cellular matrix (ECM) remodeling and a high degree of interaction between cells and ECM.
Methods: We studied decellularized primary adipose stromal cell derived ECM of different adipose depots and reseeded them with primary
adipose precursors. We tested ECM effect on adipocyte differentiation and analyzed ECM composition using proteomic and immunohistochemical
approaches to identify factors in the ECM influencing adipogenesis.
Results: We show that the ECM of an adipose depot is the major determinant for the differentiation capacity of primary preadipocytes. Visceral
adipose tissue stromal cells differentiate less than subcutaneous cells, which, in turn, are less adipogenic than BAT-derived cells. This effect is
based on the ECM composition of the respective depot and not dependent on the precursor origin. Addition of vitamin C pronounces the pro-
adipogenic effects of the ECM, indicating the importance of collagenous ECM in mediating the effect. Using a proteomic global and a tar-
geted downstream analysis, we identify Flotillin 2 as a protein enriched in pro-adipogenic ECM, which is involved in orchestrating ECM to
preadipocyte signaling.
Conclusions: We show that adipose tissue SVF secretes collagenous ECM, which directly modulates terminal differentiation of adipocyte
precursors in a depot specific manner. These data demonstrate the importance of the tissue microenvironment in preadipocyte differentiation.

� 2016 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

The global prevalence of obesity, which is an excessive expansion of
an individual’s adipose tissue stores, has been rising at an alarming
rate over the last decades and is predicted to reach even higher
proportions in the future [1]. Adipose tissue (AT) can be broadly
categorized into white AT (WAT) and brown AT (BAT), with white AT
further separated into subcutaneous (Sc) and visceral (Vis) AT, which is
localized inside the peritoneal cavity. The main cell type of AT is the
terminally differentiated adipocyte, which is composed of a small
cytosol and one or more large lipid droplets for triglyceride storage. The
AT stroma contains tissue resident fibroblasts, endothelial, and smooth
muscle cells as well as macrophages [2].
AT shows a high degree of plasticity and is able to respond to an
increased demand to store calories with rapid expansion. The two
modes of AT expansion are hypertrophy, which is an increase in cell
size, and hyperplasia, which is an increase in cell number. Increasing
1Institute of Food, Nutrition and Health, ETH Zurich, Schwerzenbach, Switzerland 2Ins

*Corresponding author. ETH Zürich, Schorenstrasse 16, CH-8603 Schwerzenbach, Sw

Received July 11, 2016 � Revision received July 20, 2016 � Accepted July 25, 2016

http://dx.doi.org/10.1016/j.molmet.2016.07.008

MOLECULAR METABOLISM 5 (2016) 937e947 � 2016 The Author(s). Published by Elsevier GmbH. This is an op
www.molecularmetabolism.com
the number of adipocytes requires the activation of tissue resident
adipose precursor cells, which are believed to be of a mesenchymal
origin and give rise to committed preadipocytes. Tracing studies
using a PPARg-GFP mouse line initially identified adipocyte precursor
cells to be of perivascular origin [3]. The first defined population of AT
resident fibroblasts thought to be committed preadipocytes was
identified in 2008 [4], and has since been specified further [5].
Further studies have revealed a Lin- PDGFRaþ fibroblast residing in
AT perivascular space that is able to give rise to both brown and
white adipocytes [6].
Terminal differentiation of preadipocytes is a complex process critically
involving the nuclear receptor PPARg [7] and entails the morphological
change from a fibroblast-type precursor to a round, large cell filled with
lipid droplets for triglyceride storage. In addition to this, the interaction
of the differentiating cell with its surrounding extracellular matrix
(ECM), as well as extensive ECM remodeling, plays an important role in
this process [8,9].
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Involvement of ECM in orchestrating the correct response of tissue
resident cells to various stimuli has become a focus of intense study,
and various ECM properties have been shown to directly influence
precursor or stem cell behavior [10]. In addition, prolonged states of
inflammation, tissue damage, or remodeling often lead to a state
termed fibrosis, which is excessive deposition of ECM, and is
frequently observed concomitantly with high levels of obesity and
dysfunctional adipose tissue [11].
In obesity, a physiological environment favoring AT expansion, different
adipose depots have been shown to expand differently. Sc AT grows
slower and shows more of a hyperplastic response while Vis AT grows
more rapidly and shows more extensive hypertrophy. To some extent,
these two modes of expansion also correlate with clinical outcomes,
where hypertrophic Vis AT is associated with poor metabolic health
while Sc AT is sometimes ascribed a beneficial role [12].
Given the important role ECM is known to play in terminal differenti-
ation of preadipocytes, as well as the known differences in the
response of different adipose depots, we employed a strategy of
deriving the extracellular matrix from primary cells of different adipose
depots to investigate its role in adipose precursor differentiation.

2. MATERIAL AND METHODS

2.1. Materials
All chemicals were purchased from SigmaeAldrich unless specified
otherwise.

2.2. Animals
C57Bl/6 mice were housed in a pathogen-free animal facility on a 12-
h/12-h light/dark cycle with free access to food and water, at an
ambient temperature of 23 �C.

2.3. Western blot analysis
Whole cell lysates were prepared as previously described [13]. For
western blot analysis, the following antibodies were used: FLOT2
(Santa Cruz Biotechnology, SC-25507, 1:1000) and Hsp90 (Cell Sig-
nalling Technology, #4877 S).

2.4. Cell culture
All cells were cultured in high-glucose DMEM supplemented with 10%
fetal bovine serum and 1% penicillin/streptomycin (all Invitrogen). 3T3-
L1 cells or primary SVF were seeded onto plates coated with cross-
linked gelatin and grown to confluence prior to differentiation. Two
days post-confluence, cells were treated with induction cocktail (1 mg/
ml insulin, 1 mM dexamethasone and 115 mg/ml isobutyl-
methylxanthine) for 2 days followed by insulin media (1 mg/ml insu-
lin) for 2 days and DMEM for 3 days. For ECM reseeding, FACS-sorted
cells were plated into decellularized ECM at 50 000 or 100 000 cells
per well. For FLOT2 knockdown the siRNA TGGGCAAGAACGTA-
CAGGACATTAA and a scrambled control were used at 100 nM.

2.5. Primary cell isolation
For SVF preparation, adipose tissue subcutaneous (inguinal), visceral
(perigonadal), and brown (interscapular) fat pads were dissected, finely
minced, and incubated with collagenase (1 mg/ml) in collagenase buffer
(25 mM NaHCO3, 12 mM KH2PO4, 1.2 mM gSO4 1.2 mM, 4.8 mM KCl
120 mM NaCl, 1.4 mM CaCl2 5 mM Glucose, BSA 2.5%, pH ¼ 7.4) for
1 h at 37 �C. Cells were washed in DMEM, 10% FBS and filtered through
40 mM cell strainers; erythrocytes were lysed by washing in erythrocyte
lysis buffer (154 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA) and plated
in DMEM, 10% FBS, 1% penicillin/streptomycin.
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2.6. ECM extraction
SVF-derived ECM was prepared on a protocol based on [14]. Briefly,
primary SVF of WT B57Bl/6 mice, aged 7e12 weeks, was plated at
100 000 cells per well (corresponding to a confluence of 80e90%
after attachment of cells) on 96-well plates coated with cross-linked
gelatin. Regular DMEM with FBS, or DMEM supplemented with FBS
and vitamin C (50 mg/ml), was changed every two days. At day 7, ECMs
were decellularized by lysing the cells using an alkaline buffer (PBS
with 0.5% Triton, 20 mM NH4OH), followed by at least 8 washes with
PBS. To improve ECM purity, nucleotide digestion using benzonase
(Merck-Millipore) was performed after the second wash, using 750 U/
ml in benzonase buffer, (PBS with 1 mM MgSO4, 1 mM CaCl2), 200ul
per well for 30 min at 37 �C.

2.7. FACS
Primary adipose SVF was prepared as described. Cells were stained in
FACS buffer (PBS, 3% FBS, 1% penicillin/streptomycin, 1 mM EDTA)
for 15 min at 4 �C, washed, strained through 35 mm cell strainers, and
sorted on a FACS Diva system (BD). Single stains were done on BD-
FACS beads. Fluorescently labeled antibodies (CD45-FITC, CD31-
FITC, Ter119-FITC, CD140a-PE, CD34-APC, Sca1-ACP/Cy7) were
bought at BioLegend.

2.8. Real-time PCR
mRNA was isolated and transcribed into cDNA using the Multi-MACS
cDNA kit (Miltenyi). Expression levels of mRNA were assessed by
real-time PCR using SybrGreen (Invitrogen) according to the manu-
facturer’s protocol. Expression was normalized to 36B4.

2.9. Adipocyte differentiation analysis
Differentiated cells were fixed with 4% formaldehyde prior to staining
with Hoechst (nuclei), BODIPY (lipid droplets), and Syto60 (cytosol)
(Invitrogen). Images were taken per well with an automatic imaging
system (Operetta, Perkin Elmer) and analyzed for lipid droplet content
using the Operetta software.

2.10. Immunofluorescence
Decellularized ECMs were stained with primary antibodies against
fibronectin (Santa Cruz Biotechnology, SC-9086, 1:500), Collagen I, IV
and VI (Abcam, ab21286, ab6586 and ab6588, 1:500) at 4 �C over-
night, washed with PBS and stained with A488-labeled secondary
antibody (Invitrogen, A-21206). Images were taken per well with an
automatic imaging system (Operetta, Perkin Elmer).

2.11. Immunoprecipitations
All immunoprecipitations were performed from postconfluent 3T3-L1
cells. Lysis was done in RIPA buffer (50mMTris [pH 7.4], 150mMNaCl,
1% Triton X-100, with 60 mM octyl glucopyranoside), based on [15].
Briefly, cell lysate was incubated overnight at 4 �C on an overhead
rotator with 5 mg of antibody (Santa Cruz Biotechnology FLOT2 SC-
25507 or rabbit IgG control SC-2027). Next, 60 ml of Protein G-PLUS
Agarose (Santa Cruz) (pre-washed twice with RIPA buffer) was incu-
bated with lysate for 2 h at 4 �C on overhead rotator. Agarose beads
were washed 5 times (RIPA, 1000 g spin for 2 min between washes),
and proteins were eluted in supernatant for western blots in 100 ml of
2� Laemmli buffer (boiled for 10 min before a brief full speed spin to
pellet the remaining agarose). For mass spectrometry, agarose beads
were transferred to Bio-Spin columns (Bio Rad, #732-6204) for 5
washes with 50 mM ammonium bicarbonate buffer. Proteins were
digested overnight at 37 �C with 0.5 mg trypsin in 50 mM ammonium
is is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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bicarbonate buffer, and peptides in supernatant were collected and
frozen.

2.12. Mass spectrometry
For proteomic experiments, ECMs were grown in 5 ml cell culture
dishes. ECM samples were digested in the cell culture dish with
0.5 mg/ul trypsin in ammonium bicarbonate buffer at 37 �C overnight.
ECMs were scraped off the plates, sonicated in Eppendorf tubes,
digested for another 3 h at 37 �C. Peptides were clarified by centri-
fugation at 13 000g for 10 min.
Trypsin digested samples (ECM or pulldown) were reduced with 5 mM
TCEP (tris(2-carboxyethyl)phosphine) and alkylated with 10 mM
Iodoacetamide. Peptides were purified with 3e30 mg UltraMicroSpin
columns (The Nest Group), dried in a speed-vac, and resolubilized in
0.1% formic acid.
For reversed-phase chromatography a high-performance liquid chro-
matography (HPLC) column (75-mm inner diameter, New Objective),
which was packed in-house with a 15-cm stationary phase (ReproSil-
Pur C18-AQ, 1.9 mm, Dr. Maisch), was connected to an EASY-nLC
1000 system (Thermo Scientific). The HPLC was coupled via a
nanoelectrospray ion source (Thermo Scientific) to either a Q-exactive
plus mass spectrometer (Thermo Scientific; ECM sample data acqui-
sition) or an Orbitrap Fusion tribrid mass spectrometer (Thermo Sci-
entific; FLOT2-IP sample data acquisition. After loading the peptides on
the column with 95% buffer A (98% H2O, 2% acetonitrile, 0.1% formic
acid), they were eluted at flow rate of 300 nl/min over a 80 min linear
gradient from 5 to 35% buffer B (2% H2O, 98% acetonitrile, 0.1%
formic acid). Mass spectra were acquired in a data-dependent
acquisition mode with one cycle consisting of one MS1 scan fol-
lowed by 10 MS/MS scans.
MSconvert, as part of the Proteowizard (64bit, Version 3.0.6002)
package [16] was used to convert raw data into the open mzXL format,
which was searched with Comet (2015.01 rev. 2) [17] against the
mouse UniProtKB/Swiss-Prot protein databases (release 2014_04).
Search parameters for peptide-spectrum matching included cysteine
carbamidomethylation (þ57.021 Da) as a static amino acid modifi-
cation as well as methionine, lysine and proline oxidation
(þ15.995 Da) as variable modification. For probability, scoring of
peptides and proteins the Trans-Proteomic Pipeline (Version 4.7) [18]
was used including PeptideProphet, ProteinProphet, and protein
identifications were filtered to a false-discovery rate of �1%. For MS1
based label-free quantification of the identified peptides, MS1 ions
signals corresponding to peptide features were extracted with the
Progenesis QI for proteomics software (Nonlinear dynamics). After
intensity normalization, peptide signal intensities belonging to the
same protein were summarized followed by statistical analysis of the
data.

2.13. Gene ontology analysis
GO-annotation was performed using the Mus musculus pantherdb
database [19].

2.14. Bioethics
All animal studies were approved by the Canton of Zurich Veterinary
Office.

2.15. Statistical analysis
Results are given as mean � standard error. Statistical analyses were
performed using a two-tailed Student’s t-test.
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3. RESULTS

3.1. Depot specific differentiation potential is inherent to depot-
resident Lin- fibroblasts and Lin- PDGFRaþ populations
Depot specific differences of differentiation potential of preadipocytes
from different adipose tissues have been reported in tissues of both
human and mouse origin [20e22], with preadipocytes of a Sc origin
typically showing higher degrees of differentiation than Vis derived
preadipocytes. In contrast, the ex-vivo differentiation capacity of BAT
derived preadipocytes has not been compared to that of Sc and Vis
derived preadipocytes. Several studies indicate that differences in pre-
adipocyte abundance in Sc and Vis depots are not the cause for altered
differentiation capacities. However, this is complicated by the use of
surface markers [20,23]. For Lin- PDGFRaþ fibroblasts, which have
been shown to be upstream of all mature adipocytes by linage tracing in
PDGFRaeCre:mT/mG mice [5], these comparisons are lacking.
Since the adipocyte niche has also been described to be perivascular
and since immune cells have been reported to be important for
regulating adipogenesis, we quantified the abundance of endothelial
cells (CD45�, CD31þ), immune cells (CD45þ), and Lin- PDGFRaþ
preadipocytes in Sc, Vis, and BAT AT depots (Figure 1A). We found that
the Vis AT has a higher content of immune cells than the Sc, and both
WAT depots have a higher content than BAT (Figure 1B). CD31þ
CD45� endothelial cells are highest in BAT, lower in Sc, and lower still
in Vis AT. Inversely, Lin- fibroblasts, known to contain the Lin-
PDGFRaþ precursors, are highest in Vis, lower in Sc, and much lower
in BAT. In addition, Vis SVF also has a higher percentage of PDGFRaþ
within its Lin- population than Sc, and both white depots have a much
higher percentage than BAT (Figure 1A).
The marked difference of endothelial and immune cells between Sc
and Vis lead us to suspect that the differences in adipogenic potential
of the ECMs is modulated by the presence of endothelial or immune
cells. Therefore, we isolated the Lin- PDGFRaþ population from WAT
and compared its differentiation capacity to complete SVF. As shown in
Figure 1C and D, we observed that the differences in differentiation are
maintained in these isolated cells, suggesting that the differences in
the ex vivo adipogenic potential of SVF from different AT depots reside
within the Lin- PDGFRaþ population and does not stem from the
contribution of immune cells.

3.2. Addition of vitamin C enhances adipocyte differentiation and
orderly deposition of collagens in adipose SVF ex vivo
Preadipocyte differentiation has been shown to be dependent on the
production of collagen as well as interaction with ECM [24]. Since vitC
is an essential cofactor in the posttranslational modification of colla-
gens, as a first approach to probe for the involvement of ECM in
mediating depot specific adipogenesis differences, we differentiated
primary SVF of Vis, Sc, and BAT in the presence or absence of vitC
(Figure 2A, B). We could show that addition of vitC enhances differ-
entiation in SVF of all three depots and that, as previously reported, Sc
SVF differentiates better than Vis, while BAT SVF differentiated much
more than both the Sc and Vis derived SVF with vitC. To test whether
the antioxidant properties of vitC are responsible for the observed
effect, we differentiated 3T3-L1 preadipocytes in the presence of
vitamin E (vitE), a strong antioxidant, or vitC. Since only vitC led to an
induction of adipogenesis (Figure S1A) we decided to investigate
contributions of the ECM on adipogenesis.
In order to test whether the ECM deposited by different SVFs in-
fluences differentiation of adipose precursors, we implemented a
en access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 939
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Figure 1: Depot specific differentiation potential is inherent to depot-resident Lin- fibroblasts and Lin- PDGFRaD populations. (A) FACS-analysis of Sc, Vis, and BAT
SVF, stained for CD31 (A488), CD45 (PE), PDGFRa (APC) and Sytox Blue. (B) Quantification of SVFs for cellular composition (n ¼ 4). (C) Differentiation of Sc and Vis Lin- PDGFRaþ
cells with vitC; lipid (green) and nuclei (blue) staining. (D) Quantification of Lin- PDGFRaþ cell differentiation (n ¼ 4).* P < 0.05 by Student’s t-test. Bar graphs shown are
mean � s.e.m. Scale bar ¼ 100um.

Original article
protocol to decellularize primary SVF to obtain SVF-derived ECM. As
an initial approach, we performed immunohistochemistry on decel-
lularized primary ECM focusing on fibronectin (FN), as well as two
collagens (COL1 and COL4). Fibronectin is one of the most abundant
ECM proteins and has been reported to be deposited by fibroblasts
very early upon culturing. Collagen I is a collagen belonging to the
fibrillar type, being deposited as a broad mesh, and Collagen IV is one
of the main components of the basement membrane deposited by
endothelial cells. Immunohistochemistry analysis of the ECMs showed
that the addition of vitC did not affect the amount or morphology of
fibronectin deposition but strongly affected both the amount and the
morphology of collagen deposition. VitC increased both the amount of
collagen deposition but also the shape of the deposition, with bundles
940 MOLECULAR METABOLISM 5 (2016) 937e947 � 2016 The Author(s). Published by Elsevier GmbH. Th
of collagens being more focused and pronounced (Figure 2C). A
blatant morphological difference of the vitC ECM is the appearance of
a network of elongate bundles of basement membrane collagens
(COL1 and COL4) (Figure 2C). We hypothesized these cells to be
endothelial cells, and confirmed this by staining with CD31, a well-
described endothelial cell marker (Figure S2A). Given the strong vi-
sual phenotype of endothelial cell basement membrane collagens on
the decellularized ECMs, as well as the fact that in plated SVF,
endothelial cells clearly attach and form distinct ECM, we next tested
to see how removing endothelial cells affect differentiation of plated
SVF. We could show that removing endothelial cells from SVF by
FACS-sorting, CD31- cells enhanced differentiation in both tissues
(Figure 2D,E) to an extent that was similar to plated Lin- PDGFRaþ
is is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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SVF (Figure 1C,D). Nevertheless, the depot specific differences were
retained (Figure 2D,E), corroborating our finding that Linþ cells are
not responsible for the observed depot specific differences ex vivo.

3.3. SVF-derived ECM modulates differentiation capacity of
adipocyte precursor cells
In order to unequivocally test whether the ECM deposited by
different SVFs influences differentiation of adipose precursors, we
implemented a protocol to reseed primary, FACS-sorted adipose Lin-
PDGFRaþ precursors into decellularized, primary SVF-derived ECM
(Figure 3A) and induce differentiation. Since Vis AT has the highest
amount of these cells and since Vis SVF shows the lowest amount of
differentiation (Figure 2B), we analyzed the capacity of Vis Lin-
PDGFRaþ adipocyte precursors to differentiate in ECM environ-
ments from all three depots. We found that the origin of the ECM
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FABP4 and PPARg of RNA extracted from differentiating precursors. (C) Lin- PDGFRaþ seed
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largely recapitulated the differences in differentiation observed in
different tissue SVF, as Vis precursors differentiated better in Sc and
BAT than Vis ECM (Figure 3B). To quantify the effects, we extracted
RNA from reseeded cells after 2 days of differentiation and
measured levels of PPARg and FABP4, two proteins, which are
induced early in adipocyte differentiation. Reseeding adipocyte
precursors into their respective ECMs shows that ECMs grown with
added vitC enhance differentiation (Figure 3C,D). Measuring FABP4
and PPARg levels from Vis precursors in all three ECMs, grown with
added vitC, confirmed our observation that BAT ECM is more adi-
pogenic than ECMs from both WAT depots (Figure 3E). Taken
together, our data indicate that the ECM environment provided by
the SVF influences the differentiation behavior of preadipocytes
ex vivo and recapitulates the capacity of SVF from different AT
depots to differentiate, ex vivo.
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3.4. Proteomic analysis of SVF-derived ECM
In order to elucidate the different effect of SVF-ECM on preadipocyte
differentiation, we performed label-free shotgun proteomics of Sc,
Vis, and BAT grown with and without added vitC. We detected
peptides mapping to more than 1600 different proteins over all three
tissues. The two most abundant proteins in all samples were
fibronectin (FN) and collagen 1 (COL1), which were generated in the
presence and absence of vitC, respectively (Figure 4A,
Supplementary Table 1). Highly abundant proteins not regulated by
vitC were ECM proteins such as fibrillin and vimentin and compo-
nents of the cytoskeleton like actin or myosin, which still adhere to
decellularized membrane. While the different depots showed similar
compositions, addition of vitC caused a marked increase of the
amount of detected collagens (but no shift in types), concomitant
with collagen-associated extracellular proteins, most prominently
periostin, biglycan, and decorin. Gene-Ontology analysis of all
detected proteins mapped a number of detected proteins to com-
partments other than the ECM (Figure 4B). This is partly due to
contamination of cytosolic proteins that were non-specifically
attached to the decellularized ECMs, most prominently histones,
ribosomal proteins, and heat-shock proteins, which are known
contaminants in protein interaction studies [25]. It also partly reflects
the fact that the functional interactions between the ECM and cells
seem to partially stay attached during decellularization, accounting
for the presence of cytolinker and cytoskeletal proteins. When
analyzing the differences in ECM composition between the different
depots, our datasets revealed a large overlap in the proteome be-
tween the different depots (Figure 4C), with that derived from BAT
having a more unique protein signature than the two WAT depots.
Collectively, these data show that addition of vitC causes a strong
increase in collagen deposition on SVF-derived ECMs and a
conserved core of proteins abundant in all adipose SVF-derived
ECMs.

3.5. Flotillin 2 is enriched in pro-adipogenic ECM and mediates vitC
dependent effects on differentiation
One protein that was consistently upregulated inþvitC ECMs, to a level
similar to collagens, was Flotillin 2 (FLOT2). Therefore, we analyzed
whether FLOT2 was also differentially regulated between the three
depots. Indeed, we found significantly higher levels of FLOT2 in Sc and
BAT ECM compared to Vis (Figure 5A). In contrast, FLOT2 expression
in vivo, by Western Blot analysis of whole tissue extract, was un-
changed (Figure S3A), which is probably due to the fact that FLOT2 is
ubiquitously expressed. FLOT2 is a transmembrane protein localized to
lipid rafts in the plasma membrane. This cellular localization, combined
with the proteome-data, prompted us to speculate that FLOT2 plays a
role in organizing the signaling machinery necessary to interpret
specific ECM to cell signaling cues. To further understand the role of
FLOT2, we performed co-Immunoprecipitation (co-IP) assays against
FLOT2 in 3T3-L1 cells and analyzed the precipitated proteins by mass
spectroscopy, followed by running an algorithm designed to remove
false interactions commonly detected in co-IP assays [26]
(Figure S3B,C). GO-analysis of detected proteins revealed them to
map to signaling pathways such as integrin signaling, axon guidance
pathways, Ras, and cytoskeletal Rho signaling, which is consistent
with our hypothesis (Figure 5B). Therefore, in order to test the func-
tional involvement of FLOT2 in the differentiation process, we used
siRNA mediated knock down of FLOT2 in 3T3-L1 preadipocytes
(Figure S3D) and differentiated them in the presence and absence of
vitC. Interestingly, ablation of FLOT2 completely abolished the effect of
vitC on adipocyte differentiation (Figure 5C,D) suggesting that this
MOLECULAR METABOLISM 5 (2016) 937e947 � 2016 The Author(s). Published by Elsevier GmbH. This is an op
www.molecularmetabolism.com
protein might indeed be one responsible factor mediating the effects of
ECM on adipocyte differentiation potential. In summary, we found that
FLOT2 is differently regulated in decellularized ECMs of different de-
pots, with more pro-adipogenic ECMs showing much higher levels of
FLOT2, and necessary for vitC enhanced differentiation in vivo, sug-
gesting that it plays an important role in mediating the signaling of
different ECM properties.

4. DISCUSSION

In this study, we show that the ECM of primary AT SVF directly in-
fluences differentiation of adipogenic precursors, which provides an
explanation for existing findings that cells of distinct adipose depots
show varying capacities for differentiating into mature adipocytes.
Interestingly, Lin- PDGFRaþ cells, which have been shown to contain
adipocyte precursors [5,6], are significantly more abundant in Vis than
Sc adipose tissue, even though Sc Lin- PDGFRaþ cells have repeat-
edly been demonstrated to have a higher rate of differentiation than Vis
derived cells [20,23]. Two recent studies focusing on adipose tissue
expansion during the very early time-points of obesity development
(three days and two weeks of high fat diet (HFD) feeding) [27,28], on
the other hand, demonstrate that cell division and BrdU incorporation
almost exclusively occur in Vis, but not Sc adipose tissue. Based on
these data, it has been speculated that HFD feeding triggers local and
systemic changes that cause an activation of the stem cell pool in
adipose tissue and triggers proliferation and differentiation of pre-
adipocytes. This is supported by a recent study, which demonstrated
that blocking inflammation, specifically in the adipose tissue, leads to
reduced adipogenesis upon high fat diet feeding and a more unfa-
vorable systemic metabolic outcome, suggesting that inflammatory
processes are involved in such a regulation [29]. Related to this, an
adipogenic niche consisting of PDGFRaþ fibroblasts expressing the
osteopontin receptor CD44, as well as M2 polarized macrophages
secreting osteopontin, was recently identified, and it was demon-
strated that proliferation of these cells is enhanced in Vis over Sc
adipose tissue upon triggering adipocyte hyperplasia [30]. Another
study, comparing hyperplasia between Sc and Vis AT demonstrated
more increased hyperplasia and turnover in the Vis than the Sc AT [31],
in addition to showing that Sc AT is more easily exhaustible than Vis
AT. These data taken together with our findings suggest that not the
precursors themselves present in AT, but rather the microenvironment,
which is shaped by the ECM can confer the signal required to induce
adipogenesis.
Furthermore, based on this compilation of data, it is tempting to
speculate that the Lin- PDGFRaþ cell population contains a niche cell
population which signals to maintain stemness and proliferative po-
tential of precursor cells and blocks differentiation. Such a population
would have to be more abundant in Vis AT than in Sc AT or BAT and
would respond to dietary cues such as lipids derived from the diet. A
better characterization of the Lin- PDGFRaþ subpopulations will be
needed to identify such cells.
Furthermore, our data of EMCs grown with and without vitamin C
suggest that collagens play an essential role in conferring these
properties, a finding that is in line with recent findings in vivo [32]. One
caveat when interpreting our findings is the fact that cells seeded into
the ECM themselves will modulate the matrix and thus contribute to the
observed phenotype.
Most cells require stable cell-matrix adhesion contacts for survival and
proper function. The canonical pathways for ECM to cell signaling at the
plasma membrane are focal adhesion kinase (FAK) and integrin-linked
kinase (ILK). In addition, the transcription factors YAP and TAZ have
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Figure 5: Flotillin 2 is enriched in pro-adipogenic ECM and mediates vitC dependent effects on differentiation. (A) Summed up peptide intensities of FLOT2 in decel-
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recently been shown to play an important role in regulation the signaling
machinery for sensing and reacting to different matrix stiffness cues
[33]. However, knockdowns of these factors, while affecting differen-
tiation of 3T3-L1 cells compared to unspecific siRNAs, do not modulate
the collagen dependent vitC response (Figure S1A), suggesting that the
collagen dependent effect of ECMs we observe in preadipocytes from
different depots is probably not mediated by these proteins.
In addition to the matrix functionalities such as receptor binding motifs,
growth factor sequestering, or protease dependent release of signaling
peptides, matrix stiffness of the ECM is an important property [34,35].
Recent findings suggest that an important factor contributing to stiff-
ness sensing, however, may just lead to changes in the availability of
binding sites for mechanosensing complexes on matrices with larger
Figure 4: Proteomic analysis of SVF-derived ECM does not reveal a strong depot spec
BAT, grown in DMEM and DMEM þvitC, showing fibronectin (red), collagens (purple), and o
set to 1. (B) Panther classification e Annotations of all proteins detected in the three tissue
BAT grown in DMEM and DMEM þ vitC.
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pore sizes [36]. While we did not investigate mechanical properties, we
found the plasma transmembrane and lipid raft associated protein
FLOT2 to be regulated in accordance with the adipogenicity of adipose
depot-derived ECMs. FLOT2 is associated to the plasma membrane by
two n-terminal transmembrane hairpin loops as well as n-terminal
myristoylation and palmitoylation, while the c-terminus is cytosolic.
FLOT2 and its homolog FLOT1 were first described in regenerating
ganglion cells and independently identified as proteins in detergent
resistant membrane fractions that float in density gradients [37,38].
Because of their prominent role in lipid raft formation, Flotillins have
been studied in the context of cell proliferation, migration, and celle
cell interaction, and they have been shown to interact or associate with
both cell surface signaling molecules GPCRs [39], receptor tyrosine
ific signature. (A) Scatter plots of detected proteins in SVF-derived ECM of Sc, Vis, and
ther proteins (hues of yellow, grey and blue). Log10 scale, non-detected samples (0) are
s, grown with and without added vitC. (C) Venn-Diagrams of SVF-ECM from Sc, Vis and
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kinases, and intracellular actin binding proteins such as myosin [40] or
g-catenin [41].
Interestingly, while we found a roughly 2-fold increase of FLOT2 in pro-
adipogenic ECMs, FLOT1 abundance was not changed, suggesting a
differential regulation of certain membrane microdomains in relation to
matrix composition and assembly. We hypothesize that FLOT2 might
organize a matrix signaling hub integrating a variety of ECM signals.
Our co-IP data support this interpretation even in light of the fact that
we performed co-IP with an antibody against an endogenous trans-
membrane protein, which is a detergent-resistant microdomain-pro-
tein, and thus might have a limited coverage. A recently published
paper outlined a human interactome by performing co-IPs for a wide
range of cellular targets using GFP-tagged overexpressed proteins and
computationally matching mutual hits. This paper reports that FLOT2
interacts with a variety of small GTPases and G-protein subunits as
well as with actin binding proteins implicated in mechanosensing,
cytoskeletal dynamics, and cell motility, lending further support to our
hypothesis that FLOT2-dependent signaling contributes to sensing and
interpreting ECM properties [42].
In summary, we demonstrate that the depot specific differences of the
potential of adipocyte precursors to form mature adipocytes is mainly
dependent on the ECM and that integration of the necessary ECM to
cell signaling cues might in part be mediated through transmembrane
protein Flot2.
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