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Our previous study revealed that the treatment of 5-aza-2-deoxycytidine (5-aza) inhibited while treat-
ment of suberoylanilide hydroxamic acid (SAHA) enhanced the adipogenic differentiation of MG-63 cells.
In this study, we examined the transcriptomic profiles of the derived adipocyte-like cells from MG-63
cells in the presence of 5-aza (Treatment 1) and SAHA (Treatment 2). Genome wide expression analysis
showed high within sample variability for the adipocytes derived with 5-aza versus vehicle. Additionally,
the expression profile of 5-aza derived cells was separated from the other sample groups. Differential
analysis on the pairwise comparison of 5-aza versus control and SAHA versus 5-aza identified 1290
and 1086 differentially expressed (DE) genes, respectively. Furthermore, some overlap was observed
between the up and down-regulated DE genes of 5-aza versus control and SAHA versus control (jaccard
score 0.3) as well as between the differentially regulated genes of 5-aza versus control and 5-aza versus
SAHA (jaccard score 0.29). A total of 73 transcription factors (TFs) were differentially expressed across all
the pair wise comparisons with some overlap between the under and over expressed TFs of 5-aza versus
control and 5-aza versus SAHA (jaccard score 0.29). Unsupervised clustering of TFs showed that the sam-
ples within the group are consistent in expression and the samples cluster in accordance with the group.
Several GO terms related to enhanced adipogenesis such as neutral lipid biosynthetic process, lipid

metabolic processes, cellular amide metabolic processes and cellular carbohydrate metabolic processes
were enriched in the down regulated genes of 5-aza derived adipocytes versus control, indicating 5-
aza inhibit the adipogenic differentiation of MG-63 cells. GSEA analysis on selected gene sets of MAPK
and PI3K signaling pathway in MSigDB identified the pathways were up-regulated in 5-aza versus con-
trol. This study revealed that inhibition of MG-63 adipogenesis due to 5-aza treatment is associated with
large transcriptomics changes and further research is needed to unravel the roles of these genes in the
adipogenesis.
� 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Obesity is pandemic and more population are suffering from the
disorder in the developed countries. It is essential to know the
molecular mechanisms that are responsible for adipogenesis.
Suberoylanilide hydroxamic acid (SAHA) inhibits the histone
deacetylases enzymes and inhibition of these enzymes prevent
the acetyl groups removal from histones. The acetylation of histone
relaxes the interaction of histone with DNA thereby enhances the
transcription (Roth and Allis, 1996; Jones and Takai, 2001). The
application of HDAC inhibitors is usually associated with enhanced
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expression of certain genes that may induce stem cell differentia-
tion as well as cellular determination and commitment during
development. Histone deacetylase (HDAC) inhibitors induce cell
cycle arrest (Sandor et al., 2000); regulate apoptosis (Kim and
Bae, 2011) and affects signaling pathways (Blaheta and Cinatl,
2002; Yuan et al., 2001).

HDACs inhibitors also regulate somatic cells differentiation into
induced pluripotent stem cells (Higuchi et al., 2015). As acetylation
of histone relaxes the interaction between histone and DNA, his-
tone acetylation leads to activation of related genes. Interestingly,
histone acetylation is expected to affect 2–10% of all genes in a cell
(Mariadason et al., 2000). Hence the differential regulation of these
genes affects the derivation of induced pluripotent stem cells or
the differentiation into certain lineages.

5-Aza-2-deoxycytidine (5-aza) is a DNA methylation inhibitor
and regulate genes that are responsible for derivation of mature
cell types. One the other hand, genes that regulate the histone
modifications are involved in early development. DNA methylation
changes is one of the mechanisms that regulate gene expression
without changes in DNA sequences (Jones and Takai, 2001). Fur-
thermore, DNA methylation inhibitor has also roles in stem cells
reprogramming. DNA demethylation may lead to the activation
of silent genes that may affect stem cells differentiation. The repro-
graming of somatic cells into induced pluripotent cells was
reported to be regulated by DNA methylation (Chen et al., 2015).

Several studies have reported that 5-aza regulates the stem
cells differentiation. For example, 5-aza enhanced the differentia-
tion of mesenchymal stem cells into the osteoblastic lineage as
well as insulin secreting cells (El-Serafi et al., 2011; Elsharkawi
et al., 2020).

In our previous study, we reported that HDAC inhibitor
enhances while 5-aza inhibits the differentiation of adipocytes
from MG-63 cells (El-Serafi et al., 2019). MG-63 is osteosarcoma
cell line and has analogous differentiation potential as of mes-
enchymal stem cells.

To unravel the molecular mechanisms of the enhanced and
inhibited differentiation of MG-63 cells into adipocytes with SAHA
and 5-aza respectively, the transcriptomic profiles of adipocytes
were compared derived with treatment of the two epigenetic
modifiers.

mRNA sequencing is a robust method and can unravel many
genes that are differentially expressed (Khan et al., 2020). Hence,
we have investigated the transcriptomics of adipocytes derived
with and without the treatments of 5-aza and SAHA by mRNA
Fig. 1. Schematic diagram illustrating the plan of the study. Before adipogenic differe
(treatment 2) and DMSO (vehicle) for three consecutive days. The treated MG-63 cells we
derived adipocytes for mRNA sequencing. mRNAs were sequenced from the pair ends a
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sequencing. This method has identified the genes that are involved
in the enhanced and inhibited differentiation of adipocytes which
may be possible therapeutic targets in the treatment of obesity.

2. Methods and material

2.1. mRNA samples

mRNA samples extracted from MG-63 derived adipocyte-like
cells as described in our earlier study (El-Serafi et al., 2019), were
sent for mRNA sequences. The Fig. 1 depicts the flow diagram of
the experiment. MG-63 cells were differentiated in the presence
of 5-aza (treatment 1), SAHAH (treatment 2), Vehicle (DMSO)
and control (PBS).

2.2. Total RNA extraction and illumina cDNA library preparation

The mRNA stranded library was prepared and Nextseq�500
Sequencing System (Illumina, CA, USA) was used to perform mRNA
sequencing according to the manufacturer’s instructions. The
sequencer was set to perform a double-end sequence of 25 M reads
per sample.

2.3. Read pre-processing, QC, alignment and gene quantification

Prior to differential expression (DE) analysis, all the raw reads
were analyzed for contamination and sequencing quality. Any
trimming was done with BBDuk and subsequently reads were
aligned to latest reference genome (rn6) with GTF from Ensembl
(v99) using STAR aligner (Dobin et al., 2013). Aligned reads were
transformed into read counts per gene by RSEM tool (Li and
Dewey, 2011).

2.4. Differential expression analysis

Pairwise differential expression analysis was done with DESeq2
R package (Love et al., 2014) with control samples were used as
reference for individual experiments, except for the comparison
between 5-aza treatment and SAHA treatment where 5-aza treat-
ment was used as the reference. The expression counts were scaled
and normalized to correct the sequencing depth and batch differ-
ences among the samples. These normalized counts were then
used for differential expression analysis. Fold change values were
generated in log2 scale [log2(sample/control)] for contrasts 5-aza
ntiation, MG-63 cells were treated with PBS (control), 5-Aza (treatment 1), SAHA
re then differentiated into adipocytes-likes cells and mRNAs were extracted from the
nd further data analysis was performed.
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treatment (treatment 1) versus control, SAHA derived adipocytes
(treatment 2) versus control, vehicle versus control and SAHA
treatment (treatment 2) versus 5-aza treatment (treatment 1).
Genes having lower read count can generate higher values of fold
change; this may lead to possible false positives. For this reason,
the fold changes that were risen due to ratio between lower read
counts in samples were adjusted by employing fold change shrink-
age estimator approach from DESeq2. Genes with adjusted p
value � 0.05 and log2 fold change of +1 or �1 were considered
as significantly up and down-regulated genes respectively.
2.5. GO enrichment analysis

GO analysis was performed on differentially regulated genes
from different analysis with the Cytoscape v3.6.1 (Shannon et al.,
2003) plug-in ClueGO v2.5.5 (Bindea et al., 2009). Statistically
enriched biological processes (updated on 20/05/2019) were func-
Fig. 2. (a) Principal component analysis (PCA) plot of samples: Samples are color coded b
based on similarity. Results above show that the treatment1 (5-aza) samples are well se
clustering: To illustrate the distance between samples and replicates, samples were clust
the dispersion rate of gene expression. Results show that the treatment 1 (5-aza) samples
(SAHA).

Table 1
List of top 20 significantly differentially expressed genes (treatment 1 versus control).

Ensembl Gene type Genes s

ENSG00000110446.11 protein_coding SLC15A3
ENSG00000107159.13 protein_coding CA9
ENSG00000134321.12 protein_coding RSAD2
ENSG00000163347.6 protein_coding CLDN1
ENSG00000187608.10 protein_coding ISG15
ENSG00000211445.12 protein_coding GPX3
ENSG00000183486.13 protein_coding MX2
ENSG00000235288.3 lncRNA AC0993
ENSG00000100889.12 protein_coding PCK2
ENSG00000070669.17 protein_coding ASNS
ENSG00000163739.5 protein_coding CXCL1
ENSG00000157601.14 protein_coding MX1
ENSG00000204379.11 protein_coding XAGE1A
ENSG00000119917.14 protein_coding IFIT3
ENSG00000196616.14 protein_coding ADH1B
ENSG00000168209.5 protein_coding DDIT4
ENSG00000123689.6 protein_coding G0S2
ENSG00000165949.12 protein_coding IFI27
ENSG00000149591.17 protein_coding TAGLN
ENSG00000078401.7 protein_coding EDN1
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tionally grouped according to their k-score, and the most signifi-
cant GO term of each group was used as summarizing GO term
for the group.

2.6. GSEA analysis

GSEA was performed as described earlier (Subramanian et al.,
2005) against the selected gene sets fromMAPK and PI3K signaling
in MSigDB with the ranking metric Signal2noise with 1000 geneset
permutations for statistical assessment of enrichment. Only terms
with an FDR � 0.25 were considered significant.

2.7. Pathway analysis

Pathway analysis was done with Reactome analysis tool
(Fabregat et al., 2017) for both up and down-regulated genes. Path-
ways with FDR � 0.05 were considered statistically significant.
ased on their group. PCA method was applied to assess the clustering of the samples
parated from the groups control and vehicle. (b) Unsupervised Hierarchical Sample
ered (hierarchical) based on the sample distance. This distance was calculated from
cluster together and are separated from the groups control, vehicle and treatment 2

ymbol Log2 FoldChange Adjusted P-value

5.34 2.85E�14
�3.74 2.66E�09
3.72 1.42E�62
5.12 7.25E�53
3.31 5.73E�29
3.29 7.80E�70
3.51 4.42E�35

29.1 7.91 9.95E�04
�3.19 1.82E�46
�3.18 4.01E�73
3.91 6.51E�25
3.13 5.07E�53
8.33 3.44E�06
3.06 1.58E�64

�3.43 2.63E�34
�3.02 4.06E�42
�3.04 9.46E�24
2.90 2.68E�49
3.74 2.25E�04
2.99 1.32E�31
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2.8. Transcription factor analysis

Genes reported to function as transcription factors were down-
loaded from TFcheckpoint database (Chawla et al., 2013) and
reported entrez gene ids were converted to corresponding Ensembl
ids using Ensembl Biomart.

3. Results

3.1. Genome-wide expression profiling

Fig. 1 depicts the study design of the study. The mapping and
quality statistics of the data is given in supplementary information
1. We assessed the overall similarity between the replicates using
Fig. 3. (A) GO terms enriched in upregulated genes in adipocytes derived with Treatme
upregulated genes in adipocytes derived with 5-aza to find GO terms that are significantly
step down) are reported in x-axis. Size of the dots shows the percentage of genes associa
down regulated genes in adipocytes derived with Treatment 1 versus control. Hypergeom
aza to find statistically significant GO terms. These GO terms are shown in y-axis and the a
dots represent the percentage of genes associated with the GO term identified in the do
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Principal Component Analysis (PCA) (Fig. 2A) and unsupervised
hierarchical clustering using distance matrix (Fig. 2B).

Overall, the result shows that the Treatment 1 (5-aza) are well
separated from all the groups. There is some variability within the
two groups – Treatment1 and the Vehicle. Given these observa-
tions all the differential analysis was hence performed as pairs
instead of all groups together.

3.2. Transcriptomic analysis of 5-aza derived adipocytes versus control
adipocytes (treatment 1 versus control)

3.2.1. Differentially expressed genes expressed
A total of 1, 290 genes are differentially expressed (Table 1 and

supplementary information 2) with a comparable number of up
nt 1 (5-aza) versus control adipocytes. Hypergeometric test was performed on the
enriched. They are shown in y-axis and the associated adjusted p-value (Bonferroni

ted with the GO term identified in the up-regulated genes. (B) GO terms enriched in
etric test was also performed on down regulated genes adipocytes derived with 5-
ssociated adjusted p-value (Bonferroni step down) are reported in x-axis. Size of the
wn-regulated genes.



Table 2
List of significantly enriched pathways and biological process with 5-aza pretreatment (treatment 1), in comparison to the control. ES and NES refers to enrichment score and
normalized enrichment score respectively.

MSigDB Gene Set SIZE ES NES FDR q-val

GO_ACTIVATION_OF_MAPK_ACTIVITY 149 0.62 1.36 0.10
GO_POSITIVE_REGULATION_OF_MAP_KINASE_ACTIVITY 256 0.61 1.37 0.10
GO_INACTIVATION_OF_MAPK_ACTIVITY 27 0.78 1.41 0.11
PID_PI3K_PLC_TRK_PATHWAY 36 0.69 1.32 0.12
GO_REGULATION_OF_MAP_KINASE_ACTIVITY 334 0.61 1.38 0.12
GO_ACTIVATION_OF_MAPKK_ACTIVITY 54 0.66 1.32 0.14
GO_NEGATIVE_REGULATION_OF_MAP_KINASE_ACTIVITY 77 0.69 1.43 0.15
REACTOME_CONSTITUTIVE_SIGNALING_BY_ABERRANT_PI3K_IN_CANCER 75 0.62 1.27 0.16
GO_PHOSPHATIDYLINOSITOL_3_KINASE_SIGNALING 147 0.56 1.22 0.24
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(667) and down-regulated (623) genes in adipocytes derived with
5-aza compared with control. The top 20 significantly differentially
expressed genes are listed in Table 1. All of the differentially regu-
lated genes are listed in supplementary information 2.
3.2.2. GO enrichment analysis
Non-redundant GO terms, post semantics similarity, that are

significantly over represented in the list of up and down regulated
genes in 5-aza treatment are shown in Fig. 3A and B respectively.
3.2.3. GSEA enrichment analysis
GSEA analysis identified 9 pathways / biological process from

selected gene sets of MAPK and PI3K signaling from MSigDB that
Fig. 4. Gene set enrichment analysis: Top 6 significantly enriched gene sets from the list
Treatment 1 (5-aza) are reported for gene expression analysis of Treatment 1 versus Co
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are enriched and up-regulated in 5-aza treatment (Table 2 and
Fig. 4) on the expression dataset of 5-aza treatment versus Control.

3.2.4. Pathway enrichment analysis
Pathway enrichment analysis identified 16 significantly (�0.05

FDR) overrepresented pathways in the Reactome database for up-
regulated genes in 5-aza treatment, treatment 1, (Fig. 5). However,
for the down-regulated genes no pathways were significantly
enriched.

3.2.5. Transcription factor analysis
A total 59 transcription factors (TFs) are differentially

expressed: 33 were upregulated in 5-aza treatment, treatment 1,
while 26 were downregulated (Supplementary information 2).
of selected MAPK and PI3K signaling gene sets of MSigDB up-regulated in phenotype
ntrol.



Fig. 5. Pathways enrichment in upregulated genes in adipocytes derived with treatment 1 (5-aza) versus control adipocytes. Shown are the pathways in Reactome database
significantly enriched for upregulated genes in Treatment 1 (5-aza). Pathway names are shown in the y-axis and the percentage of genes associated with the enriched
pathway are reported in the x-axis. Colour gradient corresponds to FDR.

Fig. 6. Hierarchical clustering of differentially expressed transcription factors between control and treatment 1 (5-aza) derived adipocytes. Differentially expressed and
statistically significant transcription factors are shown. The color scale bar indicates z-score values after z-score row normalization. Heatmap was generated using pheatmap
package from R.
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Table 3
List of significantly differentially expressed genes (Treatment 2 versus Control).

Ensembl Gene type Genes symbol Log2 FoldChange Adjusted P-value

ENSG00000135744.8 protein_coding AGT �1.88 6.65E�26
ENSG00000196275.14 protein_coding GTF2IRD2 �3.08 5.23E�08
ENSG00000180071.20 protein_coding ANKRD18A 3.83 8.20E�04
ENSG00000261771.5 lncRNA DNAAF4-CCPG1 �9.15 1.09E�05
ENSG00000283765.1 protein_coding AC131160.1 8.01 3.91E�04
ENSG00000242288.9 lncRNA AC022400.3 8.26 2.49E�04
ENSG00000224597.10 transcribed unprocessed pseudogene SVIL-AS1 1.49 5.50E�08
ENSG00000137869.15 protein_coding CYP19A1 �1.42 2.32E�04
ENSG00000229314.5 protein_coding ORM1 �1.18 2.70E�06
ENSG00000249967.1 protein_coding AL355315.1 5.19 4.08E�02
ENSG00000257315.2 protein_coding ZBED6 1.34 1.04E�03
ENSG00000243414.5 protein_coding TICAM2 �1.14 7.92E�03
ENSG00000129988.6 protein_coding LBP �1.43 3.74E�02
ENSG00000196616.14 protein_coding ADH1B �1.01 1.73E�05

Table 4
Summary statistics of differentially regulated genes (Vehicle versus control).

Ensembl Gene type Genes symbol Log2 FoldChange Adjusted P-value

ENSG00000285053.1 protein_coding TBCE �2.40 5.51E�06
ENSG00000260537.2 protein_coding AC012184.2 �8.17 1.18E�02
ENSG00000261771.5 lncRNA DNAAF4-CCPG1 �8.99 1.44E�04
ENSG00000257315.2 protein_coding ZBED6 �8.86 1.81E�04
ENSG00000151967.18 protein_coding SCHIP1 �6.10 3.58E�02
ENSG00000288534.1 protein_coding AP001931.2 �1.52 2.64E�02
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Unsupervised clustering of TFs (Fig. 6) shows that the samples
within the group are consistent in expression and the samples
cluster in accordance with the group.

3.3. Transcriptomics analysis of SAHA derived adipocytes versus
control (Treatment 2 versus Control)

3.3.1. Differentially expressed genes
A total 14 genes are differentially expressed (6 up and 8 down)

in adipocytes derived with SAHA. The significantly differentially
expressed genes are shown in Table 3.

3.3.2. Enrichment analysis
Neither any GO term, nor any pathway was significantly

enriched in the differentially regulated genes. No selected MAPK
and PI3K signaling gene sets from the MSigDB was enriched in
Table 5
List of differentially expressed genes (Treatment 2 versus Treatment 1).

Ensembl Gene type Genes y

ENSG00000183486.13 protein_coding MX2
ENSG00000211445.12 protein_coding GPX3
ENSG00000110446.11 protein_coding SLC15A
ENSG00000157601.14 protein_coding MX1
ENSG00000163347.6 protein_coding CLDN1
ENSG00000134321.12 protein_coding RSAD2
ENSG00000108691.9 protein_coding CCL2
ENSG00000204379.11 protein_coding XAGE1A
ENSG00000070669.17 protein_coding ASNS
ENSG00000149591.17 protein_coding TAGLN
ENSG00000168209.5 protein_coding DDIT4
ENSG00000126709.15 protein_coding IFI6
ENSG00000163993.7 protein_coding S100P
ENSG00000100889.12 protein_coding PCK2
ENSG00000187608.10 protein_coding ISG15
ENSG00000117525.14 protein_coding F3
ENSG00000163739.5 protein_coding CXCL1
ENSG00000165949.12 protein_coding IFI27
ENSG00000170627.11 protein_coding GTSF1
ENSG00000078401.7 protein_coding EDN1

7342
any of the phenotypes – Treatment 2 and Control. Furthermore,
there was not any known transcription factors present among
the differentially expressed genes.
3.4. Transcriptomics analysis of adipocytes derived with DMSO and
control (Vehicle versus control)

3.4.1. Differentially expressed genes
A total 8 genes are differentially expressed; 2 were up and 6

were down regulated in vehicle. The significantly differentially
expressed genes are shown in table 4.
3.4.2. Enrichment analysis
Not any significantly enriched GO term was found in the differ-

entially expressed genes.
mbol Log2 FoldChange Adjusted P-value

�4.71 1.97E�57
�3.83 1.36E�83

3 �7.51 1.70E�15
�3.37 5.73E�57
�4.81 2.43E�49
�3.31 2.65E�45
�3.27 6.93E�58
�8.26 5.74E�06
3.03 3.00E�65
�3.95 6.85E�24
2.98 2.78E�42
�2.98 6.23E�61
�3.49 4.53E�08
2.83 1.06E�35
�2.78 3.53E�29
�2.93 1.18E�20
�3.32 8.48E�21
�2.74 1.74E�49
�6.06 1.25E�04
�2.88 1.00E�27
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Only Post–chaperonin tubulin folding pathway (FDR 0.036) was
enriched for down-regulated genes in Vehicle; no known transcrip-
tion factors were present among the differentially expressed genes.

3.5. Transcriptomics analysis of SAHA derived adipocytes versus 5-aza
derived adipocytes (Treatment 2 versus Treatment 1)

3.5.1. Differentially expressed genes
A total 1086 genes are differentially expressed; 507 were upreg-

ulate while 579 were downregulated in SAHA derived adipocytes.
Top 20 significantly differentially expressed genes are shown in
table 5. All of the differentially expressed genes between the two
treatments are listed in supplementary information 2.
Fig. 7. (A) GO terms enriched in upregulated genes in adipocytes derived with Treatmen
performed on the upregulated genes in adipocytes derived with SAHA to find GO terms th
value (Bonferroni step down) are reported in x-axis. Size of the dots shows the percentag
terms enriched in downregulated genes in adipocytes derived with Treatment 2 (SAH
performed on down regulated genes to find statistically significant GO terms. These GO te
are reported in x-axis. Size of the dots represent the percentage of genes associated wit
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3.5.2. GO enrichment analysis
Non-redundant GO terms, post semantics similarity, that are

significantly over represented in the list of up and down regulated
genes in adipocytes derived with SAHA are shown in Fig. 7A and B
respectively.
3.5.3. Pathway enrichment analysis
Pathway enrichment analysis identified 16 significantly (�0.05

FDR) overrepresented pathways in the Reactome database for
down regulated genes in adipocytes derived with SAHA (Fig. 8).
However, for the upregulated genes in SAHA derived adipocytes
no pathways were significantly enriched.
t 2 (SAHA) versus Treatment 1 (5-aza) derived adipocytes. Hypergeometric test was
at are significantly enriched. They are shown in y-axis and the associated adjusted p-
e of genes associated with the GO term identified in the up-regulated genes. (B) GO
A) versus Treatment 1 (5-aza) derived adipocytes. Hypergeometric test was also
rms are shown in y-axis and the associated adjusted p-value (Bonferroni step down)
h the GO term identified in the down-regulated genes in SAHA derived adipocytes.



Fig. 8. Pathway enrichment in upregulated genes in adipocytes derived with Treatment 2 (SAHA) versus Treatment 1 (5-aza) derived adipocytes. Shown are the pathways in
Reactome database significantly enriched for downregulated genes in Treatment 2 (SAHA). Pathway names are shown in the y-axis and the percentage of genes associated
with the enriched pathway are reported in the x-axis. Colour gradient corresponds to FDR.
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3.5.4. Transcription factor analysis
A total 49 of transcription factors (TFs) are differentially

expressed between 5-aza derived adipocytes and SAHA derived
adipocytes. Unsupervised clustering of TFs (Fig. 9) shows that the
samples within the group are consistent in expression and the
samples cluster in accordance with the group.

3.6. Summarizing DEs across all the sample comparison

We further assessed the common and uniquely differently
expressed genes across all the comparisons.

Fig. 10 shows that there is some overlap between the up and
down-regulated genes of 5-aza derived adipocytes versus control
adipocytes and SAHA derived adipocytes versus control adipocytes
(jaccard score 0.34) as well as between the down and up-regulated
genes of 5-aza derived adipocytes versus control adipocytes and 5-
aza derived adipocytes versus SAHA derived adipocytes (jaccard
score 0.33).

3.7. Summarizing differentially expressed transcription factors

We assessed the common and uniquely differently expressed
transcription factors (TFs) across all the comparisons (Fig. 11)
and observed some overlap between the over and under-
expressed TFs of 5-aza derived adipocytes versus control
adipocytes and SAHA derived adipocytes versus control adipocytes
(jaccard score 0.3) as well as between the under and over-
expressed genes of 5-aza derived adipocytes versus control adipo-
cytes and 5-aza derived adipocytes versus SAHA derived
adipocytes (jaccard score 0.29).
4. Discussion

The transcriptomic profiles revealed that 5-aza treatment regu-
lated vast number of genes which, in turn, inhibited the adipogenic
differentiation of MG-63 cells. While SAHA treatment do not regu-
late many genes but it enhanced the adipogenic differentiation of
MG-63 cells compared to control. It is known that 5-aza demethy-
late the genome and regulate genes. We have previously reported
that 5-aza inhibit the adipogeneic differentiation of the MG-63
cells (El-Serafi et al., 2019). In this study, we have assessed the
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changes in genes expression according to our treatments, through
a transcriptomic analysis approach. These epigenetic modifiers
regulate the cellular differentiation. The differentiation of MSCs
into osteoblasts and adipocytes are antagonizing events; a switch
to either lineage will inhibit the other linage differentiation (Li
et al., 2018). One study reported the inhibition of adipogenesis
with the treatment of 3T3 cells with 5-aza (Chen et al., 2016).
Other studies reported that DNA demethylation enhances the
osteoblastic differentiation of Human Periodontal Ligament Stem
Cells (Liu et al., 2016), as well as bone marrow derived stromal cells
(El-Serafi et al., 2011), suggesting that DNA methylation may inhi-
bit the adipogenic differentiation of the same cells.

Our transcriptomics study revealed that 5-aza regulates vast
number of genes during the inhibition of adipogenic differentiation
of MG-63 cells. Furthermore, the GO terms enriched in the upreg-
ulated genes in 5-aza derived adipocytes do not contain any adipo-
genesis related processes, confirming the reported adipopgenic
inhibition (Fig. 3A). On contrary, the GO terms enriched in the
down-regulated genes in adipocytes derived with the 5-aza con-
tained adipogenesis related GO terms such as neutral lipid biosyn-
thetic process, carboxylic acid metabolic processes, lipid metabolic
processes, cellular amide metabolic processes and cellular carbo-
hydrate metabolic processes (Fig. 3B). The genes enlisted in these
GO terms (supporting information 2) are down regulated in 5-
aza derived adipocytes compared with control adipocytes. All of
these genes are involved in metabolism which is a key characteris-
tic of adipocytes. It is not possible to describe the functions of all of
these gene listed in these specific enriched GO terms. However, to
illustrate the significance of these genes, we chose to elaborate
more the key genes in GO term of neutral lipid biosynthetic pro-
cess: ANG, DGAT2, FITM2, NR1H3, PCK1, PCK2, PLCE1 and SLC27A1
(supplementary information 2). All of these genes, downregulated
in 5-aza-derived adipocytes, are involved in lipid biosynthesis. One
of the main gene Diacylglycerol O-acyltransferases (DGAT2) is
involved in triacylglycerol metabolism (Bhatt-Wessel et al.,
2018). While FITM2 (Fat Storage Inducing Transmembrane Protein
2) is a storage protein and its abundance is affected in type 2 dia-
betes (Agrawal et al., 2019). The two isoforms PCK1 and 2 of phos-
phoenolpyruvate carboxy kinase are involved in the
gluconeogenesis; these enzymes are dysregulated in the obesity
and diabetes (Beale et al., 2007). Literature review of other genes
listed in the GO terms of carboxylic acid metabolic processes, lipid



Fig. 9. Hierarchical clustering of differentially expressed transcription factors between Treatment 1 (5-aza) and Treatment 2 (SAHA) derived adipocytes. Statistically
significant transcription factors are shown between SAHA and 5-aza derived adipocytes. The color scale bar indicates z-score values after normalization. Heatmap was
generated using heatmap package from R.
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metabolic processes, cellular amide metabolic processes and cellu-
lar carbohydrate metabolic processes reveal more adipogenic
related information. In the subset of these differentially expressed
genes there are specific transcription factors which should be stud-
ied further to completely understand the adipogenic differentia-
tion (Figs. 6 and 9). Although there are some overlaps among the
differentially expressed genes in these sets (Figs. 10 and 11), the
vast majorities of the differentially expressed genes are unique to
the specific sets.

GSEA was also performed on MAP kinase and PI3-akt pathways,
as these pathways were involved in enhanced adipogenesis, as
shown in our early study (Fayyad et al., 2019). The GSEA showed
that both pathways were upregulated in adipocytes derived with
5-aza treatment (Fig. 4), contrary to our finding in a previous study.
However, in the previous study, adipogenic differentiation of
immortalized human mesenchymal stromal cells (iMSC3) was
studied. Hence, it can be concluded that the antagonizing roles of
7345
the two pathways during the adipogenesis is due to the different
nature of the two cell types. Same signaling pathways may have
different even antagonizing effects in different cells. A study on
pancreatic cancer has also showed a role for DNA methylation in
the regulation of MAP-kinase pathway (Wang et al., 2013). Another
study has also revealed that DNA methylation upregulate the PI-3
kinase and ERK1 pathways in human fibrosarcoma (Yu and Kim,
2016). In our study the DNA demethylation of MG-63, using our
application protocol, would have affected these pathways as these
pathways were upregulated in the adipocytes derived with the 5-
aza treatment. These pathways, in this context, would have inhib-
ited the adipogenic differentiation of MG-63 cells. The KEGG path-
ways enriched in the upregulated genes in 5-aza derived
adipocytes do not have any pathway that is involved in lipogenesis
(Fig. 5). The transcription factors that are differentially regulated
between control adipocytes and 5-aza derived adipocytes would
regulate the adipogenic differentiation (Fig. 6). These differentially



Fig. 10. UpSet plot of intersection across the comparisons. On the left, for each comparison the total number of up and down regulated genes are shown. The bar chart above
shows the size of interaction between sets of genes in each comparison. The connected dots on the bottom panel show the comparisons considered for each intersection.

Fig. 11. UpSet plot of intersection across the comparisons. The bar chart on the left shows the total number of genes for each comparison separately for over and under
expressed transcription factors (TFs). The upper bar chart shows the size of intersection between sets of TFs up / down-expressed with one or more comparisons. The
connected dots on the bottom panel show the comparisons considered for each intersection.
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expressed transcription factors should be further investigated for
their roles in adipogenesis as most of these differentially regulated
transcription factors will likely have roles in adipogenesis.

SAHA treatment enhanced the adipogenic differentiation of
MG-63 cells. SAHA inhibits histone deacetylation and consequently
enhances the adipogenic differentiation of MG-63 cells. The
enhanced adipocytes derived with SAHA do not have that many
differentially expressed genes compared with control adipocytes.
However, it is known that HDAC inhibitors regulate cellular pro-
cesses such as cell cycle, apoptosis, cell signaling pathways, etc.
(Eckschlager et al., 2017). These pathways affect the cellular differ-
entiation. Surprisingly, only 14 genes were differentially regulated
in SAHA derived adipocytes, according to our treatment protocol,
and neither any GO term nor any KEGG pathway was significantly
enriched. However, these 14 differentially expressed genes
between SAHA derived adipocytes and control might have
enhanced the adipogenic differentiation of MG-63 cells. Further-
more, this study was focused on differential regulation of genes
due to 5-aza and SAHA treatments; the sequencing was performed
to sequence the genes not microRNAs. Further study on differential
regulation of micoRNAs and proteins will likely reveal key regula-
tors (proteins and microRNAs) that may be involved in the
enhanced adipogenic differentiation of MG-63. Hence, proteins
and miroRNAs expression profiles of the control adipocytes and
SAHA derived adipocytes should be compared in a future study
to find key regulators other than genes that enhances the differen-
tiation. We hypothesize that SAHA might have more potent effects
on the regulations of proteins and microRNAs.

DMSOwas used as a vehicle to dissolve 5-aza and SAHA. To ana-
lyze the effects of DMSO on the gene regulation, the transcrip-
tomes of the vehicle derived adipocytes and the control
adipocytes were compared. Although the vehicle did not regulate
the adipogenesis, but it affected the transcription of 8 genes during
differentiation. It indicates the DMSO has non-specific effects on
gene activity, which has been previously reported in several stud-
ies (Thaler et al., 2012; Sumida et al., 2011).

To confirm the vast changes of the transcriptome due to 5-aza
treatment, we also compared the transcriptomics profiles of 5-
aza derived and SAHA derived adipocytes. As the SAHA treatment
did not regulate many genes, the comparison revealed similar vast
changes in the transcriptome as that of vast changes in the tran-
scriptome of control and 5-aza. Additional information 2 contains
all of the differentially regulated genes and GO terms are listed
for all comparisons.

The vast number of these genes including transcription factors
that are differentially regulated due to the 5-aza can be used as
potential markers for inhibition of adipogenesis, particularity obe-
sity treatment. However, further research is needed to ascertain
their roles as inhibitory agents.
5. Conclusion

The DNA methylation inhibitor 5-aza inhibits the adipogenic
differentiation of MG-63 cells by regulation vast number of genes
including several transcription factors. This differential expression
of genes should be further assessed for their roles in adipogenesis
which may lead to their use as obesity markers. SAHA, on the other
hand, affects a small group of genes and enhances the adipogenic
differentiation. This limited, but effective, action would have
another advantage of safety which increases the chance of SAHA
based protocol for enhancing the adipogenic differentiation to be
applied clinically. However, further microRNAs sequencing and
proteomic studies of the control and SAHA derived adipocytes will
lead to identification of more key regulators (proteins and micro-
RNAs) that enhance the adipogenesis.
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