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Abstract

Background: During mesenchymal stem cell (MSC) conversion into adipocytes, the adipogenic cocktail consisting of insulin,
dexamethasone, indomethacin and 3-isobutyl-1-methylxanthine not only induces adipogenic-specific but also genes for
non-adipogenic processes. Therefore, not all significantly expressed genes represent adipogenic-specific marker genes. So,
our aim was to filter only adipogenic-specific out of all expressed genes. We hypothesize that exclusively adipogenic-
specific genes change their expression during adipogenesis, and reverse during dedifferentiation. Thus, MSC were
adipogenic differentiated and dedifferentiated.

Results: Adipogenesis and reverse adipogenesis was verified by Oil Red O staining and expression of PPARG and FABP4.
Based on GeneChips, 991 genes were differentially expressed during adipogenesis and grouped in 4 clusters. According to
bioinformatic analysis the relevance of genes with adipogenic-linked biological annotations, expression sites, molecular
functions, signaling pathways and transcription factor binding sites was high in cluster 1, including all prominent
adipogenic genes like ADIPOQ, C/EBPA, LPL, PPARG and FABP4, moderate in clusters 2-3, and negligible in cluster 4. During
reversed adipogenesis, only 782 expressed genes (clusters 1-3) were reverted, including 597 genes not reported for
adipogenesis before. We identified APCDD1, CHI3L1, RARREST and SEMA3G as potential adipogenic-specific genes.

Conclusion: The model system of adipogenesis linked to reverse adipogenesis allowed the filtration of 782 adipogenic-
specific genes out of total 991 significantly expressed genes. Database analysis of adipogenic-specific biological
annotations, transcription factors and signaling pathways further validated and valued our concept, because most of the
filtered 782 genes showed affiliation to adipogenesis. Based on this approach, the selected and filtered genes would be
potentially important for characterization of adipogenesis and monitoring of clinical translation for soft-tissue regeneration.
Moreover, we report 4 new marker genes.
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Introduction potential shortage leads to skin ulcers, irregular body temperature
and glucose deficiency [4,5,6]. Apart from this, adipogenesis, the
formation of adipose tissue, has an important impact on different
biological aspects of aging, insulin sensitivity, lipid metabolism,
stress response and inflammation [5,6]. In regenerative medicine,
engineered adipose tissue will be used for instance for the
restoration of soft tissue of burn and cancer patients, and in
cosmetic surgery [7].

The process of adipogenesis includes the commitment of MSC
into the adipogenic lineage and their development to preadipo-
cytes and terminally differentiated adipocytes [8], and is controlled
via a series of cellular, chemical, biochemical, nutritional,
hormonal and signaling sensing [4,9,10,11]. Moreover, distinct

Human bone marrow mesenchymal stem cells, also named as
multipotent mesenchymal stromal cells (MSC), are easy to isolate
and culture expand, and @ witro and in wviwo develop into
mesenchymal tissues such as bone, cartilage and fat [1,2]. In
regenerative approaches MSC-based tissue transplants are clini-
cally applied for the restoration of injured and diseased tissues [3].
Before going into clinical application the tissue forming process
requires a proper characterization.

Adipose tissue is considered to operate the metabolic regulation,
hormonal secretion, energy reservoir and temperature mainte-
nance in a critical manner [4,5,6]. However, excess body fat
accumulation results in obesity and associated disorders, while
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genes, factors and a whole array of signal cascades play a key role
in driving and regulating adipogenesis on the cellular and
molecular level [12,13]. In line, factors like fatty acid binding
protein-4 (FABP4) and the transcription factor peroxisome
proliferator-activated receptor-y2 (PPARG?2) have already been
accepted as important markers in the context of adipogenesis
[12,13,14]. However, many of these factors need further
evaluation to clarify the events during adipogenesis along with
new adipogenic markers determination.

Strikingly, many of the molecular markers for adipogenic
differentiation were selected on the basis of significantly changed
gene expression [12,13,14] after stimulation of mesenchymal stem
cells (e.g. primary MSC or C3H10T1/2 cells) or preadipocytes
(e.g. 3T3-L1 cells) [15] with an adipogenesis stimulating medium
including insulin, dexamethasone, indomethacin and 3-isobutyl-1-
methylxanthine (IBMX) [9,16]. The cumulative action of these
factors in an appropriate ratio is essential for adipogenic
differentiation and adipose tissue maturation [10,16,17]. Here,
msulin accelerates lipid storage and lipogenesis but is mostly
dispensable for adipogenesis of bone marrow-derived MSC,
whereas glucocorticoids or their synthetic agonists like dexameth-
asone, which stimulate glucocorticoid receptor pathways and
activate receptors for adipocyte regulation, are essential
[9,12,17,18]. Indomethacin influences adipogenic differentiation
and fat maturation [19]. In more detail, indomethacin not only
accelerates adipogenesis by increasing CCAAT/enhancer binding
proten- (C/EBPB) and PPARG gene expression, but also inhibits
cyclooxygenase 1 and 2 genes (COXI and 2) to probably enhance
adipogenesis by an inverse relationship [19]. IBMX acts as a
phosphodiesterase inhibitor that stimulates cAMP response
element-binding proteins and initiates and drives adipocyte
formation via cyclic adenosine monophosphate dependent mech-
anisms [17,20,21,22].

Clearly, in parallel, the adipogenic supplements take part in
cellular processes other than adipogenesis. Thus, since some genes
act in non-adipogenic cellular events, the number of genes with
significantly changed expression during insulin, dexamethasone,
indomethacin and IBMX induced adipogenesis does not reflect
the actual number of adipogenic-specific markers. In other words,
not all of the marker genes selected on the basis of changed gene
expression after stimulation with the essential medium supple-
ments actually represents adipogenic genes. Therefore, they are
not sufficient for a proper description of adipogenesis. This
emphasized the need of additional studies to narrow down the list
of true adipogenic markers with new perspectives to understand
adipogenesis.

We hypothesized that the expression of true adipogenic marker
genes is significantly up- or downregulated during adipogenesis of
MSC and reversed to the level of undifferentiated MSC' during
dedifferentiation of the adipogenic differentiated cells. Thus, we
used the standard approach for adipogenesis of MSC (15 days) and
extended them by isolation of the adipogenic differentiated cells
from their secreted matrix and subsequent dedifferentiation in
expansion medium (35 days). We analyzed the whole processes on
the cellular and genome-wide molecular level.

Adipogenic differentiation of human MSC resulted in 991 genes
with significantly changed expression values. Based on the
expression values during adipogenesis and dedifferentiation, K-
means clustering of these genes resulted in 4 clusters. These
clusters were individually analyzed. According to its low number
of lipid and fat specific biological annotations, expression sites,
molecular functions, signaling pathways and transcription factor
binding sites, the 209 genes of cluster 4 play a very minor role in
adipogenesis. In line with our hypothesis and confirming the
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benefit of our approach, during dedifferentiation the expression of
these genes was not reverted to the undifferentiated state.
Therefore, the true marker list could be narrowed down to cluster
1-3 genes. Among those genes, we filtered adenomatosis polyposts colt
down-regulated-1 (APCDDI), chitinase 3-like 1 (cartilage glycoprotein-39)
(CHI3LI), retinoic acid receplor responder (lazarotene induced) 1
(RARRESI) and sema domain, immunoglobulin domain (Ig), short basic
domain,  secreted, (semaphorin) 3G (SEMA3G) as possible new
adipogenic marker genes, which were not mentioned in the
context of adipogenesis so far.

Materials and Methods

Ethics statement

All subjects participating in this study provided written informed
consent to participate in this study, which was approved by the
local ethical committee of the Charité-University Medicine Berlin.

Human MSC isolation, expansion and adipogenic
differentiation

Human MSC were isolated from iliac crest bone marrow
aspirates of three informed and consenting patients (64, 78 and 78
years old) who were examined to exclude hematopoietic
neoplasms and were histologically diagnosed as normal. As
already described [23], aspirates were mixed with culture medium
consisting of DMEM (Biochrom, Berlin, Germany), 10% fetal
bovine serum (FBS; Thermo Scientific Hyclone, Logan, USA),
2 ng/ml basic fibroblast growth factor (PeproTech, Hamburg,
Germany), 4 mM L-glutamine, 100 U/ml penicillin and 100 pg/
ml streptomycin (all Biochrom), and were seeded at a density of
2x10° nucleated cells per cm® After 48 h cultivation in
monolayer, non-adherent cells were washed out by the first media
exchange. During cell expansion up to passage 4 (P4), culture
medium was changed three times weekly and after reaching 90%
confluence, cells were detached by the addition of 0.05% trypsin/
I mM EDTA (both Biochrom), and re-plated at a density of
5x10° cells/cm?.

For adipogenic differentiation, 2 x10* MSC (n =3 patients, P4)
were incubated for 3 days in induction medium followed by 2 days
in maintenance medium in 3 consecutive cycles. The maintenance
medium consisted of DMEM (4.5 g/l glucose; Biochrom)
containing 10% FBS, 10 pg/ml msulin (Novo Nordisk, Mainz,
Germany), 100 U/ml penicillin and 100 pg/ml streptomycin. The
induction medium consisted of maintenance medium supplement-
ed with 1 pM dexamethasone, 0.2 mM indomethacin and
0.5 mM IBMX (all Sigma-Aldrich, Taufkirchen, Germany). For
controls only the maintenance medium was used.

Isolation and dedifferentiation of adipogenic
differentiated cells

For dedifferentiation or reverse adipogenesis, the adipogenic
differentiated cells (n = 3 patients) were isolated from their secreted
extracellular matrix by incubation with 0.05 trypsin/1 mM EDTA
in phosphate-buffered saline (PBS; Biochrom) for 8 min at 37°C.
Then, 5x10°cells/cm® were seeded and culture expanded
(dedifferentiated) for 35 days or 4 passages in monolayer culture
in MSC culture expansion medium as described above.

Histological evaluation of adipogenic differentiated and
dedifferentiated cells

To assess the content of lipid vacuoles in adipogenic differen-
tiated and dedifferentiated cells, Oil Red O staining was
performed. Briefly, the cell monolayer was washed with PBS after
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removing the medium and then stained with Oil Red O (Roth,
Karlsruhe, Germany) for 30 min at room temperature in the dark.
Red lipid droplets were evaluated using a light microscope.

RNA extraction from cell cultures

To ensure high quality of RNA, cell cultures were homogenized
in TriReagent (Sigma-Aldrich). Subsequently, for protein separa-
tion from nucleic acid, 1-bromo-3-chloropropane was added
(133 pl/ml TriReagent), incubated for 15 min, and centrifuged.
Then, the upper phase being free of proteins was transferred to the
same volume of 70% ethanol. The RNA was further purified
applying Qiagen’s RNeasy Mini Kit (Qiagen, Hilden, Germany)
including DNAse digestion. Finally, total RNA was eluted with
RNase-free water and their quality and quantity was determined
using the Bioanalyzer (Agilent Technologies, Boeblingen, Ger-
many) and NanoDrop (NanoDrop, Wilmington, USA). The total
RINA was used for quantitative real-time RT-PCR analysis as well
as for microarray gene expression profiling.

Quantitative RT-PCR analysis

First, cDNA was synthesized from the extracted total RNA
(2.5 pg) with the iScript cDNA reverse transcription synthesis kit
(BioRad, Munich, Germany). Then, the expression of genes of
interest was analyzed using TagMan quantitative real-time RT-
PCR (qRT-PCR). The gene expression assays for TagMan probes
and primer sets (Applied Biosystems, Darmstadt, Germany) were
performed in triplicates in optical plates on a Mastercycler® ep
realplex2 S system (Eppendorf, Hamburg, Germany). Quantitative
gene expression was analyzed for APCDDI (assay ID:
Hs00537787_m1), CHI3LI (Hs01072228_ml),  FABP{
(Hs01086177_ml), PPARG  (Hs01115513_ml), RARRESI
(Hs00161204_m1), SEMA3G (Hs00220101_m1l) and glyceralde-
hyde-3-phosphate ~ dehydrogenase (GAPDH; Hs99999905_ml). The
expression of genes of interest was normalized to the endogenous
GAPDH expression level and relative quantification values were
calculated in percent of GAPDH via using the 97 A formula [24].

Genome-wide gene expression profiling

For genome-wide expression profiling, Affymetrix HG-U133
plus 2 GeneChips (Affymetrix, Santa Clara, USA) were selected
and analysis was performed according to Affymetrix recommen-
dations. Briefly, 1 ug total RNA were used to synthesize biotin-
labelled cRNA and 15 pg of fragmented cRNA were hybridized to
GeneChips for 16 h at 45°C. Washing, staining and scanning of
the GeneChips was performed using Affymetrix equipment,
expression raw data were processed with Affymetrix GeneChip
Operating Software (GCOS) 1.4 for signal calculation, and
pairwise chip comparison was performed with GCOS 1.4 software
after generating DAT, CEL and EXP files.

Expression profiling was performed for total 12 samples (n=3
donors), subdivided in 4 time points: 3 X (undifferentiated MSC),
3x (adipogenic differentiated cells at day 15), 3x (early state of
dedifferentiated cells at day 7) and 3 X (late state of dedifferentiated
cells at day 35). Parts of the gene expression profiling raw data
derived from these cultures have already been used and processed
in a study on MSC transdifferentiation in a totally different way
and as a result, cell cycle genes that regulate MSC differentiation,
dedifferentiation and transdifferentiation were reported [23].

The microarray data sets have been submitted to Gene
Expression Omnibus (GEO) database and are accessible via the

GEO ID: GSE36923.
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Data normalization, selection criteria and analysis
strategy

To eliminate experimental or data acquisition variations, gene
expression raw data were normalized, log transformed and
statistically analyzed with GCOS 1.4 software.

As introduced, first we were interested in genes whose
expression was significantly up- or downregulated during the
course of adipogenic differentiation. Thus, in the first step, for
comparative gene expression analysis each of the 3 GeneChips on
day 15 (differentiated state) was compared with each of the 3
GeneChips on day 0 (undifferentiated state). Genes were selected
as differentially expressed on the basis of specific change call and
fold change (FC) criteria. The change call limit was 100% (9 of 9
possible significant change calls for 3x day 15 versus 3x day 0),
and the FC limit >2 or <—2 for the mean FC of nine
comparisons. This way, genes that were differentially expressed
during adipogenesis could be selected.

Next, we were particularly interested in those of the genes
selected in step one, whose expression value during dedifferenti-
ation reverted to the expression value before adipogenic induction
(undifferentiated MSC). Therefore, in the second step, we
compared the day 0 gene expression values of genes identified in
step number one with the corresponding values on day 7 (early
dedifferentiated state) and day 35 (late dedifferentiated state).

Classification of genes into clusters and association with
biological parameters

In order to classify the selected genes for further evaluation into
suitable groups, K-means clustering was performed. Applying the
Genesis Expression Similarity Investigation Suite software package
1.7.2 [25], initially Figure of Merit (FOM) analysis was carried out
to determine the appropriate number of clusters [26]. Then, based
on this information, the K-means clustering tool of the Genesis
software was carried out and the selected genes were classified in
distinct clusters based on their expression pattern.

The gene list of each individual cluster was uploaded in the
Database for Annotation, Visualization and Integrated Discovery
(DAVID) 6.7 and analyzed according to the default set of statistical
parameters [27,28]. For each cluster we were interested in the
gene ontologies, cellular compartmentalization, molecular func-
tions, sites of expression, functional classification and determina-
tion of transcription factor binding sites (I'FBS). In addition, the
gene lists were screened for genes described in the context of
adipogenesis relevant signaling pathways. DAVID and the Kyoto
Encyclopedia of Genes and Genomes (KEGG) were used [29].
Each relevant gene was evaluated for its expression value along
with its statistical relevance during differentiation and dedifferen-
tiation.

Statistical analysis

Statistical analysis was performed with SigmaStat 3.5 (Systat
Software, USA), while GraphPad Prism4 (GraphPad Software,
USA) was applied for drawing graphs. For two group comparisons
simple student t-test was used, and for three or more group
comparisons one-way ANOVA. Data sets are reported as means
* SEM and asterisks were assigned to the p-values in the order
P*#<0.001, P**<0.01 and P*<0.05 for statistical significance.
The abbreviation ns was used for statistically non-significant data
sets.
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Results

Adipogenic differentiation of human MSC

Human mesenchymal stem cells were isolated from iliac crest
bone marrow aspirates and culture expanded up to P4. Based on
their morphology, surface marker profile and potential to
differentiate into fat, bone and cartilage, the MSC character of
the cultures has already been shown elsewhere [23].

The MSC were induced towards the adipogenic lineage. On
day 5, we observed the formation of Oil Red O stained lipid rich
vacuoles (Figure 1A). The quantity and diameter of these vacuoles
was continuously increased from day 10 (Figure 1B) to day 15
(Figure 1C). At this stage, we also observed a secretion of lipid
droplets into the medium (data not shown). Not stimulated control
cultures showed no formation of lipid droplets (Figure 1D).
Adipogenesis was also confirmed on the molecular level applying
qRT-PCR. Here, the expression of the adipogenic marker genes
PPARG (Figure 2A) and FABP4 (Figure 2B) in relation to the
expression of the housekeeping gene GAPDH was continuously
increased during adipogenic culture.

Dedifferentiation of adipogenic differentiated cells

For dedifferentiation, the adipogenic differentiated cells (day 15)
were isolated from their secreted fat matrix and cultured for 35
days in culture medium. As shown in detail elsewhere, the
adipogenic differentiated cells were converted to dedifferentiated
cells with fibroblast-like morphology, no lipid rich vacuoles and
the capacity to develop into fat, bone and cartilage [23].

Briefly, as the dedifferentiated cells were derived from
adipogenic differentiated cells, dedifferentiation was assessed on
the basis of Oil Red O staining. After 7 days, we observed a
slightly decreased size and number of lipid rich vacuoles
(Figure 1G; early dedifferentiated state). After 5 weeks of
dedifferentiation, we found a negative Oil Red O staining
(Figure 1H). During dedifferentiation, the adipogenic differentiat-
ed cells were switched from bloated to fibroblast-like cell
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Figure 2. Gene expression profile of fat specific marker genes
to assess adipogenesis and reverse adipogenesis. Gene expres-
sion analysis was performed using qRT-PCR and the resulted expression
data were normalized to GAPDH for stepwise assessment of adipogen-
esis and reverse adipogenesis. Gene expression of adipogenic-specific
marker genes (A) PPARG and (B) FABP4 is given for different stages of
adipogenic differentiation i.e. at day 5, day 10 and day 15. Similarly, the
gene expression of (C) PPARG and (D) FABP4 is given for different stages
of reverse adipogenesis (dedifferentiation). Error bars, Means + S.EM
(n=3); *P<0.05; **P<<0.01; ***P<<0.001, NS, not significant (student t
test performed for statistical analysis).
doi:10.1371/journal.pone.0069754.g002

morphology and showed a phenotype (Figure 1F) comparable to
undifferentiated MSC (Figure 1E). Likewise adipogenesis, also
dedifferentiation was verified on the mRNA level. The expression
of PPARG (Figure 2C) and FABP4 (Figure 2D) in relation to

-

100 ym

100 ym

Figure 1. MSC isolation, adipogenic differentiation and dedifferentiation. MSC were induced to adipogenic differentiation for 15 days. (A)
Oil Red O staining showed the formation of lipid droplets on day 5, (B) which increased in size and number, as shown on day 10, and (C) reached a
peak value on day 15 of adipogenic differentiation. (D) Control samples showed no lipid formation even after day 15 of adipogenesis. Oil Red O
staining during the conversion of adipogenic differentiated cells into dedifferentiated cells showed (G) an intermediate conversion after day 7 and
(H) complete conversion after day 35 of reverse adipogenesis. Morphology of (F) dedifferentiated cells and (E) undifferentiated MSC are shown by

phase contrast microscopy. Bar: 100 um.
doi:10.1371/journal.pone.0069754.g001
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GAPDH was continuously decreased during dedifferentiation.
Taken together, all the results confirmed an advanced state of
dedifferentiation.

Expression profiling of undifferentiated MSC,
differentiated and dedifferentiated cells

First, to identify the expression profile of undifferentiated MSC,
adipogenic differentiated and dedifferentiated cells, we performed
a genome-wide GeneChip analysis. The raw data are available in
the GEO database (ID: GSE36923). Then, the gene profiles of
adipogenic differentiated cells at day 15 (n=3 patients) were
compared to undifferentiated MSC (n=3 patients). Genes were
defined as differentially expressed when the mean FC of 9
comparisons was >2 or <—2 and the change call was 100% (9 of
9 comparisons). This resulted in 1459 probe-sets, which were
differentially expressed during adipogenesis. Then, the probe-set
list was filtered, sorted and double entries for the same genes as
well as entries without any gene title or symbol were removed.
This resulted in a list of 991 genes representing possible genes of
interest in the context of adipogenesis. Among them, 307 were up-
and 684 were downregulated (Suppl. Table SI). Finally, the
expression values of these genes were compared with the values
after 7 days (n=3 patients) and 35 days (n=3 patients) in
dedifferentiation culture.

Cluster analysis of the selected genes revealed 4 main
groups

In order to break the 991 selected genes into more suitable
groups for further evaluation, K-means clustering was performed.
The appropriate number of clusters was calculated with the
Genesis analytical tool of FOM (Suppl. Figure S3), and the genes
were grouped into 4 clusters (Figure 3, Suppl. Table S1). Here, the
gray color lines represent the individual gene expression kinetics
while the pink color line shows the cumulative average of the
specific clusters expression kinetics. The relative temporal gene
expression is given on the y-axis while the 4 different time points
(day O: undifferentiated state, day 15: differentiated state, day 7
and 35: early and late dedifferentiated state) are given on the x-
axis.

Cluster 1 (Figure 3A) represents a group of 307 genes, such as
PPARG, FABP4 and most other prominent markers, whose
expression was upregulated during adipogenesis, downregulated
in dedifferentiated cells on day 7, became comparable to the value
of undifferentiated MSC, and then remained constant until day
35. Therefore, the expression values of cluster 1 genes in
dedifferentiated cells reverted to a value nearly equal to those in
undifferentiated MSC. The expression of the 198 cluster 2 genes
(Figure 3B) like insulin-like growth factor binding protein-3 (IGFBP3) was
downregulated during adipogenesis and continuously upregulated
during dedifferentiation. On day 35, the expression values of
cluster 2 genes in dedifferentiated cells reverted to a value nearly
equal to those in undifferentiated MSC. Also the expression of the
277 genes of cluster 3 (Figure 3C), such as IGFBP6, was
downregulated during adipogenesis but upregulated in dediffer-
entiated cells on day 7 to the value in undifferentiated MSC, and
then remained constant until day 35. Interestingly, cluster 4
(Figure 3D) represents a group of 209 genes, which until day 7
showed the expression time course of cluster 3 genes, but then
again were downregulated to the expression value in adipogenic
differentiated cells.

In conclusion, the expression of cluster 1-4 genes was
significantly up- or downregulated during adipogenesis, but during
dedifferentiation only the expression of cluster 1-3 genes was
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reverted to a value similar to those in undifferentiated MSC; the
cells from which they are derived from. Therefore, according to
our hypothesis that true markers are differentially expressed
during differentiation and that their expression values are reverted
to the level of undifferentiated MSC during dedifferentiation,
among the 991 genes, first and foremost the 782 (cluster 1-3) genes
are relevant. This was the initial result of our approach, extending
the standard approach for adipogenesis by isolating the differen-
tiated cells from their secreted matrix and subsequent dedifferen-
tiation. To proof the hypothesis and to get new insights in
adipogenesis, in the next steps cluster 1-4 genes were analyzed in
the context of biology.

Association of cluster genes with biological parameters

To retrieve more information about the 4 clusters, the gene list
of each individual cluster was uploaded in the online database
DAVID. Here, first a list of all biological and functional
annotations was created for each cluster. These lists were then
sorted and filtered on the basis of the statistical relevant
enrichment scores (first priority) and the relevance of the entries
in context of adipogenesis or adipose tissue (second priority;
Table 1). This way, we divided the biological information of each
cluster into the 6 categories: biological annotation, cellular
compartmentalization, molecular function, signaling pathways,
functional classification, and site of expression. As shown in
Table 1, the cumulative view of all these parameters indicated that
cluster 1 represents a group of genes that has stronger affiliation to
adipogenesis than the other clusters. In more detail, for cluster 1
genes, we found the most relevant entries for lipid and fat specific
biological annotations, molecular functions, signaling pathways
and the other biological events. Following this argumentation,
clusters 2 and 3 representing genes have a minor influence on
adipogenesis. The entries for cluster 4 have no or minute relation
to adipogenesis, thus, indicating a very minor role in adipogenesis.

Our next step was based on the knowledge that transcription
factors play a key role in the induction and regulation of
adipogenesis. First, we were interested in the number of their
binding sites (TFBS). Thus, applying the DAVID tool for TFBS
determination, we analyzed the TFBS set and its corresponding
transcription factor set of each cluster (Suppl. Table S2). Then,
with the help of the National Centre for Biotechnology Informa-
tion (NCBI) database PubMed and DAVID, all these TFBS and
transcription factors were sorted and analysed regarding their
possible influencing role in adipogenesis. Here, on the basis of
effective relation to adipose tissue development, we selected a
panel of adipogenesis related transcription factors like activator
proten-1 (API), aryl hydrocarbon receptor nuclear translocator (ARNT),
CCAAT/ enhancer binding protein-o. (C/ EBPA), hepatocyte nuclear factor-4
(HNF9), kruppel-like factor-12 (KLFI12 or APZREP), nuclear receptor
subfamily-2, group F, member 2 (NR2F2 or COUPTFII), PPARA,
PPARG, transcription factor-3 (TCEF3 or E47), sterol regulatory element
binding protein-1 (SREBPI) and upstream transcription factor-1 (USF)
(Suppl. Table S2). As these factors are well known in the context of
adipogenesis, we conclude that by TFBS screening and application
of the appropriate analytical tools, we have found significant
binding sites for several important transcription factors involved in
adipogenic development. Strikingly, most of the TFBS for these
transcription factors were found in clusters 1-3 but not in cluster 4
(Figure 4). In more detail, only AP/ and C/EBPA have binding
sites in all 4 clusters. ARNT, KLFI12, NR2F2, TCF3, PPARA,
PPARG and USF have binding sites in clusters 1-3, HNF4 in
clusters 1 and 2 and SREBPI in clusters 2 and 3.
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after 15 days of adipogenic differentiation and downregulated to the level on day 0 during reverse adipogenesis. (B-D) Cluster 2-4 genes are
downregulated after 15 days of adipogenesis and upregulated to the level on day 0 (B) during 35 days or (C,D) 7 days of dedifferentiation. Cluster 3
genes maintained this level, cluster 4 genes not. (A-D) The gray lines represent the individual gene expression and pink line represents the mean
gene expression with respect to each time point in each group. See Suppl. Table S1, for detailed gene lists of each cluster.

doi:10.1371/journal.pone.0069754.g003

Association of cluster genes with adipogenesis relevant
signaling pathways

Next, the gene lists of the 4 clusters were screened for genes
known 1in the context of adipogenesis relevant signaling pathways.
Here, the KEGG portal of DAVID was used. Many insulin
signaling pathway genes were differentially expressed during
adipogenesis. On day 15 (differentiated state), the expression of
ACACA, ACACB, EIF4EBPI, FASN, FOXO1, GYS1, IRS1, IRS2,
LIPE, MENEK2, PCK1, PDE3B, PREAR2B and SORBSI was up-,
and of WNRAS, PPPIR3B, PRKCI and SOCS3 was downregulated
(Figure 5A; Suppl. Table S1 for detailed data). During dediffer-
entiation, on day 7 (early state) and day 35 (late state) the
expression value of all these genes was almost reversed to the level
on day O (undifferentiated state). In addition, many genes of the
PPARG signaling pathway were differentially expressed during
adipogenesis. From day 0 to day 15, the expression of ACGSLI,
ADIPOQ, DBI, FABP4, FABP5, LPL, ME1, NRIH3, PCKI1, PLINI,
PPARG, SCD and SORBSI was up-, and in the time course of
dedifferentiation downregulated to about the level on day 0
(Figure 5B). ACACA, ACACB and FASN are members of the fatty
acid biosynthesis signaling pathway, whose expression was
significantly upregulated during adipogenesis and reverted to the
level in undifferentiated MSC during dedifferentiation (Figure 5C).
ACACB, AGSL1, ADIPOQ, IRS1, IRS2, NFKBIA, PCK1 and SOCS3
belong to the adipocytokine signaling pathway and were
differentially expressed between day 0 and day 15 (Figure 5D).
Clearly, during dedifferentiation their expression values were

PLOS ONE | www.plosone.org

changed in such a way that they almost become similar to the level
of undifferentiated MSC. Also genes of the fatty acid elongation
pathway, such as ACADS, ECHSI, HADH, HADHA and ACAA2
(Figure 5E), and of the pathway for biosynthesis of unsaturated
fatty acids, like ELOVLS, FADSI, FADS3, HADHA, PECR, SCD
and TECR (Figure 5F), were differentially expressed (upregulated)
during adipogenesis. During dedifferentiation, their expression was
downregulated and nearly reached the level on day 0. Similarly,
the gene expression of ACAA2, ACADS, ACSL1, ALDH?, ECHSI
and GCDH, members of the fatty acid metabolic pathway, was
upregulated in adipogenic differentiated cells (Figure 5G), and
during dedifferentiation almost comes back to the expression level
of undifferentiated MSC; the cells they are derived from.
Interestingly, about all of the genes reported here in the context
of adipogenic signaling pathways belong to clusters 1-3 but not
cluster 4. In summary, it can be stated that based on Table 1 data,
transcription factors and its TFBS (Figure 4, Suppl. Table S2), and
on participation in signaling pathways (Figure 5), clusters 1-3 are
the relevant ones in context of adipogenesis. Thus, in line with our
hypothesis and confirming the benefit of our approach of extended
adipogenesis, possible true adipogenic marker genes belong to
clusters, in which the expression during dedifferentiation was
reverted to the undifferentiated state. Fat marker selection only on
the basis of significantly changed gene expression as a result of
induction with insulin, dexamethasone, indomethacin and IBMX
would be misleading. Finally, cluster 1 included about all
prominent adipogenic and fat markers, and according to the

July 2013 | Volume 8 | Issue 7 | e69754



GeneChips Study of Adipo. and Reverse Adipogenesis

(2) wnBWOAN

(v) 1199 [etayI0pU3

(91) seaiued

(€2) Aaupry

(92) unis

(92) snian

(¢g) 13n7

(v¥) eauadeld

(¥) uiR304d SuURIqWSW

(9) unda]

(£) aupjo1f>

(1) urer01dodi|

(12)

uigloid SueiqIBWISURI)
(€9) puoq apy|nsip

(06) utsr04doydsoyd

(€6) uIm101d0dA|6

)
Kemyied Buijeubis g5d:g1LyoRSY

()
1jloW sa13qelp | adA1:0v610esYy

©)
Kemyied Buijeubis wnided:0z0y0eSY

(£) uonejuasaid
pue Buissadoiud uabnuy:zL9voesy

(6) 492URd Ul SKemyred:00zS0eSY

(01) uondesayul
103d3231 3UP0IAI-3UP0IAD:0900BSY

(S) Buipuig
uedA|Boulwesod£|6~6£55000:0D

)
Buipuig pidijoydsoyd~€¥55000:09

(£) Auande aupj01kd~SZ15000:0D

(6)

Buipuiq 1031084 YIMoI6~8£86100:09
(€1)

Buipuiq 31e1pAyoques~94z0£00:0D

(12)
Buipuig uol wniP[ed~6055000:0D

(§) x3]dwiod 103d3331~GETEYO0:0D

(6) @3NS ||32~9866000:09

(6€) UoIBaI JB|N||92RIIXD~9/55000:0D

(£9) sueiquidw ewse|d~9885000:0D

(#) snnwns

P1049315031110d 0} 9suodsal~(096 L £00:0D

() sninwins
uab0431ss 01 mmcoamthmNomvoonOU

(9) @pedsed H)HMdVIN~S910000:0D
(£) sixerowayd>~5£69000:09

(8) uoneAnde ||33~5//1000:09

(8) snjnwis suow.ioy

ploJais 01 asuodsal~SyS8¥00:0D
(€1) Burjeubis 193-]192~£97£000:0D
(€1) uonesayoid ||95~€828000:0D

(L)
uolsaype ||9>~5512000:0D

93Is uoissaidxy

sal10693ed JeuonduUNng

sKkemyjed Buijeubis D3Iy

uonduny Jendajo

uonezijejuswiiedwod tenji@Dd

sa160jojuo auan

z Jsnpd

(8) 21>0dipy
(L)

X902 ulelq [e194
(LL) 43| R34
(£1)

anssi} asodipy
(8%) uns

(¢z) 19A17

(§2) eyuadeid

(9) snyjpw sa1eqelp

(£) asesdysuesyfoy

(1) sisordody

(91) uroidody

(z€) asesdysuen

(1) @se1INPaIOpPIXO

(1£) uonejf1ade

(671) u01doydsoyd

(€)
sisayluhsolq pe A11e4:19000esY

(¥) eupUOydONW
ur uonebuold pide A11e4:79000esYy

(9) wsljogeidw
pidijoydsoydosadA|D:y95008esYy

(9) Aemyred
Buijeubis supjo1f>odipy:0z6et0esy

(9) spie Aney
paileiniesun Jo sisaYuAsolg:00Loesy
(8) wsijoqeiaw pioe Aned:L/000esy

(€1) Aemyied Buijeubis ulnsul:oL60esY

(€1) Aemyied Buijeubis Yydd:ozeeoesy

() Aunnoe
9seuaboipAyap ploIdIS~62Z9100:0D

wmmhwumw;xo&; B2~ 160%7000:0D

(6)
Buipuiq pioe A1ej~+055000:09

(L1) Anane
Ja11ed uo1d3[3~5S06000:0D

(L)
Buipuiq ulweNA~Z86100:09

(51) Bupuiq
uol wnisaubew ~/8z0000:0D

(61) Butpuiq
pioe 21|Ax0qed~90 L £00:0D

(¢2) buipuiq pidi|~6828000:09

(z€)
Buipuiq 10328403~ /£08700:09

(TL) @euns ||95~9866000:09

(91) SWOSODIW~Z6£5000:0D

(z7) @deds Jejn||92e11X9~5195000:0D
(0€) smeiedde 16/09~+6/5000:09
(1€) 2dojoAUR~5/61£00:0D

(r¥)

wninoieJ u_Emm_QOUcmlmwmmooonOU
(8Y) 1050345~6785000:0D

(8) uondey [|2>~£920000:09

(6¥)
sueiquiaw 3jjauebio~060LE00:0D

(69)
uoupuoyYd0W~6£/5000:09

() abeiors
pidy] jo uoneINb31~£880100:09

()
UOHENUBIBYIP |90 18}~ HiHSH00:0D

(S) uonepixo pidi|~0t7£00:09

(9) uonesypow pidij~8SZOE00:0D

(£) wodsuen pidil~6989000:09

() siseysoswoy pidi|~880S500:09

(8) uonezijexo| pidi|~9/80100:09
(€1) sninwns

uljnsul 03 asuodsal~898z£00:0D
(€2) ssod0ud

Sljogelaw pioe A1ej~ L £99000:09
(¥2) ssod0ud

n3yaufsolq pidil~0198000:09

ays uoissaidxzy

sal10633ed [euondung

sAemyjed Buijeubis Do3Iy

uonduny Jejndajo

uonezijejusawisedwod Jejnjidd

saibojojuo sausn

L 43asn)>

“J91SN|> Ydea 1oy sialaweled |ed1600Iq JUIISYPIP JO UoleN|eA] L d|qel

July 2013 | Volume 8 | Issue 7 | e69754

PLOS ONE | www.plosone.org



GeneChips Study of Adipo. and Reverse Adipogenesis

L00¥#S£6900"3u0d feuwinol/| Z€1°0L:10p

‘skemyied Buljeubis pue wial 0 buipuodsaiiod
9yl 01 pa1edosse sauab JO sIaquINU 3Y) dJe S19¥deIq Ul USAID s1aquinu 3y "sissusbodipe 10j) 33UBAS[D) pue 210DS JUSWYDLUS dY) JO SISeq Yl UO Paldalas aI9M sia1aweled ay] “uolssaldxa jo aus pue Aemyled buljeubis
‘uollduUNy Jendajow ‘uolezijeluswiedwod Jejn||ad ‘AGojoluo auab oyl si91eweled [e3160[01q JUBISHP O Mul| J19Y) 10} pazAjeue pue (DDIY pue JIAYJ) Sdseqelep auljuo o1 AjjenpiAlpul papeojdn a1am Ja1sn|d Yyoes Jo sauab ay|

() 1sejqouqiy
(11) Aouppy [e3a4

(91) ureiq R334

(S€) snus1n

(99) e3uadeld
(z4) snsaL

(92) wnipyudy

(LLL) ureig

(8) uonejAypaw

(8) J03€|NB3I UITRWOIYD

(L1) 3PA> |22

(€€) Buipuig-eup

(6€)
uone|nbas uondudsuesy

(Gt) uonejf1ade

(St
bupids aAneussye

(8t71) uimoudoydsoyd

(€) Aemuyzed Buijeubis YdVIN:0LOYOESY

(€) Aemyred Buijeubis 1v1S-{er:0€970ESY
(€) Aemyied Buijeubis 4DIA0LEP0RSY

(G) uonaunf 1yb11:0£50esY

(£) 19oued Ul sKemyed:00ZS0esY

(€) Bulpulq QYWS~ZEE9+00:09

(9) buipuiq
x3|dwod uR104d~£0HZE00:0D

(8) Buipuliq un>e~6//£000:0D

(52) Auanoe Jolenbal
uondudsue~8ZS0E00:0D

(€¥) Bupuig YNQ~££9€000:0D

(£) 3INgN10IDIW~/85000:0D
(8) Xu1ew Jejnjj@3esxa~zL0L£00:0D

(8) WOS0AUIO~£185000:0D

(L1) swosowoiy>~695000:0D

(1) wse|dosPNU~1595000:0D
(0Z) uswin| Je3PNU~ | 861£00:0D

(#7) U033|3%5034>~9585000:0D

(L) 3||ouebio
PaPUNOG-3UBIGUISW-UOU~8ZZEH00:0D

(¥) wrodsday>
31243 [199~5£00000:09
(S) 153118 32K ||90~050£000:09

(8) AnAnoe aseury

40 uone|nbaI~6¥SEL00:0D
(8) uonedyipow
ullewoIyd>~8959100:09

(z1) uoneziuebio
SWOSOWOIY>~9/Z1500:0D

(02) 34> 1199~6+0£000:0D

(€7) apeosed buijeubis
Jejnjj@>enui~z4¢/000:09

(6€) uondudsues~0s£9000:09

93Is uoissaidxy

sali0693ed jeuoidunyg

sKkemyjed Buijeubis D3Iy

uoduNy JejNd3|oN

uonezijeyuswiiedwod tenjed

saibojojuo auan

t 491sn>

(6) Asuppy [e194
(11) ewselg
(02)

Moliew suog
(ve) snu2n

(5€) uns

(15) wnipyudy
(§S) 4917

(¥9) eausdeid

(€€1) uresg

() uonenbas ymoib

(£) aBewep yNa

(51) 3uswabueiies
1 [WOSOWOIYD

(8%) uone|f1ade

(89) puoq apynsip
(06) u12101d024|6

(1) ur04doydsoyd

(S#L)

Buidi|ds aAneussye

() uondesaur 101dada1-|NDI:Z LSF0esY

(9) snuj)dw sa13qelp | 9dA1:0v6t0esY

(£) s1s03400puF:p L y0esY

(£) uoneiussaid
pue Buissadoid usbnuy:zLov0esy

(6) uoisaype [e204:0LSt0esy

(zL) 490ued Ul skemyied:00zS0esy

(L) (SWvD)
S3|NJ3joW uoIsaype |31 5+0esY

(2) Buipuig
VNY (N)A10d~9928000:09

(5) Buipuiq yNa
papuelns-3|gnop~069£000:0D

(5) Bupuig
uabe||0>~8155000:09

(2) Buipuig
U1RWOIYI~Z89E000:0D

(51) Aunnde
asepndad~££78000:09

(81) Bulpulq YNY~€Z£E000:0D
(s€) Ananoe

103e|NB3I UONAIISURII~8ZS0E00:0D

(9%) Buipuiq
uol duiz~(0/z8000:0D

(9) awosowoiy>d 1e3|PNU~8ZZ0000:0D

(8) 3|0NdeA~£//S000:0D

(8) unewouiy>~58/0000:09

(€1) 92eyns ||95~9866000:09

(1) Med wsejdospnu~ | SHH100:0D
(S2) uondey |123~£970000:0D

(%) uoibai Jen||93e43x9~9/55000:09D

(£¢£) sueiquidw ewse|d~9885000:0D

(z1) ymoid
J0 uoneINBa1~8000+00:0D

(€1) 119
4O UONRZI[RI0|~1/9LS00:0D

(€1) uoneibIW |95~ £/£9100:0D

(91) uoneziuebio
3WOSOWOIYd~9/Z 1 S00:0D

(81) uonow |19>~8269000:09

(61) 314> |192~60£000:09
(€2) uoisaype [[93~551/000:0D
(92) uonesayjoid |92

J0 uoneNbaI~/Z1zy00:0D
(zS) uondudsuen

40 uone|nbai~6t5y00:0D

o3I uoissaidxg

salo0b3j3ed Jeuondunyg

sAemyjed Buijeubis D3y

uoiduny Jendajo

uonezijejuswiiedwod JejnjRd

sa1bojojuo auan

€ J33snpD

Ju0) °L 3|qel

July 2013 | Volume 8 | Issue 7 | e69754

PLOS ONE | www.plosone.org



GeneChips Study of Adipo. and Reverse Adipogenesis

VZ)AP2REP
E==| ARNT
F|COUP

A AP1

E==|CEBPA
EZHE HNF4
XX|SREBP1

TFBS: Transcription factor binding sites
250~ T T
2
0 200- 3
i}
z :
=4 5
. ] K2
.- 150 E.E :‘:
5 31
2 100 &4 K4
] =4 S
g i3
=3 D
e K3 '
Z 50 {3 H H X
s
4 54
0 3
Cluster 3

Figure 4. Transcription factor binding sites (TFBS) analysis. Analysis of transcription factor binding sites (TFBS) was performed and the
selected adipogenic-specific TFBS showed most of the binding sites in cluster 1-3 genes and only a few significant sites in cluster 4 genes.

doi:10.1371/journal.pone.0069754.g004

day 0 XX day15 E
Insulin signaling pathway

day 7 day 35

r4
n

10000~ NS NS I 0
—_ . =2 —_ 1
J Kl J b * 3
1000 Fy—— " win: B S ]
i) 1004 HB K : 5
o g g ¥ 3 R % R %
b 3 5 g 3 5 3 5 S
b % g ¥ R % R %
= 104 EI [ % % % % * %
o X ¥ ¥ K % K %
> 3 3 ¥ 5 e 5 S
2 K | % B B RIHE
1 1EH o g o o LIS o U S o
(] ACACA ACACB EIF4EBP1 FASN FOXO1 GYS1 IRS1 IRS2 LIPE MKNK2 NRAS PCK1 PDE3B PPP1R3BPRKAR2B PRKCI SOCS3 SORBS1
c
[
> B . . C Fatty acid biosynthesis pathway
D 400000- PPARG signaling pathway i
= * * * KKKk ok ok 10000 ILl
- * ok *, F—— —=— E: [ | NS * NS ‘
@ 1000047 1 & d > s L B S I VT
o K o g e o N v == 1000
44 S ; Q
S I g F :
o » E R 100
100 EIR Q 4z Q)
. ” R g
K B
104 ER RQ > Iz 10
» K 4 RE
] K g ERIH
.-..!:’ S ER ENEHE Y PH 1 EMEM EIDHE m E 1 &
ACSL1 ADIPOQ DBI ‘ABP4 FABP5 LPL ME1 NR1H3 PCK1 PLIN1T PPARG SCD SORBS1 FASN ACACA ACACB
100000— Adipocytokine signaling pathway G660 E Fatty acid elongation pathway
NS
10000 10000 = IN—S|
c 5 2
RS
©  1000- 1000 NS ::
<
z” 100 100 ':'
@ T o
Q. 10+ 104 %
1 i ! E i B o i ]
g ACACB ACSL1 ADIPOQ IRS1 IRS2 NFKBIA PCK1 SOCS3 HADH HADHA ACAA2
[
o
g 100000 100000+
=
G 10000 10000
[7) =
m 1000 E 1000
100+ E 100
10— 10
- 1

Figure 5. Analysis of adipogenic-speci

GCDH

ALDH2 ECHS1

c signaling pathways. The 991 genes that were differentially expressed during adipogenesis were

uploaded to the KEGG database to determine their involvement in adipogenic signaling pathways. We found different signaling cascades for
adipogenesis like the (A) insulin signaling pathway, (B) PPARG signaling pathway, (C) fatty acid biosynthesis pathway, (D) adipocytokine signaling
pathway, (E) fatty acid elongation pathway, (F) pathway for biosynthesis of unsaturated fatty acids and (G) pathway for fatty acid metabolism. Error
bars, Means = S.E.M,; *P<<0.05; **P<<0.01; ***P<<0.001, NS, not significant (One way ANOVA, performed for statistical analysis).

doi:10.1371/journal.pone.0069754.g005
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results had more association with adipogenesis relevant terms and
features than clusters 2 and 3.

Selection and analysis of new marker genes for
adipogenesis

991 genes were differentially expressed during adipogenic
differentiation of human MSC and therefore, presented possible
marker genes to describe adipogenesis (Suppl. Table S1). These
genes were subdivided into 4 groups or K-means clusters
(Figure 3A-D) with 307 (cluster 1), 198 (cluster 2), 277 (cluster
3) and 209 genes (cluster 4). As shown, the expression of cluster 4
genes was not reverted to the undifferentiated state during
dedifferentiation. On the contrary, after 35 days in dedifferenti-
ation culture they had the expression values of adipogenic
differentiated cells. So, according to our approach, we excluded
the 209 cluster 4 genes and therefore, the marker list could be
narrowed down to the 782 cluster 1-3 genes. For the determina-
tion of already known and new markers, this list was analyzed
applying different bioinformatics tools of the online databases
DAVID, Information Hyperlinked Over Proteins 1HOP) [30],
KEGG, PubMed and WikiGenes [31].

Genes were considered as already known markers, if according
to these databases they are directly associated with terms like
adipogenesis, lipid or fat. As a result, we obtained a list of 185
possible marker genes, which have already been published in the
context of adipogenic development and adipose tissue (Suppl.
Table S1). Since we were interested in new marker genes, we
excluded these 185 genes. This resulted in 597 genes (Suppl. Table
S1), which were sorted according to their main fold change value
in adipogenesis (first priority), and searched gene by gene for an
indirect association with adipogenesis (exclusion criterion).

As a result, we selected the 4 genes APCDDI, CHISLI,
RARRESI and SEMA3G as possible new marker genes for the
verification and description of adipogenesis (Suppl. Figure S1).
Then, their usability was validated applying qRT-PCR. Nine
adipogenic cultures (15 days) were analyzed and showed a
consistent and reproducible expression of all 4 markers genes
(Suppl. Figure S2). Finally, the adipogenesis and dedifferentiation
cultures, which were used for GeneChip experiments, were qR'T-
PCR analyzed. For the fat markers PPARG and FABP4 the results
were already presented in Figure 2. Regarding the new markers,
during adipogenesis of human MSC the expression of APCDDI
(Figure 6A) and SEMAS3G (Figure 6B) in relation to the expression
of the housekeeping gene GAPDH was continuously up-, and of
CHISLI (Figure 6C) and RARRESI (Figure 6D) downregulated
from day O until day 15. During dedifferentiation of adipogenic
differentiated cells, the expression of all 4 new markers was
reverted. The expression of APCDDI (Figure 6E) and SEMA3SG
(Figure 6F) in relation to GAPDH was significantly down-, and of
CHI3LI (Figure 6G) and RARRESI (Figure 6H) upregulated from
day O (start of dedifferentiation culture) to day 35. In conclusion,
we found and validated 4 new possible marker genes, which so far
have not been published in the context of adipogenesis.

Discussion

The aim of this study was to analyze the adipogenic
differentiation of MSC and to discover potential new adipo-
genic-specific marker genes. For the first time, this aim should be
achieved not only by cell differentiation but also by reversing this
process by dedifferentiation. In this regard, MSC were isolated
[2,23], differentiated into adipogenic lineage cells [23] and finally
were dedifferentiated (reverse adipogenesis). Here, bone marrow-
derived MSC were used instead of fat tissue-derived MSC with

PLOS ONE | www.plosone.org
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similar properties. The most important reason was that fat tissue-
derived MSC potentially are already primed into the adipogenic
lineage and express genes relevant for adipogenesis without adding
an adipogenic cocktail. Another reason was that bone marrow-
derived MSC have already been used in several studies in the
context of genome-wide expression profiling and regenerative
medicine [2,12,13]. Both adipogenesis and reverse adipogenesis
were confirmed on histological level by Oil Red O staining and on
molecular level by qRT-PCR of the adipogenic marker genes
PPARG and FABP4. Furthermore, genome-wide microarrays were
performed to evaluate our hypothesis that by reversing adipogen-
esis (dedifferentiation) the adipogenic-specific genes alter their
expression and resume to a level comparable to undifferentiated
MSC. Such genes may reflect a real image of adipogenesis. In this
context, we selected 991 genes with significantly changed
expression during the course of adipogenesis. Then, we compared
the expression of these genes with their expression during
dedifferentiation. Subsequently, the list of 991 genes was divided
mto 4 clusters by K-means clustering on the basis of their
expression values to facilitate the evaluation process for a profound
insight into adipogenesis.

Opverall, cluster 1 showed the highest relevance for adipogenesis,
followed by clusters 2 and 3, while cluster 4 showed no or very
minute associations with this differentiation lineage. Cluster 1
genes were upregulated during adipogenesis and downregulated
during dedifferentiation. Applying web-based tools for text mining
revealed an influence of many genes like PPARG, FABP4, LPL,
LIPE, ADIPOQ, PLINI, PLINY, IRS2, C/EBPA, APOE and APOL2
on diverse adipogenic events [11,29,30], which supports our
conclusion that cluster 1 genes have major relevance to
adipogenesis. For instance, PPARG is a well known adipogenic
target and acts as a central hub among different signaling cascades
to regulate and fine tune the adipogenic differentiation of MSC
[11]. FABP4 takes part in the predisposition of cardiac fats in obese
persons [32], and ADIPOQ upregulation is the main cause of type 2
diabetes and obesity [33]. Cluster 2 and 3 genes were downreg-
ulated during differentiation and upregulated during dedifferen-
tiation to their level in undifferentiated cells (cluster 2 at day 35,
cluster 3 at day 7). Some genes like PARP# and SOCS3 found in
these clusters were already known to have relevance for
adipogenesis. The downregulated expression of PARP4 and SOCS3
makes it inhibitory targets for adipogenesis, and also negatively
regulates the process of adipogenesis [34,35]. Moreover, applica-
tion of web-based tools for text mining showed both a positive and
negative correlation of cluster 2 and 3 genes to fat formation,
regulation and metabolism [30,36,37,38], and therefore indicates
the association of above cluster genes to adipogenesis. Finally,
again using web-based tools for text mining, for cluster 4 genes like
RBI, STAGI, DST, NPAT, CGGBPI, SMAD>5, ARID4B, NCOA7
and NR3CI, we found high enrichment scores for biological
annotations like cell cycle, transcription and chromosomal
reorganization [27,30,39]. For instance, STAGI is a cell cycle
regulator and its overexpression is reported for breast cancer and
cellular proliferation [40], while the methylation of RBI by
SMYD?2 enhances cell cycle progression [39]. The expression of
cluster 4 genes was not assignable to a typical differentiation or
dedifferentiation lineage. Expression values were downregulated
during differentiation, upregulated to the undifferentiated expres-
sion level at day 7 of dedifferentiation and again changed at day 35
to a level of the differentiated cells. Therefore, the option arises
that genes in cluster 4 are not regulated due to an adipogenic
induction but according to an independent regulation mechanism.
Genes like RBI, STAG2, HAUS6, MSH2, TLKl, AEBP? and

CANDI may be involved in the reorganization and inter-
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Figure 6. New potential fat marker genes, selected based on the coupling model of adipogenesis and reverse adipogenesis. Gene
expression analysis was performed using qRT-PCR and the expression values were normalized to GAPDH for stepwise assessment of adipogenesis and
reverse adipogenesis (dedifferentiation). Gene expression of new potential fat marker genes (A) APCDD]1, (B) SEMA3G, (C) CHI3LT and (D) RARREST is
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doi:10.1371/journal.pone.0069754.9006

conversion of the different states of cells. Text mining revealed a important for adipogenesis but are downregulated to maintain the
biological association of chromosomal reorganization with cluster undifferentiated state of the reverse differentiated adipocytes.
4 genes [27,30,37], and thus strengthen our speculative interpre- Alternatively, it also seems possible that some of them may reflect

tation. Another possible explanation is that also these genes are
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a state of replicative senescence, as RBI, STAG2 and CANDI are
well known cell cycle regulators [39,40,41].

Transcription factors are considered to be crucial for adipo-
genesis [42]. These factors control the flow of genetic information
and regulate most cellular processes by binding to specific
sequences of DNA [43,44]. Thus applying different bioinformatic
tools [27,30,45], we showed the expression of several prominent
adipogenic transcription factors like PPARG, PPARA, USF, E47,
AP2REP, ARNT and COUP. By analysis of their binding sites, we
showed TFBS in clusters 1-3, and no sites in cluster 4 genes.
Similarly, HNF# showed TFBS in clusters 1 and 2 while the TFBS
of SREBPI were present in clusters 2 and 3 instead of cluster 1
genes. In addition, the transcription factors API and C/EBPA
showed binding sites not only in clusters 1-3 but also in cluster 4,
even though C/EBPA having affiliation with adipogenesis [46].
However, C/EBPA needs PPARG sites for its functional activation
[46]. Due to the fact that we found no PPARG binding sites in
cluster 4 genes, it further emphasizes that these genes have only a
very minor or no role in adipogenesis. TFBS analysis provides a
prompt overview about any cellular process [43,44,45], therefore
based on it, clusters 1-3 include more genes involved in
adipogenesis compared to cluster 4.

Normally, signaling pathways are considered to interplay a vital
role during any cellular process via significant alteration in their
gene expression [47]. For adipogenesis, signaling pathways
facilitate a controlling and regulating mechanism to fine tune
the overall process [11,47]. We analyzed and interpreted our
results using the online analytical tool of the KEGG database
[29,48]. The expressed transcripts showed a profound crosstalking
among different signaling pathways and represented a relevance to
adipogenesis. In this regard, the insulin signaling pathway is
critical to regulate the carbohydrate metabolism in response to
body’s demand of energy. Furthermore, its ability for glucose
uptake, consumption and distribution makes it one of the crucial
signaling events for diabetics [10,49] and adipogenesis [50]. The
PPARG signaling pathway plays an essential and comparatively
more influencing role than any other known signaling pathways in
the context of adipogenesis [51]. It controls and operates the
overall cellular process of fat formation and also plays a unique
role in fine tuning the process of adipogenesis [11]. In addition to
these pathways, we also found many genes involved in the fatty
acid biosynthesis pathway, the adipocytokine signaling pathway,
the fatty acid elongation pathway, the pathway for biosynthesis of
unsaturated fatty acids and pathway for fatty acid metabolism.
Most of the genes found in these signaling pathways were highly
expressed during adipogenesis and decreased their expression to a
level similar to undifferentiated MSC. In this way, we could
broadly verify the differentiation of MSC towards the adipogenic
lineage and their subsequent dedifferentiation.

To study a cellular process by a reverse approach is not new in
the scientific community [52]. Using this reverse approach for
adipogenesis for the first time we generated a more detailed image
of adipogenic differentiation and found that the selection of
adipogenic-specific genes only on the basis of significant expression
during adipogenesis is not sufficient and could be misleading.
Therefore, as a consequence of our approach that coupled the
processes of adipogenesis and reverse adipogenesis, cluster 4 genes
were excluded because of their minute or almost no association
with adipogenesis. We identified only 782 genes out of total 991
significantly expressed genes, which reflect a real image of
adipogenesis.

Our study supports most of the genes from previously published
studies that describe significantly changed expressions during
adipogenesis [12,13,47]. Nevertheless, the selection method for so
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far selected fat markers, which are just based on significant
changes during gene expression, is not sufficient. On the basis of
our approach, we selected 4 new possible fat marker genes
(APCDDI1, CHI3L1, RARRESI and SEMAS3G) for the verification
and description of adipogenesis that show high changes in gene
expression but are so far known not yet to be involved in
adipogenesis. Overexpression of APCDDI is reported in context of
colorectal carcinogenesis [53], and also known for its inhibitory
effect on the WNT signaling pathway [54]. This pathway takes
part in the regulation, development and metabolism of adipose
tissue [53]. In addition, WN'T signaling is an essential requirement
for the conversion of MSC into preadipocytes [56]. Thus,
APCDD] is indirectly related with adipogenesis or is a negative
regulator of adipogenic differentiation. SEMA3G is another
potential marker for adipogenesis, has an inhibitory effect on
tumor progression [57], and takes part in controlling the function
of endothelial cells and smooth muscle cells [58]. CHI5LI encodes
a glycoprotein that takes part in macrophage differentiation [59]
and has an association with chondrocytes but no association with
rheumatoid arthritis [60]. RARRES] is a retinoic acid receptor that
acts as a vital tumor suppressor gene [61]. Its downregulation is
reported for cancer by interacting with ATP/GTP binding protein-like
2 (AGBL2) [62]. Apart from this, it also takes part in proliferation
processes and in nasopharyngeal carcinoma [63]. Retinoic acid is
known for suppressing adipogenesis and obesity by promoting
energy consumption [64]. By using the current web-based tools for
text mining [27,30,65], the 4 potential marker genes showed no
direct connection to adipogenesis. Based on their expression
pattern as well as on the coupling approach of adipogenesis and
reverse adipogenesis, APCDDI1, CHI3L1, RARRES] and SEMA5G
are potential marker genes for the analysis of adipogenic processes.

Besides this, the reversion of adipogenesis, dedifferentiation,
could be a promising approach for the treatment of obesity and
their correlated problems. This reversing approach of adipogenesis
also advocates soft tissue engineering with a new therapeutic angle,
and will also open new doors for further studies in this direction.

Conclusions

Adipogenic marker genes are generally selected on the basis of a
significant change in their expression during adipogenic differen-
tiation. Generally this selection is misleading, because the
adipogenesis inducing cocktail not only induces the expression of
adipogenic-specific genes but also the expression of genes for
mvolved in other cellular processes. So, how to filter adipogenic-
specific genes out of all differentially expressed genes needs an
answer. To achieve this, we combined the process of adipogenesis
with reverse adipogenesis. During adipogenesis, 991 genes were
significantly expressed, and according to our hypothesis some of
these genes not represent the process of adipogenesis. Therefore,
to filter adipogenic-specific genes, we reversed the expression of
adipogenic genes by reverse adipogenesis and in this way, we
sclected more relevant fat marker genes. On the basis of this
approach, we filtered 782 genes out of total 991 significantly
expressed genes. To validate the benefit of our approach, we
analyzed all 991 genes for adipogenic-linked biological annota-
tions, adipogenic transcription factors and adipogenic signaling
pathway. Interestingly, genes from our filtered 782 fat markers,
such as the most prominent adipogenic marker genes PPARG,
FABP4, LPL, LIPE, ADIPOQ, PLIN1, PLIN4, IRS2, C/EBPA, APOE
and APOLZ2, showed a much stronger affiliation to adipogenesis
than the other 209 genes. Clearly, this shows the usefulness and
importance of our approach. Furthermore, we identified APCDD1,
CHISLI, RARRES!] and SEMAS3G as potential adipogenic-specific
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marker genes by using the model of adipogenesis and reverse
adipogenesis.

Supporting Information

Figure S1 Microarray gene expression profile of poten-
tial new fat marker genes during adipogenesis and
reverse adipogenesis. Microarray gene expression analysis was
performed for potential new fat marker genes (n=3 donors)
during adipogenesis and reverse adipogenesis (dedifferentiation).
Relative gene expression of new introductory fat marker genes of
(A) APCDD1, (B) SEMA3G, (C) CHI3LI and (D) RARRES] is given
for different donors (n = 3). Error bars, Means = S.E.M (n=3).
(TIF)

Figure S2 Gene expression profile validation of new fat
marker genes via qRT-PCR for different individual
donors (n=9). Gene expression analysis of potential new fat
marker genes was performed using qRT-PCR for individual
donors (n=9). Gene expression of new introductory fat marker
genes of (A) APCDD1, (B) SEMA3G, (C) CHISLI and (D) RARRES]
is given for 9 different donors. The gene expression was
normalized to % GAPDH expression.

(TIF)

Figure 83 Figure Of Merit (FOM) analysis. The 991
selected genes, which were significantly expressed during adipo-
genesis as compared to undifferentiated MSC, were divided into 4
clusters on the basis of FOM. FOM classification of genes
confirmed that only 4 cluster are significant, because as shown,
any increase in cluster number didn’t result in any significant
cluster.

(TIF)

Table S1 The selected 991 genes, differentially ex-
pressed during adipogenesis. 991 candidate genes were

References

1. Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, et al. (2006)
Minimal criteria for defining multipotent mesenchymal stromal cells. The
International Society for Cellular Therapy position statement. Cytotherapy 8:
315-317.

2. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, et al. (1999)
Multilineage potential of adult human mesenchymal stem cells. Science 284:
143-147.

3. Wang S, Qu X, Zhao RC (2011) Mesenchymal stem cells hold promise for
regenerative medicine. Front Med 5: 372-378.

4. Greenberg AS, Obin MS (2006) Obesity and the role of adipose tissue in

inflammation and metabolism. Am J Clin Nutr 83: 461S-465S.

. Trayhurn P, Beattie JH (2001) Physiological role of adipose tissue: white adipose

tissue as an endocrine and secretory organ. Proc Nutr Soc 60: 329-339.

6. Waki H, Tontonoz P (2007) Endocrine functions of adipose tissue. Annu Rev
Pathol 2: 31-56.

7. Philips BJ, Marra KG, Rubin JP (2012) Adipose stem cell-based soft tissue
regeneration. Expert Opin Biol Ther 12: 155-163.

8. Feve B (2005) Adipogenesis: cellular and molecular aspects. Best Pract Res Clin
Endocrinol Metab 19: 483-499.

9. Balachandran A, Guan H, Sellan M, van Uum S, Yang K (2008) Insulin and
dexamethasone dynamically regulate adipocyte 11beta-hydroxysteroid dehydro-
genase type 1. Endocrinology 149: 4069-4079.

10. Lizcano JM, Alessi DR (2002) The insulin signalling pathway. Curr Biol 12:
R236-238.

11. Takada I, Kouzmenko AP, Kato S (2010) PPAR-gamma Signaling Crosstalk in
Mesenchymal Stem Cells. PPAR Res 2010.

12. Menssen A, Haupl T, Sittinger M, Delorme B, Charbord P, et al. (2011)
Differential gene expression profiling of human bone marrow-derived
mesenchymal stem cells during adipogenic development. BMC Genomics 12:
461.

13. Schilling T, Kuffner R, Klein-Hitpass L, Zimmer R, Jakob F, et al. (2008)
Microarray analyses of transdifferentiated mesenchymal stem cells. J Cell
Biochem 103: 413-433.

14. Monaco E, Bionaz M, Rodriguez-Zas S, Hurley WL, Wheeler MB (2012)
Transcriptomics comparison between porcine adipose and bone marrow

o

PLOS ONE | www.plosone.org

GeneChips Study of Adipo. and Reverse Adipogenesis

selected on the basis of differentially expression in adipogenesis.
Their mean signal expression values are given for different time
points, i.e. undifferentiated MSC (day 0), adipogenic differentiated
cells (day 15), early time point of dedifferentiated cells (day 7) and
late time point of dedifferentiated cells (day 35). 991 genes were
grouped into 4 clusters on the basis of K means classification. The
genes in each cluster were organized according to ascending
alphabetical order on the basis of gene symbol. * std: standard
deviation, MFC: mean fold change, In cluster 1-3 the gene symbol
with asterix () representing published fat markers, while other
without asterix are unpublished fat marker genes.

(DOCX)

Table S2 Transcription factor binding sites (TFBS)
included in each cluster. The numbers of transcription factor
binding sites (IFBS) are given in this table, and are organized
according to ascending alphabetical order. The number in
brackets represents the number of transcription factor binding
sites (TFBS), and these TFBS are specific to each cluster gene as
given in the Suppl. Table S1. For more detail of gene titles and
expression values of the respective cluster genes, see Suppl. Table
S1.

DOCX)

Acknowledgments

We gratefully thank Barbara Walewska and Anja Wachtel for excellent
technical assistance.

Author Contributions

Conceived and designed the experiments: MU SS JR MS. Performed the
experiments: MU SS. Analyzed the data: MU SS JR TH JE MS.
Contributed reagents/materials/analysis tools: JE TH JR. Wrote the
paper: MU SS JR MS.

mesenchymal stem cells during in vitro osteogenic and adipogenic differentia-
tion. PLoS One 7: ¢32481.

15. Armani A, Mammi C, Marzolla V, Calanchini M, Antelmi A, et al. (2010)
Cellular models for understanding adipogenesis, adipose dysfunction, and
obesity. J Cell Biochem 110: 564-572.

16. Scott MA, Nguyen VT, Levi B, James AW (2011) Current methods of
adipogenic differentiation of mesenchymal stem cells. Stem Cells Dev 20: 1793~
1804.

17. Vater C, Kasten P, Stichler M (2011) Culture media for the differentiation of
mesenchymal stromal cells. Acta Biomater 7: 463-477.

18. Grimaldi PA (2001) The roles of PPARs in adipocyte differentiation. Prog Lipid
Res 40: 269-281.

19. Styner M, Sen B, Xie Z, Case N, Rubin J (2010) Indomethacin promotes
adipogenesis of mesenchymal stem cells through a cyclooxygenase independent
mechanism. J Cell Biochem 111: 1042-1050.

20. Yang DC, Tsay HJ, Lin SY, Chiou SH, Li MJ, et al. (2008) cAMP/PKA
regulates osteogenesis, adipogenesis and ratio of RANKL/OPG mRNA
expression in mesenchymal stem cells by suppressing leptin. PLoS One 3: ¢1540.

21. Weinberger-Ohana P, Goldschmit D, Mizrachi L, Orly J (1984) Cyclic
nucleotide phosphodiesterase inhibitor, 3-isobutyl-1-methylxanthine, induces
cytodifferentiation of follicular granulosa cells cultured in serum-free medium.
Endocrinology 115: 2160-2169.

22. Brzozowski T, Konturek PC, Pajdo R, Kwiccien SN, Konturek S, et al. (2005)
Agonist of peroxisome proliferator-activated receptor gamma (PPAR-gamma): a
new compound with potent gastroprotective and ulcer healing properties.
Inflammopharmacology 13: 317-330.

23. Ullah M, Stich S, Notter M, Eucker J, Sittinger M, et al. (2013)
Transdifferentiation of mesenchymal stem cells-derived adipogenic-differentiat-
ed cells into osteogenic- or chondrogenic-differentiated cells proceeds via
dedifferentiation and have a correlation with cell cycle arresting and driving
genes. Differentiation 85: 78-90.

24. Pfaffl MW (2001) A new mathematical model for relative quantification in real-
time RT-PCR. Nucleic Acids Res 29: e45.

25. Sturn A, Quackenbush J, Trajanoski 7 (2002) Genesis: cluster analysis of
microarray data. Bioinformatics 18: 207-208.

July 2013 | Volume 8 | Issue 7 | e69754



26.

28.

29.

30.

31.

32.

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

Eisen MB, Spellman PT, Brown PO, Botstein D (1998) Cluster analysis and
display of genome-wide expression patterns. Proc Natl Acad Sci U S A 95:
14863-14868.

. Dennis G, Jr., Sherman BT, Hosack DA, Yang J, Gao W, et al. (2003) DAVID:

Database for Annotation, Visualization, and Integrated Discovery. Genome Biol
4: P3.

Huang da W, Sherman BT, Lempicki RA (2009) Systematic and integrative
analysis of large gene lists using DAVID bioinformatics resources. Nat Protoc 4:
44-57.

Kanehisa M, Araki M, Goto S, Hattori M, Hirakawa M, et al. (2008) KEGG for
linking genomes to life and the environment. Nucleic Acids Res 36: D480-484.
Hoffmann R, Valencia A (2004) A gene network for navigating the literature.
Nat Genet 36: 664.

Hoffmann R (2008) A wiki for the life sciences where authorship matters. Nat
Genet 40: 1047-1051.

Engeli S, Utz W, Haufe S, Lamounier-Zepter V, Pofahl M, et al. (2013) Fatty
acid binding protein 4 predicts left ventricular mass and longitudinal function in
overweight and obese women. Heart.

Siitonen N, Pulkkinen L, Lindstrom J, Kolehmainen M, Eriksson JG, et al.
(2011) Association of ADIPOQ) gene variants with body weight, type 2 diabetes
and serum adiponectin concentrations: the Finnish Diabetes Prevention Study.

BMC Med Genet 12: 5.

. Rouleau M, Patel A, Hendzel MJ, Kaufmann SH, Poirier GG (2010) PARP

inhibition: PARP1 and beyond. Nat Rev Cancer 10: 293-301.

Shi H, Tzameli I, Bjorback C, Flier JS (2004) Suppressor of cytokine signaling 3
is a physiological regulator of adipocyte insulin signaling. J Biol Chem 279:
34733-34740.

Hoffmann R, Valencia A (2005) Implementing the iHOP concept for navigation
of biomedical literature. Bioinformatics 21 Suppl 2: 1i252-258.

Hoffmann R, Krallinger M, Andres E, Tamames J, Blaschke C, et al. (2005)
Text mining for metabolic pathways, signaling cascades, and protein networks.
Sci STKE 2005: pe2l.

Hoffmann R (2007) Using the iHOP information resource to mine the
biomedical literature on genes, proteins, and chemical compounds. Curr Protoc
Bioinformatics Chapter 1: Unitl 16.

Cho HS, Hayami S, Toyokawa G, Maejima K, Yamane Y, et al. (2012) RB1
Methylation by SMYD2 Enhances Cell Cycle Progression through an Increase
of RB1 Phosphorylation. Neoplasia 14: 476-486.

Giannini G, Ambrosini MI, Di Marcotullio L, Cerignoli F, Zani M, et al. (2003)
EGF- and cell-cycle-regulated STAG1/PMEPA1/ERG1.2 belongs to a
conserved gene family and is overexpressed and amplified in breast and ovarian
cancer. Mol Carcinog 38: 188-200.

Chua YS, Boh BK, Ponyeam W, Hagen T (2011) Regulation of cullin RING E3
ubiquitin ligases by CAND1 in vivo. PLoS One 6: ¢16071.

Rosen ED, Walkey CJ, Puigserver P, Spiegelman BM (2000) Transcriptional
regulation of adipogenesis. Genes Dev 14: 1293-1307.

Latchman DS (1997) Transcription factors: an overview. Int J Biochem Cell Biol
29: 1305-1312.

van Nimwegen E (2003) Scaling laws in the functional content of genomes.
Trends Genet 19: 479-484.

. Matys V, Kel-Margoulis OV, Fricke E, Liebich I, Land S, et al. (2006)

TRANSFAC and its module TRANSCompel: transcriptional gene regulation in
cukaryotes. Nucleic Acids Res 34: D108-110.

Schmidt SF, Jorgensen M, Chen Y, Nielsen R, Sandelin A, et al. (2011) Cross
species comparison of C/EBPalpha and PPARgamma profiles in mouse and

PLOS ONE | www.plosone.org

14

47.

48.

49.

50.

51.

52.

53.

54.

59.

60.

61.

62.

GeneChips Study of Adipo. and Reverse Adipogenesis

human adipocytes reveals interdependent retention of binding sites. BMC
Genomics 12: 152.

Ito T, Tsuruta S, Tomita K, Kikuchi K, Yokoi T, et al. (2011) Genes that
integrate multiple adipogenic signaling pathways in human mesenchymal stem
cells. Biochem Biophys Res Commun 409: 786-791.

Zhang JD, Wiemann S (2009) KEGGgraph: a graph approach to KEGG
PATHWAY in R and bioconductor. Bioinformatics 25: 1470-1471.

LiuY, Liu F, Grundke-Igbal I, Igbal K, Gong CX (2011) Deficient brain insulin
signalling pathway in Alzheimer’s disease and diabetes. J Pathol 225: 54-62.
Zhang HH, Huang JX, Duvel K, Boback B, Wu SL, et al. (2009) Insulin
Stimulates Adipogenesis through the Akt-TSC2-mTORC]1 Pathway. PLoS One
4.

Takada I, Kouzmenko AP, Kato S (2010) PPAR-gamma Signaling Crosstalk in
Mesenchymal Stem Cells. Ppar Research.

Tomlin CJ, Axelrod JD (2005) Understanding biology by reverse engineering the
control. Proc Natl Acad Sci U S A 102: 4219-4220.

Takahashi M, Fujita M, Furukawa Y, Hamamoto R, Shimokawa T, et al. (2002)
Isolation of a novel human gene, APCDDI, as a direct target of the beta-
catenin/T-cell factor 4 complex with probable involvement in colorectal
carcinogenesis. Cancer Research 62: 5651-5656.

Shimomura Y, Agalliu D, Vonica A, Luria V, Wajid M, et al. (2010) APCDD1 is
a novel Wnt inhibitor mutated in hereditary hypotrichosis simplex. Nature 464:
1043-1047.

. Christodoulides C, Lagathu C, Sethi JK, Vidal-Puig A (2009) Adipogenesis and

WNT signalling. Trends in Endocrinology and Metabolism 20: 16-24.

. Laudes M (2011) Role of WNT signalling in the determination of human

mesenchymal stem cells into preadipocytes. ] Mol Endocrinol 46: R65-72.

. Kigel B, Varshavsky A, Kessler O, Neufeld G (2008) Successful inhibition of

tumor development by specific class-3 semaphorins is associated with expression
of appropriate semaphorin receptors by tumor cells. PLoS One 3: 3287.

. Kutschera S, Weber H, Weick A, De Smet F, Genove G, et al. (2011)

Differential endothelial transcriptomics identifies semaphorin 3G as a vascular
class 3 semaphorin. Arterioscler Thromb Vasc Biol 31: 151-159.

Rehli M, Krause SW, Andreesen R (1997) Molecular characterization of the
gene for human cartilage gp-39 (CHI3L1), a member of the chitinase protein
family and marker for late stages of macrophage differentiation. Genomics 43:
221-225.

Srivastava SK, Antal P, Gal J, Hullam G, Semsei AF, et al. (2011) Lack of
evidence for association of two functional SNPs of CHI3LI gene (HC-gp39) with
rheumatoid arthritis. Rheumatol Int 31: 1003-1007.

Sahab ZJ, Hall MD, Zhang L, Cheema AK, Byers SW (2010) Tumor
Suppressor RARRES] Regulates DLG2, PP2A, VCP, EBI, and Ankrd26.
J Cancer 1: 14-22.

Sahab 7], Hall MD, Me Sung Y, Dakshanamurthy S, Ji Y, et al. (2011) Tumor
suppressor RARRESI interacts with cytoplasmic carboxypeptidase AGBL2 to
regulate the alpha-tubulin tyrosination cycle. Cancer Res 71: 1219-1228.

. Kwok WK, Pang JC, Lo KW, Ng HK (2009) Role of the RARRESI gene in

nasopharyngeal carcinoma. Cancer Genet Cytogenet 194: 58-64.

. Berry DC, DeSantis D, Soltanian H, Croniger CM, Noy N (2012) Retinoic acid

upregulates preadipocyte genes to block adipogenesis and suppress diet-induced
obesity. Diabetes 61: 1112-1121.

. Harel A, Inger A, Stelzer G, Strichman-Almashanu L, Dalah I, et al. (2009)

GIFtS: annotation landscape analysis with GeneCards. BMC Bioinformatics 10:
348.

July 2013 | Volume 8 | Issue 7 | e69754



