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ABSTRACT
Our understanding of adipose tissue has progressed from an inert tissue for energy storage to be 
one of the largest endocrine organs regulating metabolic homoeostasis through its ability to 
synthesize and release various adipokines that regulate a myriad of pathways. The field of adipose 
tissue biology is growing due to this association with various chronic metabolic diseases. An 
important process in the regulation of adipose tissue biology is adipogenesis, which is the 
formation of new adipocytes. Investigating adipogenesis in vitro is currently a focus for identifying 
factors that might be utilized in clinically. A powerful tool for such work is high-throughput 
sequencing which can rapidly identify changes at gene expression level. Various cell models exist 
for studying adipogenesis and has been used in high-throughput studies, yet little is known about 
transcriptome profile that underlies adipogenesis in mouse embryonic fibroblasts. This study 
utilizes RNA-sequencing and computational analysis with DESeq2, gene ontology, protein–protein 
networks, and robust rank analysis to understand adipogenesis in mouse embryonic fibroblasts in- 
depth. Our analyses confirmed the requirement of mitotic clonal expansion prior to adipogenesis 
in this cell model and highlight the role of Cebpa and Cebpb in regulating adipogenesis through 
interactions of large numbers of genes.
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Introduction

Adipose Tissue (AT) function has advanced from its 
role as a primary storage of triglyceride in the form fat 
droplets for energy to the secretion of various signalling 
factors, known as adipokines that regulates various 
metabolic pathways. Thus, AT has been characterized 
as a major endocrine organ [1]. Adipogenesis, the 
transformation of preadipocytes into mature adipo
cytes, plays a critical role in development of specific 
functions and differentiation of cellular subtypes [2–4].

Adipocyte differentiation is a dynamic process 
tightly regulated through a multistep process conserved 
across species [2]. The process involves temporal 
expression of various signalling cascades that regulate 
the expression of transcription factors and thereby pro- 
adipogenic genes such as peroxisome proliferator- 
activated receptor-у (PPARG) [5,6]. Adipocyte differ
entiation is characterized by significant changes to cell 
morphology – from a fibroblast to a rounded spherical 
form – and acquisition of functional characteristics of 

AT cells [7]. These properties are directed by the 
expression of PPARG, which is central to adipogenesis. 
This receptor is encoded by Pparg and cooperate with 
members of the CCAAT/enhancer-binding proteins 
(CEBPs) family of transcription factors, specifically 
CEBP-β (CEBPB), encoded by Cebpb, and CEBP-α 
(CEBPA), encoded by Cebpa. Several studies have 
demonstrated the interplay among these factors during 
adipocyte differentiation and in enhancing adipogenic 
cell fate [8–11]. Mechanistically, induction of CEBPB, 
at an early phase of adipogenesis, promotes induction 
of PPARG and CEBPA by binding to their proximal 
promoter regions. Therefore, this results in activating 
several pro-adipogenic genes [12–16] that support the 
progression of preadipocytes cells into mature adipo
cytes [11,17].

Global gene profile changes in various murine cell mod
els are reported in the literature that show the biological and 
clinical significance of adipogenesis through comprehen
sive analysis of differentially expressed genes (DEGs) using 
tools such as RNA sequencing (RNA-Seq) [18–24]. 
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Through statistical significance and fold induction, the final 
lists of DEGs are further analysed using gene ontology 
(GO) analysis, and can assist in construction of protein– 
protein interactions (PPI) and gene networks. However, 
RNA-Seq data are variable, and biased analyses are possible. 
Thus, unbiased methods are necessary for generating tran
scriptome data to increase confidence of DEG lists. The 
robust rank aggregation (RRA) method that relies on algo
rithms that produce a significant score for genes that con
sistently rank better than expected has been applied to 
transcriptome data [25,26]. In this method estimates of 
significance are provided as p-values that assign probabil
ities showing that the differential expression of a given gene 
is related to adipogenesis [25,27]. p-values can be used to 
rank DEGs, where the lower the value, the higher its rank. 
An RRA approach allows multiple transcriptome profiles to 
be characterized by more reliable molecular targets.

Most knowledge of AT is based on in vitro studies of 
committed murine cell lines, notably 3T3-L1 and 3T3- 
F442A [28,29], and human cell lines, particularly mesench
ymal stem cells (MSCs) [30,31]. However, some studies 
have demonstrated the adipogenic potential of mouse 
embryonic fibroblast (MEF) [16,32–34]. MEFs, isolated 
from 14-day-old mouse embryos (C57/BL6 52 strain), are 
classically used as ‘feeder layers’ for human and mouse 
embryonic stem cells, for DNA transfection assays, recom
binant protein expression, and utilization for epigenome 
and transcriptome analysis (i.e. chromatin remodelling) 
[16,32]. Although MEFs can differentiate into multiple 
cell types, yet little is known in regard to specific mechan
isms underlying their adipogenic potential.

In the current study, adipogenesis in MEFs tran
scriptome profiles was explored using generated DEGs 
at different timepoints. DEG lists relevant to adipose 
were generated based on statistical significance and 
used for an RRA method, and in construction of PPI 
and gene networks. Therefore, this study aims to uti
lizes transcriptome analysis methodology to acquire 
resourceful understanding in gene expression changes 
in MEFs that underlie adipocyte differentiation.

Materials and methods

Cell culture and in vitro adipocyte differentiation

MEFs cells were grown in 60-mm treated tissue culture 
dishes (Thermo Scientific). Cells were maintained in 
growth media (GM) containing Dulbecco’s Modified 
Eagle’s Medium (DMEM) (Gibco™) supplemented 
with 10% by volume of foetal bovine serum (FBS) 
(Corning) and 1% by volume of Pen/Strep/Glutamine 
(Gibco™) in a 5% CO2 atmosphere at 37°C. MEFs were 
seeded at 1 × 105 cells per well in six-well tissue culture 

plates (Corning). At confluency, cells were induced into 
adipogenesis by incubating with differentiation media 
(DM) containing GM supplemented with 0.5 mM 
3-isobutyl-1-methylxanthine (IBMX) (Sigma©), 10 μg/ 
mL insulin (Sigma©), 1 μM dexamethasone (Sigma©) 
and 10 μM rosiglitazone (Sigma©). Cells were treated 
for 3 days (D3), followed by replacement of DM with 
GM, and incubation for another 2 days (D5).

Oil red O staining and quantification

Differentiated and undifferentiated MEFs were washed 
with 1 ml of 1X PBS (Corning) once before fixing for 
5 min with 4% paraformaldehyde in PBS at room 
temperature. After fixation, MEFs were washed three 
times with 1 ml of PBS and once with 60% isopropanol 
and were completely air-dried. MEFs were then stained 
with Oil Red O (ORO) [6 ORO:4 ddH2O ratio] 
(Sigma©) for 10 min at room temperature. Excess 
stain residue was removed with four ddH2O washes. 
Approximately 1 ml of PBS was then added for micro
scopic visualization. Images were processed at 460x 
magnification using a 20x objective lens, with trans
mitted bright-field light (EVOS® FLoid® Cell Imaging 
Station). For quantification, ORO stain particles were 
eluted with 100% isopropanol and analysed using 
Thermo Scientific™ Varioskan® Flash for spectrophoto
metry readings at 514 nm.

RNA isolation and purification

Total RNA was extracted from MEFs using 
a combination of TriZol (Life Technologies™) and 
RNeasy Mini Kit (Qiagen©), with modifications from 
the manufacturer’s protocols. Cells in each well were 
washed once with 1 ml of PBS prior to the addition of 
1 ml of TriZol reagent. TriZol lysates were added to 
fresh 1.5-ml tubes. Approximately 0.2 ml of chloroform 
was added per ml of TriZol and was centrifuged at 
a speed of 12,000 rpm at 4°C for 15 min. The upper 
aqueous phase (~400 ml in volume) was transferred to 
a fresh 1.5-ml tube. An equivalent volume of 70% 
ethanol was mixed with the RNA solution, and down
stream purification was performed using a RNeasy 
Mini Spin Column (Qiagen©) according to the manu
facturer’s protocol. RNA concentrations were deter
mined using a Thermo Scientific™ NanoDrop 2000™.

cDNA synthesis and quantitative PCR

Total isolated RNA (0.1 ng) was used as a template for 
synthesizing complementary DNA (cDNA) using 
a First-Strand Synthesis Kit (Invitrogen™) according to 
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the manufacturer’s protocol. cDNA was diluted 1:50 in 
ddH2O prior to its use as a template for real-time PCR 
(RT-PCR) using SYBR Green (Thermo Scientific™). 
A total volume of 10 ul was prepared for the SYBR 
Green qPCR reaction [2.5 ul diluted cDNA product or 
nH2O, 2.5 ul 2 mM forward + reverse primer mix 
(Integrated DNA Technologies, Inc.) (Table 8) and 5 
ul of SYBR Green]. The qPCR thermal cycle utilized an 
Applied Biosystems™ StepOnePlus™ platform, with one 
cycle of 50°C for 2 min and 95°C for 10 min followed 
by 44 cycles of 95°C for 15 s and 60°C for 1 min. 
Expression of gene targets values was normalized to 
housekeeping gene β-actin and was estimated using 
the ΔΔCt approach. Results represented on a log2 scale.

RNA-Seq library preparation and sequencing

Total RNA quality was estimated based on RNA integ
rity number (RIN) using Agilent BioAnalyzer 2100™. 
RNA samples with a RIN>8 was used for library pre
paration. RNA-Seq libraries were prepared using an 
Illumina® TruSeq Stranded mRNA Prep Kit accordingly 
with the manufacturer’s LS protocol. Samples were 
barcoded, multiplexed and sequenced (100 bp pair 
end) using the Illumina® NextSeq 550 platform at 
NYU Abu Dhabi (NYUAD) Genomic Core facility 
(Abu Dhabi, U.A.E).

Transcriptome data generation

The DESeq2 computational pipeline was used to esti
mate raw count reads aligned to the reference genome 
[35]. Mouse genome (GRCm38/mm10) from the 
University of California Santa Cruz Genome Browser 
(https://genome.ucsc.edu/) was utilized as a reference 
[36]. Computing methods used a Linux-based com
mand system on the New York University Abu Dhabi 
(NYUAD) high-performance computing (HPC) server 
platform Dalma (https://wikis.nyu.edu/display/ADRC/ 
Cluster+-+Dalma). Raw data counts were deposited at 
National Centre for Biotechnology Information (NCBI) 
database and are available under Gene Expression 
Omnibus (GEO) accession number GSE152750.

Bioinformatic and computational analysis

Heatmaps and correlation through PCA and distance heat
map dendrogram analysis were generated by RNA-Seq 
START (Shiny Transcriptome Analysis Resource Tool), 
via the New York University Abu Dhabi Centre of 
Genomic and Systems Biology (NYUAD-CGSB) 
Bioinformatics Online Analysis and Visualization Portal 
(http://tsar.abudhabi.nyu.edu/) [37].

DEG lists based on comparative analysis (i.e. statis
tical significance [p-value<0.05]) were identified using 
JMP Genomics software (http://www.jmp.com/soft 
ware/genomics/). Selected gene lists were subjected to 
gene ontology (GO) term enrichment analysis using the 
g:Profiler database (https://biit.cs.ut.ee/gprofiler/gost) 
[38] or Database for Annotation, Visualization and 
Integrated Discover (DAVID) bioinformatics tool 
(https://david.ncifcrf.gov/home.jsp/) [39]. Enrichment 
terms are based on corrected p-adj or FDR of <0.05 
and were therefore considered significant.

A PPI network of differentially expressed genes (DEGs) 
was constructed with the STRING database (http://www. 
string-db.org) followed by visualization with the Cytoscape 
software (version 3.6.0, Washington, DC, USA) (http:// 
www.cytoscape.org/). The degree of nodes was determined 
with the plug-in Network Analysis app on the Cytoscape 
software. Gene interaction network models were con
structed with the Biological General Repository for 
Interaction Datasets (BIOGRID; https://www.thebiogrid. 
org/) database followed by visualization of DEGs with the 
Cytoscape software.

Statistical analysis

Statistical analysis used Student’s t-tests in Microsoft 
Excel™ (Microsoft®). Results are represented as the 
mean of at least three independent experiments, and 
a p-value<0.05 was considered significant.

Result

Formation of adipocyte-like cells from MEFs

We used MEFs in an initial incubation of cells – 
from day 0 (D0) – with adipogenic differentiating fac
tors in culture medium (see Material and Method sec
tion) for 3 days (D3) followed by the removal of these 
factors and an additional incubation for 2 days (D5) 
(Figure 1a). Lipid accumulation was assessed with Oil 
Red O (ORO) staining on days 3 and 5. As expected, 
lipid accumulation was observed as droplet formation 
in treated (+) cells, but not in untreated (-) cells at both 
timepoints. Qualitatively, more and larger droplets 
were seen on D5 (Figure 1b). This finding was con
firmed quantitatively using spectrophotometry with 
extracted stain. Higher optical density (OD) was 
recorded incrementally from treated cells, where OD 
was higher on D5 than on D3 (Figure 1c). We also 
examined endogenous expression of specific gene mar
kers that are constitutively active in AT to confirm that 
results were not due to a random effect of treatment. 
Expression of mRNA levels for the adipocyte protein 2 
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(aP2) gene, also known as free fatty acid-binding pro
tein 4 (Fapb4) [40] (Figure 1d; left chart), lipoprotein 
lipase (Lpl) gene [41] (Figure 1d; middle chart), and 
adiponectin (Adipoq) gene [42] (Figure 1d; right chart) 
were significantly upregulated after treatment. 
Comparatively, mRNA expression levels of the aP2, 

Lpl, and Adipoq genes were higher on D3, but not 
significantly, than on D5. These observations indicate 
that MEF developed adipogenic identity and functional 
activity. Thus, the process used to induce cells towards 
differentiation into adipocytes is a useful platform for 
transcriptome analysis.

Figure 1. MEF capability to acquiring adipogenic features.
(A) Schematic diagram illustrating experimental workflow of MEFs undergoing adipocyte differentiation in-vitro. Conditions include treated 
(+) condition with differentiation media (DM) and non-treated condition (-) in growth media (GM) from day 0 (D0) till day 3 (D3). Cells were 
further grown two more days (D5) following treatments. (B) ORO staining of represented timepoints; scales bar = 100 μm). (C) Quantitation 
of lipid accumulation based fold induction OD (514 nm) readings from ORO stains, illustrating MEFs at the binding timepoints D3(-)/D3(-) as 
well as D3(+)/D3(-) and later timepoints D5(-)/D5(-) as well as D5(+)D5(-) (n = 4; **P-Value<0.01, ***P-Value<0.001). (D) Quantitative RT-PCR 
analysis of aP2 (left chart), Lpl (middle chart), and Adipoq gene during corresponding timepoints based on mRNA fold induction level and 
represented in log2 scaled form (n = 4; **P-Value<0.01, ***P-Value<0.001, ****P-Value<0.0001). 
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Global differential gene expression changes

Correlations were assessed with principle component analy
sis (PCA) and distance heatmap [43–45] for all timepoints to 
gain insight into changes at the transcriptome level. Times 
assessed included day 0 (MEFD0_1, MEFD0_3, and 
MEFD0_4), day 3 untreated (MEFD3min_1, 
MEFD3min_3, and MEFD3min_4), day 3 treated 
(MEFD3plu_1, MEFD3plu_3, and MEFD3plu_4), day 5 
untreated (MEFD5min_1, MEFD5min_3, and 
MEFD5min_4), and day 5 treated (MEFD5plu_1, 
MEFD5plu_3, and MEFD5plu_4) (Figure 2a and B). 
Correlations between replicates for the same treatment con
dition showed tight clustering patterns (Figure 2a). 
According to PCA plot, these patterns where primarily 
driven by effect of treatments (PC1 = 58%) followed by 
time (PC2 = 31%) (Figure 2b).

Based on the correlation analysis, DEGs were iden
tified for intermediate (MEFD3plu/MEFD3min) and 
terminal timepoints (MEFD5plu/MEFD5min). DEGs 
were genes that showed a statistically significant 
change in expression (p-adj<0.05) between treatments. 
Using volcano plots, a total of 9186 (Figure 2e) and 
8226 (figure 2f) DEGs were identified for MEFD3plu/ 
MEFD3min and MEFD5plu/MEFD5min, respectively. 
Differences in numbers of DEGs may reflect a series 
of synergetic processes, such as genes response to 
signalling molecules (i.e. cellular dynamics) or nuclear 
changes (i.e. methylation/acetylation events) during 
adipogenesis. Such processes may be involved in spe
cifying cell fate or enhancing adipogenic features. 
DEGs from both timepoints were further analysed 
via log scaled variance-stabilizing transformation 
(VST) to generate a heatmap of hierarchal clustering. 
Expression of selected DEGs lists in each timepoint 
was analysed across all conditions (MEFD0, 
MEFD3min, MEFD3plu, MEFD5min, and 
MEFD5plu) and their corresponding replicates. 
Variable expression patterns were observed across 
conditions (Figure 2c and D), which may reflect 
potency of the differentiation treatment. However, 
between both timepoints, there were no significant 
changes in the expression patterns and number of 
DEGs list isolated from MEFD3plu/MEFD3min and 
MEFD5plu/MEFD5min.

Gene ontology, expression, and network 
interaction analysis of genes related to fat 
differentiation and development

Functional aspects of DEGs were examined using gene 
GO databases. Firstly, DEGs from both timepoint sets 
were organized into a Venn diagram to eliminate 

redundancy of genes (Figure 3a). The diagram showed 
5314 DEGs shared between MEFD3plu/MEFD3min 
and MEFD5plu/MEFD5min and 3872 and 2912 
uniquely expressed genes between MEFD3plu/ 
MEFD3min and MEFD5plu/MEFD5min, respectively.

The common 5314 DEGs showed 3224 enrichment 
terms overall. The enrichment list showed 92 enrich
ment terms related to differentiation processes, includ
ing neuron, chondrocyte, osteoblast, macrophage, 
myeloid, and various immune and progenitor cells. 
Interestingly, among enrichments, GO terms fat cell 
differentiation (GO:0045444, 108 genes) and brown 
fat cell differentiation (GO:0050873, 32 genes) were 
most significantly present. Further filtering of enrich
ment terms was performed with focused terms relevant 
to fat cells and adipose tissue (Table 1). Four additional 
GO terms related to fat cell and adipose development 
were identified (Figure 3b), including adipose tissue 
development (GO:0060612, 18 genes), regulation of fat 
cell differentiation (GO:0045598, 41 genes), positive 
regulation of fat cell differentiation (GO:0045600, 22 
genes), and negative regulation of fat cell differentiation 
(GO:0045599, 10 genes) (top panel: Figure 3b; Table 1). 
MEFD3plu/MEF3min unique DEGs also relevant 
enrichments towards fat development including regula
tion of fat cell differentiation (GO:0045598,21 genes; 
Table S1), positive regulation of fat cell differentiation 
(GO:0045600, 11 genes; Table S2), and fat cell differ
entiation (GO:0045444, 26 genes; Table S3) (lower 
panel: Figure 3b). Whereas MEFD5plu/MEFD5min 
unique DEGs, constrictively showed enrichments 
towards brown fat cells including positive regulation 
of brown fat cell differentiation (GO:0090336, 2 genes; 
Table S4), regulation of brown fat cell differentiation 
(GO:0090335, 2 genes; Table S5), and brown fat cell 
differentiation (GO:0050873, 2 genes; Table S6) (middle 
panel: Figure 3b). Given that the common DEGs 
showed relevant enrichment terms as opposed to 
unique DEGs. Thus, the former was further analysed.

Expression patterns of the genes identified in the com
mon enrichment list were further analysed using a metric 
heatmap (Supplementary Figure 2). The heatmap 
included all DEGs in each previous enrichment into 
a single list (119 genes), by removing redundant genes 
and normalizing gene counts on a log2 scale. The identi
fied genes were categorized according to the timing of up 
or down differential expression (Supplementary Figure 
2). Some genes were upregulated in both MEFD3plu 
and MEFD5plu, upregulated only in MEFD5plu, upregu
lated only in MEFD3plu, and downregulated in both 
MEFD5plu and MEFD3plu. The first category consisted 
of 15 genes, namely, Rorc, Dgat2, Adipoq, Mrap, Fabp4, 
Lrg1, Lamb3, Cebpa, Adrb2, Retn, Zbtb16, Slc2a4, Ffar2, 
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Fam57b, and Rgs2. The second category consisted of 12 
genes, namely, Rarres2, Adrb3, Scd1, Plac8, Ucp1, Bnip3, 
Selenbp1, Wfdc21, Fabp3, Steap4, Psmb8, and Plac8. The 

third category consisted of 13 genes, namely, Ppargc1a, 
Cebpb, Arl4a, Pex11a, Aldh6a1, Sh2b2, Frzb, Fgf10, 
Nr4a3, Nr4a1, Cebpd, Smad3, and Sod2. The fourth 

Figure 2. Correlation analysis and number of differentially expressed genes.
Correlation analysis displayed in (A) distance heatmap, with legend representing Pearson correlation coefficient values between samples, 
and (B) principle component analysis based on data counts from RNA-Seqs prepared in triplicates for D0 (MEFD0), D3(-) (MEFD3min), D3(+) 
(MEFD3plu), D5(-) (MEFD5min) and D5(+) (MEFD5plu). Metric heatmap, based on log VST normalization value, displaying differential genes 
expression based on statistical significance of P-adj<0.05 for (C) MEFD3plu/MEFD3min (DEGs = 9186) and (D) MEFD5plu/MEFD5min 
(DEGs = 8226). Volcano plot for pair wise comparison for (E) MEFD3plu/MEFD3min and (F) MEFD5plu/MEFD5min. Number of DEGs 
expressions (normalized to Log2 fold change (Log2FC)) are displayed on each panel based on a P-adj cut-off of <0.05 (red line) with 
9186 and 8226 genes for MEFD3plu/MEFD3min and MEFD5plu/MEFD5min. 
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category consisted of 13 genes, namely, Wnt10b, Msx2, 
Hmga2, Ccnd1, Htr2a, Wisp1, Inhbb, Tgfb1i1, Itga6, 
Metrnl, Alms1, E2f1, and Hdac6.

Specific interactions among these genes may be neces
sary for any given biological process. An interaction net
work is essential for understanding time-dependent 

Figure 3. Differentially expressed genes (DEGs) GO term and PPI analysis.
(A) Venn diagram illustrating unique and common DEGs in MEFD3plu/MEFD3min and MEFD5plu/MEFD5min based on statistical significance 
cut-off p-adj<0.05. (B) GO term analysis (biological processes) of the common DEGs between MEFD3plu/MEFD3min and MEFD5plu/ 
MEFD5min showing fat cell differentiation to have the highest enrichment significance. Number of genes displayed adjacently to in each 
enrichment bar chart. False dependent rate, represented as P-adj values, are normalized to -log10(P-adj). 
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regulation during differentiation observed in the previous 
heatmap with some genes. Thus, the relationship between 
gene expression patterns and timing is essential for eluci
dating fat differentiation and adipose development. 
Furthermore, key genes may be primary controllers of 
regulatory pathways. To explore this, a PPI network was 
constructed and curated via STRING and Cystoscape 
[46,47], respectively (Supplementary Figure 3). The num
bers of degrees (adjacent links) from each node (gene) 
intersection were systematically selected with betweenness 
and closeness centrality (Figure 4a, Table 2 – displaying the 
top 30 genes). Gene Akt1 showed the highest number of 
degrees, at 39, among all genes. Adipoq and Fabp4 (aP2) 
showed 21 and 16 degrees, respectively, and Ucp1 and Lpl 
showed 17 and 14 degrees, respectively. The top 30 genes 
from the GO term were further analysed at the biological 
process level with GO term analysis (Figure 4b) where 
most were associated with fat cell differentiation and meta
bolic and organic response processes (Table 3).

Gene interaction profile changes related to Cebpa 
and Cebpb expression

Most genes identified in the PPI network are known to 
influence adipogenesis, and Cebpa and Cebpb were 
further investigated for their relation to protein factors. 
The endogenous expression of these factors may differ 
in terms of interaction with other proteins in a time- 
dependent manner (MEFD3plu/MEFD3min and 
MEFD5plu/MEFD5min). Therefore, Cebpa and Cebpb 
were examined with RT-PCR to determine and validate 
expression at the mRNA level (Figure 5a). On D3, 
significant upregulation of Cebpa and Cebpb was 
observed; however, on D5, only Cebpa showed signifi
cant upregulation (Figure 5a). These observations 
reflect the sensitivity of RNA-Seq analysis and suggest 
time-dependent interactions during treatment.

Both Cebpa and Cebpb are noted for their pioneering 
effects in driving adipogenesis. Therefore, gene interac
tion networks were formulated for both genes and were 
comparatively analysed against DEGs list from each 
MEFD3plu/MEFD3min and MEFD5plu/MEFD5min 
lists. Gene interaction networks for murine sources 

were downloaded from BioGRID and uploaded to 
Cytoscape [47,48]. The Cebpa network, consisting of 
117 interactions, 63 and 35 genes were observed in 
DEGs list of MEFD3plu/MEFD3min (upper panel: 
Figure 5b; Table 4) and MEFD5plu/MEFD5min 
(upper panel: Figure 5c; Table 6), respectively. 
Whereas in the Cebpb network, consisting of 16 inter
actions, 11 and 8 genes were observed in DEGs list of 
MEFD3plu/MEFD3min (lower panel: Figure 5b; Table 
5) and MEFD5plu/MEFD5min (lower panel: Figure 4c; 
Table 7), respectively. Most interactions identified are 
directed through a protein targeted manner.

To further decipher Cebpa and Cebpb interactions, PPI 
networks of the DEGs detected in each timepoint were 
constructed using STRING. Design of construct, formu
lated via Cytoscape, were restricted on direct interactions 
of DEG nodes with either Cebpa and Cebpb in each time
point. The genes were ranked in degree of interaction in 
each timepoint after merging Cebpa and Cebpb profiles 
(left panels: Figure 6a and B). Based on the network maps, 
there were more direct interactions at day 3 (8 ranked 
orders) than that of day 5 (4 ranked orders). At day 3, 
Cebpa showed the highest level of interaction at 12 degree; 
whereas Cebpb was ranked in the fourth order, along with 
Cdk1 and Psmb10, at 5 degrees (right panel: Figure 6a). 
Interestingly, Hdac1 and Cdk4 were ranked in the second 
and third order at 9 and 6 degrees, respectively. Moreover, 
Wrd5 was ranked at the fifth order at 4 degrees; whereas 
Smarca2, Trib1, Rb1, Mapk14, and Gsk3b were collec
tively ranked in the sixth order with 3 degrees each. 
Further to those, Jpr2, Runx1t1, and Med1 were also 
collectively ranked at seventh order at 2 degree; whereas 
Pteg2 and Rnf1 were ranked at the eighth order with 
a degree level of 1. Inversely, at day 3, Cebpb showed the 
highest level of interaction at 6 degrees followed by Cebpa 
at 4 degrees (right panel: Figure 6b). Genes Bhlhe41 and 
Gsk3b were ranked at third order at 3 degrees each; 
whereas Cdk2, Sin3a, and Kmt2d were ranked at the 
fourth order with 2 degrees each. The expression of the 
genes was further analysed using a metric heatmaps, 
which showed variable patterns among the genes at dif
ferent timepoints (MEFD0 – day 0, MEFD3min – 
untreated day 3, MEFD5min – untreated day 5, 
MEFD3plu – treated day 3, and MEFD5plu – 

Table 1. GO terms under biological processes category of DEGs associated with fat or adipose development commonly identified 
between MEFD3plu/MEFD3min and MEFD5plu/MEFD5min.

ID GO Term FDR (p-adj) Gene Count

GO:0045444 fat cell differentiation 1.34E-10 108
GO:0050873 brown fat cell differentiation 6.21E-07 32
GO:0060612 adipose tissue development 0.003655776 18
GO:0045598 regulation of fat cell differentiation 0.00990133 41
GO:0045600 positive regulation of fat cell differentiation 0.0107074 22
GO:0045599 negative regulation of fat cell differentiation 0.016369719 10
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treated day 5) (Figure 6c). As previously shown, Cebpa, 
Cebpb, and Ptge2 were observed to be differentially upre
gulated in the treated conditions of day 3 and 5. 
Interesting, Psmb10 and Hdac1 were observed to be dif
ferentially upregulated in treated MEF at day 5 as opposed 
to that at day 3. Whereas, Mapk14, Gsk3b, Trib1, Kmt2d, 
and Rb1 were differentially upregulated in treated MEFs 
at day 3 rather than day 5. There were also number of 
genes that were observed to be differentially downregu
lated due to the potency effect of differentiation treated, 
which included Cdk2, Med19, Cdk4, Jdp2, Rnf41, Ncoa3, 
Wdr5, Sin3a, Cdk1, and Bhlhe41. Overall, these variable 
observations between the different timepoints may 

suggest that specific interactions occur in a time- 
dependent manner for Cebpa and Cebpb.

Discussion

AT consists of various cell types, with adipocytes as the 
major cell type present in mature tissues. Progenitor 
populations of stem cells and preadipocytes are also 
present. These latter cells can differentiate into various 
cell types, including adipocytes and its corresponding 
subtypes. Proliferation and differentiation of preadipo
cyte to mature cells continually sustain and maintain 

Figure 4. Degrees of centrality and GO term of DEGs.
(A) Top right panel: List of the top 30 genes with the highest degrees in the PPI network. (B) GO term biological processes annotation of the 
top 30 genes with the highest degrees in the PPI network. Number of genes displayed adjacently to in each enrichment bar chart. False 
dependent rate, represented as P-adj values, are normalized to -log10(P-adj). 

ADIPOCYTE 9



AT function. AT is present throughout the life cycle, 
and 50% of human subcutaneous fat cells are renewed 
every 8 years [49], illustrating the necessity of dynamic 
adipocyte replenishment through adipogenesis. 
Furthermore, from a global public health perspective, 
dysfunction of AT is linked to chronic diseases/disorder 
(i.e. obesity, cardiovascular diseases, diabetes) [4]. 
Therefore, the study of adipogenesis in vitro at mole
cular and mechanistic levels is essential for develop
ment of better therapeutic targets. Many studies that 
elucidate the processes of adipogenesis have used dif
ferent cell lines, such as 3T3-L1, 3T3-F442A, MSCs, 
murine and human adipose stem cells (ASCs), and 
MEFs [16,28–34]. Some of these same models have 
also been used to explore transcriptomic aspects of 
adipogenesis [16,19,20,50–52]. Though MEFs have 
been used extensively, yet little is known about the 
dynamics of adipogenesis at a global gene level.

MEFs are fibroblasts derived and isolated from mouse 
embryos. When cultured in vitro, MEFs display spindle- 
like features that are typical of many fibroblasts [53–55]. 

MEFs are used extensively as a cellular ‘scaffolding’ tool in 
stem cell biology in maintaining the growth of primitive 
undifferentiated cells such as mouse- and human-induced 
pluripotent or embryonic stem cells [55,56]. Moreover, in 
addition to adipocytes, MEFs display multilineage differ
entiation ability for the production of effector cell types, 
including osteocytes, chondrocytes and neurons [32–34,
57–59]. Most studies of adipocytes illustrate MEF adipo
genic potential through observation of cellular 
morphological changes, such as lipid accumulation dur
ing differentiation, or by evaluating endogenous expres
sion of known gene markers. In this study, MEFs were 
also observed to develop morphological changes asso
ciated with adipogenesis. MEFs accumulated lipids, 
shown by ORO staining, known to target lipid triglyceride 
droplets [28,29,60]. This accumulation was measured 
quantitatively with spectrophotometry [60]. Temporal 
lipid accumulation was assessed at 0, 3, and 5 days in 
cells in non-treated, basal medium, and differentiation 
medium groups. These time points were chosen due to 
sufficiency of lipid formation in MEFs when exposed to 

Table 2. List of top 30 genes from the combined GO enriched terms related to fat or adipose develop
ment with the highest degrees.

Gene Degree Betweenness Centrality Closeness Centrality

Akt1 39 0.349267949 0.558282209
Gsk3b 23 0.230773486 0.478947368
Adipoq 21 0.101481567 0.484042553
Cebpa 21 0.072597239 0.484042553
Ccnd1 19 0.037552824 0.431279621
Ppargc1a 18 0.058255074 0.473958333
Ucp1 17 0.069045931 0.443902439
Slc2a4 17 0.041064493 0.473958333
Fabp4 16 0.063222749 0.443902439
Retn 15 0.073056209 0.443902439
Vegfa 15 0.041259118 0.446078431
Cebpb 14 0.041960465 0.455
Lpl 14 0.035363403 0.433333333
Scd1 14 0.022728141 0.433333333
Xbp1 11 0.027885025 0.397379913
Sod2 11 0.020179777 0.411764706
Wnt10b 11 0.01764364 0.411764706
Dgat2 10 0.003315263 0.380753138
Sfrp1 9 0.026403149 0.402654867
Klf4 9 0.015950399 0.40990991
Snai2 9 0.009428429 0.399122807
Adrb3 8 0.043638075 0.365461847
Med1 8 0.03520591 0.364
Nr4a1 7 0.032993776 0.393939394
Hdac6 7 0.008801478 0.399122807
Sfrp2 7 0.001072164 0.393939394
Trib3 6 0.012293217 0.400881057
Gata2 6 0.006169094 0.380753138
Atf2 6 0.003927372 0.40990991
E2f1 6 1.14E-04 0.397379913

Table 3. GO terms under biological processes category of the top 30 genes with the highest interaction degree.
ID GO Term FDR Gene Count

GO:0045444 fat cell differentiation 5.38E-49 28
GO:0045598 regulation of fat cell differentiation 1.23E-24 16
GO:0051240 positive regulation of multicellular organismal process 3.36E-18 25
GO:0009893 positive regulation of metabolic process 2.22E-16 28
GO:0010033 response to organic substance 4.49E-16 26
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differentiation factors, as observed previously [16]. Where 
continues incubation of MEFs with differentiation factors 
can lead continuous cell death [16], which will have biases 
towards exploring RNA-Seq data especially when target
ing DEGs related to adipocyte or fat formation. Thus, 

a beginning (day 0), intermediate (day 3), and 
a terminal (day 5) time point was designated for this 
study. Further to this, the change from differentiation 
media to basal media was used to revive existing formed 
fat cells and explored its genotypic nature via 

Figure 5. Verification of Cebpa and Cebpb gene expression and their association to other gene networks.
(A) Quantitative RT-PCR analysis of Cebpa and Cebpb gene during corresponding timepoints based on mRNA fold induction level and 
represented in log2 scaled form (n = 3; **P-Value<0.05; ***P-Value<0.01; N. S = not significant). (B) and (C) represent gene network 
associate’s models (from BioGRID) of Cebpa (upper panel in both B and C) and Cebpb (lower panel in both B and C) at MEFD3plu/MEFD3min 
and MEFD5plu/MEFD5min, respectively. Blue nodes are genes not represented in based on designated DEGs cut-off of P-adj<0.05; whereas 
colour nodes are genes identified based on cut-off. Varied colour intensities of nodes are based on log fold changes in each MEFD3plu/ 
MEFD3min and MEFD5plu/MEFD5min (legend displayed under each panel condition). 
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transcriptome analysis. The differentiation media used in 
this study contained known inducing factors, including 
dexamethasone, insulin and 3-isobutyl-1-methylxanthine 
(Figure 1a). Although non-homogenous in lipid content, 
a positive linear increment in lipid droplets was seen in 

treated as opposed to non-treated cells. In parallel, similar 
increments were observed at the gene level with the 
expression of a lipolytic protein secreted during adipo
genesis that is an in vivo feature of adipocytes including 
aP2, Lpl, and Adipoq [41,42,61]. Consistent with other 

Table 4. List of DEGs observed gene interaction network of Cebpa at MEFD3plu/MEFD3min highlighting interaction type, expression 
fold change (*) and its significance (**), and significance of interaction (***).

Gene Interactor Type log2FC* p-adj** p-value***

Trib1 protein 1.2757261 9.53E-23 6.49E-24
Trib2 protein 0.2484696 0.04149 0.01775
Sptan1 protein 0.26594904 0.00596 0.002058
Ppp1cb protein −0.4120228 5.99E-04 1.71E-04
Rfc2 protein −0.2496849 0.019862 0.007769
Rfc3 protein −0.8750908 1.63E-12 1.98E-13
Hdac1 protein −0.231246 0.022799 0.009052
Rb1 protein 1.30318645 1.01E-20 7.64E-22
Nxf1 protein 0.63601371 1.04E-09 1.56E-10
Cebpa protein 4.81411526 1.00E-217 1.77E-220
Smarca2 protein −1.3234689 3.98E-26 2.35E-27
Ftsj3 protein 0.69734207 3.12E-17 2.79E-18
Baz1a protein 1.99860891 4.25E-116 2.82E-118
Myh9 protein −0.7849686 1.03E-05 2.31E-06
Rrp12 protein 1.58576883 1.57E-31 7.57E-33
Top1 protein 0.46255199 1.14E-07 2.08E-08
Nol10 protein 1.13983894 3.93E-30 2.01E-31
Myl6 protein −0.7482239 2.99E-06 6.31E-07
Rbm39 protein 0.18459507 0.004078 0.001357
Safb2 protein 0.60948244 0.004773 0.001614
Mogs protein 0.30945873 0.003998 0.001328
Hdgfrp2 protein 0.62443954 1.88E-09 2.89E-10
Thoc1 protein 0.39876251 8.96E-04 2.63E-04
Ddx54 protein 0.39217318 0.009873 0.003584
Rps14 protein −0.567406 0.003773 0.001246
Dbt protein 1.59614098 3.93E-72 6.53E-74
Rad21 protein 0.75176143 4.90E-27 2.78E-28
Vcp protein 0.29103786 1.91E-04 5.04E-05
Snrnp70 protein 0.23742331 0.013863 0.00521
Rps4x protein −0.4086177 0.03141 0.012959
Pycr2 protein 0.45103967 3.71E-05 8.92E-06
Nup93 protein 0.35399945 1.82E-05 4.23E-06
Cdk1 protein −0.4306966 0.006843 0.002392
Rrp1b protein 0.66632741 5.26E-07 1.02E-07
Rps9 protein −0.321918 0.049547 0.021691
Rpn1 protein −0.2017011 0.034541 0.014447
Urb1 protein 1.60300755 7.14E-21 5.33E-22
Prpf4 protein 0.48240813 2.17E-10 3.07E-11
Gnb2 protein −0.4569276 2.17E-08 3.67E-09
Cebpb protein 2.58063756 2.81E-74 4.55E-76
Cdk4 protein −0.5755136 2.25E-09 3.49E-10
Nop56 protein 0.69728026 2.17E-17 1.93E-18
Wdr5 protein 0.3714022 0.001612 4.95E-04
Ncoa3 protein −0.5646985 7.84E-04 2.27E-04
Nat10 protein 0.65085853 1.00E-07 1.82E-08
Sap18 protein −0.2742982 0.011004 0.004035
Pdcd11 protein 0.8869514 1.21E-15 1.20E-16
Rnps1 protein 0.20642294 0.018317 0.007094
D19Bwg1357e protein 0.4227897 1.77E-05 4.12E-06
Ppp1ca protein −0.5479237 2.22E-09 3.44E-10
Psmd10 protein −0.4338942 0.005316 0.001815
Asun protein 0.55150708 4.18E-10 6.09E-11
Smarcd2 protein 0.53243808 1.99E-09 3.06E-10
Jdp2 protein −0.3267 2.78E-04 7.52E-05
Zfr protein −0.3860526 1.97E-08 3.32E-09
Usp39 protein 0.55563991 9.52E-08 1.72E-08
Pnn protein 0.28073899 3.49E-05 8.37E-06
Lig3 protein −0.3791107 4.94E-06 1.07E-06
Stag1 protein −0.2677141 7.20E-06 1.59E-06
Nol6 protein 1.06249421 6.54E-10 9.71E-11
Rpl27 protein 0.52704131 7.16E-04 2.06E-04
Lmnb1 protein −0.4357547 3.02E-07 5.74E-08
Srsf5 protein 0.54713539 5.07E-08 8.93E-09
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studies, the present study observed formation of adipo
cyte-like features in vitro from MEFs under exposure of 
enhancing adipogenic factors. However, due to 

heterogenous population observed in MEFs, these obser
vations do suggest that 3T3-L1 still remains to be an 
optimum model to study the functional aspect of 

Table 5. List of DEGs observed gene interaction network of Cebpb at MEFD3plu/MEFD3min highlighting interaction 
type, expression fold change (*) and its significance (**), and significance of interaction (***).

Gene Interactor Type log2FC* p-adj** p-value***

Gsk3b protein 0.335455 0.032383 0.013407
Rnf41 protein −0.54613 5.60E-10 8.27E-11
Cebpa protein 4.814115 1.00E-217 1.77E-220
Cebpb protein 2.580638 2.81E-74 4.55E-76
Mapk14 protein 0.916537 5.96E-16 5.79E-17
Zbtb7b protein 0.591735 2.56E-10 3.65E-11
Med1 protein 0.428216 1.34E-04 3.47E-05
Ptges2 protein 1.653227 4.54E-71 7.80E-73
Hdac1 protein −0.23125 0.022799 0.009052
Rb1 protein 1.303186 1.01E-20 7.64E-22
Runx1t1 protein −0.9588 3.32E-10 4.78E-11

Table 6. List of DEGs observed gene interaction network of Cebpa at MEFD5plu/MEFD5min highlighting interaction 
type, expression fold change (*) and its significance (**), and significance of interaction (***).

Gene Interactor Type log2FC* p-adj** p-value***

Trib3 protein 0.62449 7.01E-09 7.70E-10
Rfc3 protein −0.25539 0.048608 0.019505
Ppp2r1a protein −0.55163 7.48E-10 7.29E-11
Cebpa protein 4.299336 4.97E-154 8.77E-157
Srsf4 protein −0.71501 1.64E-04 3.54E-05
Rbl2 protein −0.19147 0.025235 0.009225
Baz1a protein −0.5383 2.02E-09 2.05E-10
Ncoa6 protein −0.51589 0.001752 4.70E-04
Myh10 protein −1.32786 1.51E-29 3.04E-31
Sin3a protein −0.37961 7.85E-05 1.59E-05
Top2a protein −0.42784 1.12E-05 1.94E-06
Lbr protein −0.35716 3.73E-05 7.13E-06
Noc2l protein −0.85171 2.70E-20 9.75E-22
Mogs protein −0.35443 0.001064 2.72E-04
Thoc2 protein 0.384034 8.54E-06 1.45E-06
Dbt protein 1.698034 8.17E-83 4.16E-85
Vcp protein −0.42803 2.42E-08 2.85E-09
Sox9 protein −1.40303 2.12E-19 8.20E-21
Cdk2 protein −0.52525 1.26E-11 1.00E-12
Rrp1b protein −1.08066 1.60E-16 7.82E-18
Rfc5 protein −0.70548 4.01E-11 3.37E-12
Rpn2 protein −0.39428 2.39E-06 3.72E-07
Urb2 protein −0.79985 2.51E-09 2.59E-10
Cebpb protein 0.906327 2.56E-09 2.65E-10
Cdk5 protein 0.307689 0.016229 0.005596
Wdr6 protein −0.38057 0.020667 0.007347
Ncoa4 protein 1.158724 4.86E-14 3.00E-15
Psmd11 protein −0.22202 4.70E-04 1.11E-04
Zfr protein 0.340658 1.25E-06 1.87E-07
Polr2a protein −1.31882 2.31E-08 2.71E-09
Mcm5 protein −1.02184 2.44E-25 6.26E-27
Med24 protein −0.57037 1.56E-04 3.35E-05
Stag2 protein 0.404364 3.07E-04 7.00E-05
Lmnb2 protein −0.81254 6.14E-14 3.83E-15

Table 7. List of DEGs observed gene interaction network of Cebpb at MEFD5plu/MEFD5min highlighting interaction 
type, expression fold change (*) and its significance (**), and significance of interaction (***).

Gene Interactor Type log2FC** p-adj** p-value***

Gsk3b protein −0.35866 0.023695 0.008603
Sin3a protein −0.37961 7.85E-05 1.59E-05
Cebpa protein 4.299336 4.97E-154 8.77E-157
Cebpb protein 0.906327 2.56E-09 2.65E-10
Kmt2d protein −0.98662 1.30E-04 2.76E-05
Zbtb7b protein 0.343908 5.57E-04 1.34E-04
Ptges3 protein −0.3568 3.20E-04 7.32E-05
Bhlhe41 protein −1.80327 3.02E-11 2.51E-12
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adipogenesis and its metabolism. Yet, MEFs use as 
a model in AT development can be further explored and 
potentially utilized to study adipogenesis.

The ultimate aim of this study was to explore global 
gene expression controlled in vitro experiments. The 

study included analysis of transcriptome data based on 
statistical significance and ranking methods (RRA). 
Analysis of collected data offers valuable insight, biologi
cally and clinically, to adipogenesis in a systematic fash
ion. Non-treated and treated MEFs showed distinct cell 

Figure 6. PPI network of Cebpa and Cebpb in relation to identified DEGs.
(A) Left panel: a merged PPI network of Cebpa and Cebpb and direct associated nodes, identified as DEGs in MEFD3plu/MEFD3min. Chart highlighting 
level of interaction degrees of all nodes corresponding to adjacent PPI network map. (B) Left panel: a merged PPI network of Cebpa and Cebpb and 
direct associated nodes, identified as DEGs in MEFD5plu/MEFD5min. Right panel: Chart highlighting level of interaction degrees of all nodes 
corresponding to adjacent PPI network map. (C) Metric heatmap, based on VST normalization, displaying identified DEGs with direct interactions 
with Cebpa and Cebpb of all timepoints. (D) Biological features DEGs identified correspond to or play a functional role. 

Table 8. List of primers.
Gene Primer Sequence (5ʹ-3ʹ)
Cebpa F AAACAACGCAACGTGGAGA

R GCGGTCATTGTCACTGGTC
Cebpb F ATCGACTTCAGCCCCTACCT

R TAGTCGTCGGCGAAGAGG
Fabp4 (aP2) F GGATGGAAAGTCGACCACAA

R TGGAAGTCACGCCTTTCATA
Lpl F GGGAGTTTGGCTCCAGAGTTT

R TGTGTCTTCAGGGGTCCTTAG
Adipoq F TGTTCCTCTTAATCCTGCCCA

R CCAACCTGCACAAGTTCCCTT
βactin F CATTGCTGACAGGATGC

R TGCTGGAAGGTGGACA
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morphology, based on lipid accumulation, and expression 
of aP2, Lpl, and Adipoq. This finding is reflected in 
transcriptome data, where correlation analysis, according 
to distance heatmap and PCA plots, showed tight cluster
ing between samples and corresponding replicates. The 
largest differences were found among treatment condi
tions and, to a lesser extent, with time. Thus, global 
changes do occur in the presence of inducers, as pre
viously described.

Comparative pairwise analysis between treatments ver
sus their undertreated counterpart (i.e. MEFD3plu/ 
MEFD3min and MEFD5plu/MEFD5min) was used to 
identify DEGs. A p-adj cut-off value <0.05 was applied to 
eliminate nonsignificant fold expression and select genes in 
an unbiased fashion. The approach selects significant 
changes regardless of fold induction. A total of 9186 and 
8226 DEGs were identified in MEFD3plu/MEFD3min and 
MEFD5plu/MEFD5min, respectively. These slight yet vari
able numbers between timepoints suggest that some genes 
are expressed at specific times during adipogenesis. 
Previous studies illustrate the formation of different sub
types of adipocytes (i.e. brown, white, and beige) during 
adipogenesis. White adipocytes are formed earlier than 
brown adipocytes [2,5,62,63]. Data from the present study 
will require further analysis to determine if the same is true 
for MEFs as they differentiate into adipocytes in vitro. 
Moreover, linking the latter to epigenetic regulation 
would be useful for complete understanding of MEF adi
pogenic potential [11,64,65]. However, this study focused 
on DEGs (5314) that commonly changed globally at differ
ent timepoints. GO term analysis of these DEGs showed 
significant enrichment for genes involved in fat cell differ
entiation and adipose tissue development. The GO terms 
associated with fat differentiation and AT development, 
119 DEGs, was further analysed. The generated heatmap 
showed significant upregulation exclusively in treated cells 
for key genes known to be involved in adipogenesis [66–
66–82], including Mrap, Adig, Ffar2, Fabp4 (aP2), Slc2a4, 
Lrg1, Zbtb16, Rorc, Lpl, Rarres2, Wfdc21, Adrb2, Adrb3, 
Steap4, Retn, Adipoq, Cebpa, Cebpb, Cebpd, Lamb3, Rgs2, 
Scd1 and Fam57b. Interesting, when filtering key terms 
associated towards differentiation, there was significant 
enrichment terms that were linked towards fat develop
ment. This can suggest the potent effectiveness of inducing 
and driving the expression of pro-adipogenic genes at the 
biological level. However, analysis of other categories, such 
cellular components and/or molecular function, would 
further shed light mechanistically of adipogenesis in MEFs.

The magnitude of expression of DEGs might affect 
their capacity to affect adipogenesis. However, other 
factors may also play central roles in various processes, 
such as maintaining growth, proliferation, and func
tionality of adipocytes during differentiation. Hence, 

a PPI network of DEGs based on RRA [26] identified 
through the GO terms was constructed, and the top 30 
genes with the highest node degrees were selected. 
Several ranked genes are known to have major regula
tory roles in adipogenesis. These genes include protein 
kinase B (PKB) gene (Akt1) (the highest-ranked gene), 
known as a major contributor for maintaining adipo
cyte and adipose tissue mass through insulin signalling 
[83]. Moreover, glycogen synthase kinase 3-β gene 
(Gsk3b) was identified. This gene negatively regulates 
the Wnt pathway during lineage commitment towards 
adipogenesis in mouse embryonic stem cells. The gene 
product inhibits retinoic acid receptor β and negatively 
inhibits brown adipocyte programming [84,85]. 
Interestingly, cyclin D1 (Ccnd1), a cell cycle regulator 
that downregulates during the early phases of adipo
genesis in mesenchymal stem cells [86], is downregu
lated specifically in treated cells in the current study. 
Some DEGs, significantly induced with treatment, also 
showed high node degrees, including Adipoq, Cebpa, 
Slc2a4, Fabp4 (aP2), Retn, Scd1, Lpl, Cebpb and Adrb3. 
These genes are known as regulators of adipogenesis 
and are involved in lipid metabolism, transcription, and 
endocrine functions in adipocytes. Consistently, genes 
reported in this study reflect the magnitude of signal
ling necessary for adipogenesis and AT as functioning 
tissue. Results may support the use of MEFs as 
a cellular model for adipocyte differentiation in vitro. 
However, as mentioned previously, more in-depth 
study of GO terms in molecular function and cellular 
component categories, as well as KEGG pathways, 
might improve understanding of adipogenesis in MEFs.

Expression changes in key genes in the DEGs list of the 
GO term fat cell differentiation were further analysed for 
expression after treatment. Cebpa and Cebpb were selected 
based on their identification early in landscaping adipogen
esis [3,9,13,87,88] and showed expression consistent with 
RNA-Seq data. These transcription factors play an essential 
role in promoting adipogenesis, along with the master 
regulator Pparg [9]. However, these genes can also be 
detrimental to the expression of subtype specificity [88]. 
Such effects may be due to differential expression in a time- 
dependent manner, as observed in this study. Specifically, 
some genes show variable interaction profiles with one 
CEBP factor depending on timepoint (day 3 vs day 5). 
For instance, 63 and 34 gene interactions for Cebpa were 
observed to be differentially expressed with MEFD3plu/ 
MEFD3min and MEFD5plu/MEFD5min, respectively. 
Nine genes were observed to be common, and 54 and 25 
genes were distributed uniquely with MEFD3plu/ 
MEFD3min and MEFD5plu/MEFD5min conditions, 
respectively (Supplementary Figure 1a; Table 9). For 
Cebpb, 11 and 8 gene interactions were observed to be 

ADIPOCYTE 15



differentially expressed with MEFD3plu/MEFD3min and 
MEFD5plu/MEFD5min, respectively. Five genes were 
common, and six and three genes were distributed uniquely 
in MEFD3plu/MEFD3min and MEFD5plu/MEFD5min, 
respectively (Supplementary Figure 1b; Table 10).

The majority of genes and their interactions play pivotal 
roles in maintaining adipose tissue function and properties 
including lipid, glucose and caloric metabolism, regulation to 
adipocyte size and lineage commitment, epigenetic and gene 
transcription regulatory activities, and cell cycle regulation 
[86,89–105] (Supplementary Figure 4). For instance, the 
Gsk3b gene maintains adipogenic lineage commitment dur
ing differentiation of mouse embryonic fibroblasts [84] and 
shows the second-highest number of degrees in the PPI 
network. This gene was commonly observed in the current 
data at both timepoints, suggesting an important and con
served role in adipocyte differentiation. The marked sequen
tial changes in the expression of several genes during 
differentiation treatment suggest initiation or inhibition of 
various pathways for many biological functions. In light of 
this, several studies have noted, and demonstrated in vitro, 
the reduced proliferation activity during adipogenesis [86,
106–108]. For instance, the deletion of cyclin D1 (Cdk1) 
gene result in decrease expression of histone deacetylase 
(Hdac1) and increase of Pparg and therefore adipogenesis 
[109]. Although mitotic clonal expansion prior to adipogen
esis remains to have conflicting views [110], these mechan
isms have been characterized in murine models such as 3T3- 
L1 and mesenchymal stem cells [86,106]. In this study, 
similar trend of proliferation activity was observed in MEFs 
with Hdac1 downregulated at day 3 of differentiation along 
with Cdk1. These downregulation effects were restored back 
at day 5, suggesting that the differentiation cocktail might 
play a potent inhibitory role. Interestingly, the PPI data in 
this study showed Hdac1 to be highly ranked with 9 degrees 
at day 3, which also included direct interaction with Cebpa 
and Cebpb. Though the association of Hdac1 and Cebp 
family of transcription factors have been observed in MEFs 
[111], 3T3-L1 [112], and other cell lines [113], this study 

systematically identified Hdac1 having to play a pivotal role 
during adipogenesis in MEFs. Nonetheless, other factors 
identified here can attribute more to the nature aspect of 
adipogenesis in MEFs, which will require further analysis.

Conclusion

This study highlights roles of Cebpa and Cebpb in 
regulating adipogenesis through interactions of large 
numbers of genes. Their expression was regulated in 
this study in a time-dependent manner. Nonetheless, 
characterizing relationship among interaction of iden
tified genes with CEBP factors (or other pioneering 
factors) will be essential in future work. This study 
has demonstrated the strength in ranking method into 
stressing the most influential factors driving adipogen
esis in MEFs via transcriptome data. Systematic global 
gene expression changes during adipogenesis allow us 
to better understand this process for future therapeutic 
targeting. In addition to studying known model for 
adipogenesis, such as 3T3-L1 and mesenchymal stem 
cells, this study illustrates the use of MEFs to better 
understand adipogenesis from transcriptome data by 
identifying new key proteins that can potentially reg
ulate adipogenesis. As such, this study has systemati
cally noted the main factor that drive differentiation 
was due to reduction in proliferation activity given the 
downregulation of cell cycle regulated genes and its 
associates. Indeed, further analysis from this study 
data will be needed to decipher MEFs adipogenic 
potential.
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Table 9. List of DEGs from Venn diagram (Supplementary Figure 1) highlighting common and unique genes under interactions with 
Cebpa (Table 9) and Cebpb (Table 10) in timepoints MEFD3plu/MEFD3min and MEFD5plu/MEFD5min.

Conditions DEGs

Common between MEFD3plu/MEF3min and 
MEFD5plu/MEFD5min

Rfc3, Cebpa, Baz1a, Mogs, Dbt, Vcp, Rrp1b, Cebpb, and Zfr

Unique in MEFD3plu/MEF3min Trib1, Trib2, Sptan1, Ppp1cb, Rfc2, Hdac1, Rb1, Nxf1, Smarca2, Ftsj3, Myh9, Rrp12, Top1, Nol10, Myl6, Rbm39, 
Safb2, Hdgfrp2, Thoc1, Ddx54, Rps14, Rad21, Snrnp70, Rps4x, Pycr2, Nup93, Cdk1, Rps9, Rpn1, Urb1, Prpf4, 
Gnb2, Cdk4, Nop56, Wdr5, Ncoa3, Nat10, Sap18, Pdcd11, Rnps1, D19Bwg1357e, Ppp1ca, Psmd10, Asun, 
Smarcd2, Jdp2, Usp39, Pnn, Lig3, Stag1, Nol6, Rpl27, Lmnb1 and Srsf5

Unique in MEFD5plu/MEFD5min Trib3, Ppp2r1a, Srsf4, Rbl2, Ncoa6, Myh10, Sin3a, Top2a, Lbr, Noc2l, Thoc2, Sox9, Cdk2, Rfc5, Rpn2, Urb2, Cdk5, 
Wdr6, Ncoa4, Psmd11, Polr2a, Mcm5, Med24, Stag2, and Lmnb2

Common between MEFD3plu/MEF3min and 
MEFD5plu/MEFD5min

Gsk3b, Cebpa, Cebpb, Zbtb7b and Ptges2

Unique in MEFD3plu/MEF3min Rnf41, Mapk14, Med1, Hdac1, Rb1 and Runx1t1
Unique in MEFD5plu/MEFD5min Sin3a, Kmt2d and Bhlhe40
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