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Abstract

Background: Mesangial cells play an important role in the glomerulus to provide mechanical support and maintaine
efficient ultrafiltration of renal plasma. Loss of mesangial cells due to pathologic conditions may lead to impaired renal
function. Mesenchymal stem cells (MSC) can differentiate into many cell types, including mesangial cells. However
transcriptomic profiling during MSC differentiation into mesangial cells had not been studied yet. The aim of this study
is to examine the pattern of transcriptomic changes during MSC differentiation into mesangial cells, to understand the
involvement of transcription factor (TF) along the differentiation process, and finally to elucidate the relationship
among TF-TF and TF-key gene or biomarkers during the differentiation of MSC into mesangial cells.

Results: Several ascending and descending monotonic key genes were identified by Monotonic Feature Selector. The
identified descending monotonic key genes are related to stemness or regulation of cell cycle while ascending
monotonic key genes are associated with the functions of mesangial cells. The TFs were arranged in a co-expression
network in order of time by Time-Ordered Gene Co-expression Network (TO-GCN) analysis. TO-GCN analysis can classify
the differentiation process into three stages: differentiation preparation, differentiation initiation and maturation.
Furthermore, it can also explore TF-TF-key genes regulatory relationships in the muscle contraction process.

Conclusions: A systematic analysis for transcriptomic profiling of MSC differentiation into mesangial cells has been
established. Key genes or biomarkers, TFs and pathways involved in differentiation of MSC-mesangial cells have been
identified and the related biological implications have been discussed. Finally, we further elucidated for the first time
the three main stages of mesangial cell differentiation, and the regulatory relationships between TF-TF-key genes
involved in the muscle contraction process. Through this study, we have increased fundamental understanding of the
gene transcripts during the differentiation of MSC into mesangial cells.
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Background

The mesangial cell, also called modified smooth muscle
cell, plays an important role in the glomerulus as these
cells and their mesangial extracellular matrix constitute
the glomerular mesangium and provide mechanical sup-
port to the glomerulus [1]. Mesangial cells have the
characteristics of specialized renal pericytes and are also
capable of a number of other functions. Their contractile
properties enable mesangial cells to alter intraglomerular
capillary flow and glomerular ultrafiltration surface [2].
These cells also perform phagocytosis and endocytosis
in which these cells take up residues such as ferritin, col-
loidal carbon and aggregated proteins [3]. Loss of
mesangial cells due to pathologic conditions such as
glomerulonephritis or diabetic nephropathy may lead to
impaired renal function.

Adult human bone marrow contains mesenchymal stem
cells (MSC) that can differentiate into many cell types
such as chondrocytes, osteocytes, neurons, adipocytes and
renal component cells like mesangial cells, epithelial cells
and endothelial cells [4—6]. Many researchers have re-
ported on the gene expression or transcriptomic profiling
during MSC differentiation into terminal cells such as
chondrocytes [7], osteocytes [8], and neurons [9]. How-
ever, the gene expression or transcriptomic profiling dur-
ing MSC differentiation into mesangial cells has not been
studied yet.

Each terminal cell type has a specific regulated gene
expression [10]. Stem cell differentiation is determined
by the underlying gene regulatory network during the
process of development, which leads the stem cells into
their particular terminal cell phenotype. During stem cell
differentiation, the stemness biomarkers of stem cells
will descend over time while the characteristics and
functions of terminal cells will ascend [11].

Based on such specific gene profiles mentioned above,
this study was carried out to study the pattern of tran-
scriptomic changes during MSC differentiation into
mesangial cells and to identify biomarkers or key genes in-
volved in this differentiation. Additionally, we sought to
understand and identify the involvement of transcription
factors (TFs) along the differentiation process, and finally
to elucidate the relationship among TF-TF and TF-key
genes during MSC-mesangial cell differentiation. To
achieve these objectives, we used two methods that were
developed in-house, Monotonic Feature Selector (MFSe-
lector) [12] and Time-Ordered Gene Co-expression Net-
work (TO-GCN) [13]. MFSelector was used to identify the
key genes with descending monotonic patterns (MSC re-
lated stemness key genes or biomarkers) or ascending
monotonic patterns (i.e. terminal cell related characteris-
tics and functions) during the differentiation process.
Meanwhile TO-GCN was used to construct a TF co-
expression network and to determine TF gene expression
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by order of time. These two methods work synergistically
to build a transcriptomic profile with identified key genes
or biomarkers involved in the differentiation pathway and
provide a deeper fundamental understanding of MSC dif-
ferentiation into mesangial cells.

Results

Batch normalization and monotonic expression patterns
In this study, three biological replicates (n = 3) were co-
cultured in two batches. Thereafter, batch normalization
was carried out. Multidimensional scaling (MDS) plot
(Additional file 1A) and heatmap (Additional file 1B)
were generated to show the effect of the batch adjust-
ment and monotonic gene expression across the samples
at different days respectively.

Statistics of genes after initial read processing

After initial processing for RNA-seq data, 13,135 genes
(including 1191 TFs) were selected for MFSelector and
TO-GCN analysis. TO-GCN with 9 levels was con-
structed from these 1191 TF genes (Fig. 1) and a list of
these TF genes was supplemented in Additional file 2.

In this study, genes with DE <4 were selected for fur-
ther analysis. Among the 13,135 genes, 1026 genes (in-
cluding 48 TFs) were found in a monotonic descending
pattern with DE <4, while 927 genes (including 69 TFs)
have a monotonic ascending pattern with DE < 4. Those
non-TF genes with DE <4 show a similar location (L1-2
and L7-9, respectively) of their upstream TFs in TO-
GCN. A list of monotonic descending and ascending
pattern genes with DE < 4 was shown in Additional files 3
and 4 respectively.

Evaluation of key genes and biomarkers of MSC down-
regulated during the differentiation process

Seven descending pattern key genes with DE < 4 were se-
lected for further analysis (Fig. 2a). Three of these key
genes were related to biomarkers of MSC (ANPEP, LIF)
and stem cell renewal (AURKA). The remaining selected
key genes with a descending-pattern during the differen-
tiation process were related to cell cycle (CDK1, CCNBI,
GNL3) or DNA replication (CDC6).

By searching the selected transcriptional regulatory re-
lationship (TRR) databases, the upstream regulators or
TFs for these key genes were identified and these TFs
were located in between level (L) 1 and L2 in TO-GCN
(Fig. 2b). ANPEP was regulated by TF RARG, HMGAI
and SOX9, while TF MEOX2 regulated LIF. TF E2FI
regulated 3 key genes (AURKA, CDKI and CDCE6).
CCNBI was also being regulated by TF IRFI and
FOXM]1. Key gene GNL3 was regulated by TF SOX5.
Some of the TF-key gene relationships mentioned above
were also found in ENCODE TF-Targets Dataset (Add-
itional file 5 A).
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Level 1 L2 L3

O TF genes in TO-GCN

@ TF genes with DE < 4 in descending pattern

@ Initial TF gene (FOSL1) @ TF genes with DE < 4 in ascending pattern

Co-expression

Co-expression with TRR database support

Fig. 1 TO-GCN with 9 levels was constructed from 1191 TF genes. FOSLT, a TF with the strongest monotonic descending pattern (DE = 0), was used as initial
TF gene. All TFs were linked together by co-expression relationship (gray line), while some of the co-expression were reported with TRR database support (blue
line). TF coloured with green and purple are the TF genes with DE <4 in descending and ascending pattern respectively. The numbers stated in the middle of

each level represent the number of TFs, and TFs with DE < 4 (in parentheses) for that particular level

Key genes involved in the mesangial cell characteristic
and function were up-regulated along the differentiation
process

Ten ascending pattern key genes with DE <4 were se-
lected for further analysis (Fig. 3a). These selected key
genes are related to mesangial cells or smooth muscle
cells (TAGLN, SERPINE2, PYGM and IGFBPS5), contrac-
tion (ACTA2, MYH9, MYOM1, PDGFRB and PTGIS) or
phagocytosis (ITGAS8). The expression of these selected
key genes in mesangial cells is also being reported in
other research. In order to confirm expression of these
key genes in human mesangial cells, we used the human
protein atlas (http://www.proteinatlas.org/) (Fig. 4).

By referring to the TRR databases, the upstream regu-
lators or TFs for these key genes were identified and
these TFs were located in between L7 and L9 in TO-
GCN (Fig. 3b). TFs TEAD3 and NFE2 were each regu-
lated 4 key genes. TF TEAD3 regulated ACTA2,
MYOM1, PTGIS and TAGLN, while TF NFE2 regulated
ACTA2, MYOM1, PYGM and SERPINE2. Both TFs SRF
and ACTA2 regulated 3 key genes each. TF SRF regu-
lated TAGLN, PYGM and ACTA2, while TF ETV6 regu-
lated MYOM1, IGFBP5 and PTGIS. Some of the TF-key

gene relationships mentioned above were also found in
ENCODE TEF-Targets Dataset (Additional file 5B).

Functional enrichment analysis in each TO-GCN level

A total of 69 pathways were enriched (FDR <0.05) in
these 9 levels gene co-expression network. Each level
enriched a range of 4 to 31 pathways. Full list of
enriched pathways in each level is shown in Add-
itional file 6. Since a gene may co-express with TFs at
multiple levels, two neighbouring gene sets might have
some overlapping genes.

By identifying the enriched pathways among the co-
expressed genes at each level of TO-GCN, three
developmental-stage transitions can be observed (differen-
tiation preparation, differentiation initiation and matur-
ation) (Fig. 5). In between L1 and L4, pathways related to
cell proliferation in the differentiation preparation stage,
like cell cycle (L1 to L3) and DNA replication (L1 to L2)
were enriched. Pathways related to cell differentiation
preparation pathways, such as ribosome biogenesis in eu-
karyotes (L1 to L3), were also enriched.

Pathways related to initiation or driving differentiation
were enriched at L2 to L7. The enriched pathways
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A)
Official Official full name DE Description or function
Symbol value
CDK1 Cyclin-dependent kinase 1 2 Regulates cell cycle progression
CCNB1 Cyclin B1 2 Regulates cell cycle progression
AURKA  Aurora kinase A 1 Regulates stem cell renewal
ANPEP  Alanyl aminopeptidase, membrane 2 MSC marker
LIF Interleukin 6 family cytokine 4 MSC marker
GNL3 G protein nucleolar 3 2 Regulates cell cycle progression
CDC6 Cell division cycle 6 3 Regulates DNA replication
B)
Level 1 | Level 2
1
NF|A
E2F:
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B I |
O TF genes with DE > 4 O Key genes of interest with descending pattern
@ TF genes with DE <4 — Co-expression with TRR database support
Fig. 2 a Evaluation of key genes and biomarkers of MSC down-regulated during the differentiation process. b The connection of these selected
descending key genes with their upstream regulators/TFs. These co-expression TFs and key genes were supported with TRR database

include mRNA surveillance pathway (L2 to L4), RNA
degradation (L2 to L4), RNA polymerase (L3 to L5) and
ubiquitin mediated proteolysis (L3 to L5). From L7 and
upward, several mesangial cell associated pathways were
enriched indicating a shift to maturation stages of the
differentiated cells. These enriched pathways include
vascular smooth muscle contraction (L7 to L8), regula-
tion of actin cytoskeleton (L7 to L8), phagosome (L7 to
L8) and cell adhesion molecules (L7 to L9).

Co-cultured MSC has contraction capability

One characteristic of mesangial cells is that they con-
tract in response to vasoactive peptides, for example
Angll, under in vitro conditions. In this study, one of
the KEGG functional pathway: Vascular smooth muscle
contraction (hsa04270), was enriched in differentiated
cells by bioinformatics analysis and was performed the
with wet lab validation. Co-cultured MSC or differenti-
ated cells were contracted once treated with Angll with
the obvious contraction observable at the edge of the cell
(Fig. 6), while the MSC population only (Control) did
not show any contraction after being treated with AngIlL
The contraction video of MSC differentiated mesangial
cells can be viewed in Additional file 7.

TF-TF-key genes relationship with vascular smooth

muscle contraction related genes

From hsa04270: Vascular smooth muscle contraction
(KEGG) gene list, 9 key genes with DE < 4 were selected:
PTGIR, MYL9, KCNMBI1, ACTA2, CACNAIC, MRV11,
PPPIR12B, PPPIRI14A and ADCY5 (Fig. 7). These 9 key
genes were found regulated by 26 TFs after reference to
TRR databases. From these 9 key genes and 26 TFs, a
network was constructed based on co-expression. Some
of the TF-key gene relationships mentioned above were
also found in ENCODE TF-Targets Dataset (Additional
file 5C).

Discussion

Construction and robustness of TO-GCN

As there are various gene expression patterns in the
time-series transcriptome data, we sought to construct
relationships between TFs by examining their pattern
similarity (PCC) in TO-GCN. This meant that the total
number of levels represents the dynamic range of differ-
ent expression patterns in TO-GCN. In this study, the
number of levels in TO-GCN was dependent on the
PCC cut-off setting value. The more stringent correl-
ation coefficient or a higher PCC value that is set, the
more levels in TO-GCN will be constructed. In contrast,
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A)
Expressed in
Official Official full name DE Description or function mesang!lal cells
Symbol value as previously
reported
TAGLN Transgelin 4 Expressed in smooth muscle cells [24]
SERPINE2 Serpin family E member 2 2 Expressed in mesangial cells [25]
ITGA8 Integrin subunit alpha 8 3 Promotes phagocytosis [31]
ACTA2 Actin alpha 2, smooth 2 Regulates contractile activity [28]
muscle
MYH9 Myosin heavy chain 9 2 Regulates contractile activity [25]
PTGIS Prostaglandin 12 synthase 0 Involve in prostaglandin 12 production  [29]
PYGM Glycogen phosphorylase, 3 Encodes a muscle enzyme that [25]
muscle associated involved in glycogenolysis
MYOM1 Myomesin 1 2 Expressed in smooth muscle cells [27]
PDGFRB Platelet derived growth 3 Regulates contractile activity [30]
factor receptor beta
IGFBP5 Insulin like growth factor 1 Expressed in mesangial cells [26]
binding protein 5
B)
Level 7 Level 8 SERPINE2 | Level 9

O TF genes with DE > 4
@ TF genes with DE < 4

O Key genes of interest with ascending pattern
— Co-expression with TRR database support
Fig. 3 a Biomarkers or key genes involved in the mesangial cell characteristic and functions were up-regulated during the differentiation process.

The expression of these selected key genes in mesangial cells are also being reported in other research. b The connection between these
selected ascending key genes and their upstream regulators/TFs. These co-expression TFs and key genes were supported with TRR database

if PCC cut-off is set at lower value, more TFs will be
grouped in a single level and will therefore yield TO-
GCN with lesser levels. In this study, PCC was set at
>0.91 (p-value <0.05) and 9 levels of TO-GCN were
constructed.

In order to demonstrate the robustness of TO-GCN,
we tested the level order stability by using 7 different TF
genes with DE <4 and was co-expressed with FOSLI
(PCC > 0.99) as new initial nodes to construct the corre-
sponding TO-GCNs. The analysis showed that new or-
dered TO-GCNs are very similar to the original TO-
GCN  that was  constructed  with  FOSLI
(Additional file 8).

Synergistic work between MFSelector and TO-GCN
MESelector and TO-GCN were the two methods of data
analysis used in this study. These methods worked

together synergistically to provide a deeper understanding of
MSC differentiation into mesangial cells. MFSelector deter-
mined the degree of monotonicity for all genes during the
differentiation process and it provided an estimation of the
expression behaviour of the gene during differentiation. TO-
GCN used co-expression relationship to connect TF genes
as pairs, in which they have similar expression patterns (i.e.
significantly high PCC) over time. It inferred expression time
orders for all TF genes in the network with the starting TF
in the strongest descending pattern identified by MFSelec-
tor. By applying this method to time-series experiments,
TO-GCN provided the time order information of gene regu-
lations in developmental processes. The data obtained from
both methods was further used to identify the TF-key genes
at specific time points to the TO-GCN at different levels.
This helped to elucidate the network interaction between
TE-TF and TF-key genes at each level of TO-GCN.
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cropping the glomeruli from the original full images

Fig. 4 Immunohistochemistry showing glomerular expression patterns of the selected monotonic ascending pattern target genes with DE < 4. These
genes were expressed in human mesangial cells in glomeruli. These images were collected from the Human Protein Atlas (www.proteinatlas.org) after
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In this study, the FOSLI gene, expressed in the stron-
gest monotonic descending pattern, was used as initial
node. As the network was constructed based on co-
expression, TFs in the same or next levels of FOSLI in
TO-GCN would be also in a descending patterns. This
was consistent with the genes in descending pattern
identified by MFSelector. Lower DE values (stronger
monotonic pattern) of descending pattern TFs appeared
in early levels from L1 to L2 (green nodes in Fig. 1). The
ascending TFs with higher monotonicity (lower DE
value) appeared later at the levels from L7 to L9 (purple
nodes in Fig. 1). Genes with a weak monotonic pattern
(either descending or ascending) were located in be-
tween the descending and ascending high monotonicity
pattern genes.

The key genes and MSC biomarkers were down-regulated
during the differentiation process

MSC biomarkers such as ANPEP and LIF were down-
regulated during the differentiation process. ANPEP, also
called CD13, is well known as an MSC marker. On the
other hand, LIF, another well-established MSC marker,
has been reported to affect cell growth by inhibiting differ-
entiation but maintaining the stemness of the stem cell.

When LIF expression levels drop, the cells will start the
process of differentiation [14]. Meanwhile, depletion of
AURKA, known for stem cell renewal, resulted in compro-
mised self-renewal and consequent differentiation [15].

In this study, many genes related to cell cycle regula-
tion (CDKI, CCNBI1 and GNL3) and DNA replication
(CDC6) were down-regulated. CDK1 is a key regulator
of mitosis. High expression levels of CDKI are associ-
ated with the pluripotency stage of embryonic stem cells
(ESC). Decreased CDK1 activity to a level without per-
turbing the cell cycle is sufficient to induce differenti-
ation [16]. Meanwhile CCNBI gene expression increases
during G2/M phase and decreases during terminal dif-
ferentiation [17]. GNL3, also known as nucleostemin,
regulates the cell cycle and affects cell differentiation;
the amount of GNL3 decreases as differentiation pro-
gresses. GNL3 is also a biomarker for many stem cells
and cancer cells [18]. CDC6 is an essential regulator of
DNA replication in eukaryotic cells. Down regulation of
CDC6 will lead to a drop of DNA replication before dif-
ferentiation can take place [19, 20]. Even though these
genes regulate the cell cycle or DNA replication, all find-
ings show that when these genes are down-regulated in
stem cells, differentiation will start.
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KEGG
1 hsa03030: DNA replication 16 |hsa04520: Adherens junction
2 |hsa03460: Fanconi anemia pathway 17 |hsa00531: Glycosaminoglycan degradation
3 |hsa04114: Oocyte meiosis 18 |hsa04270: Vascular smooth muscle contraction
4 |hsa04110: Cell cycle 19 |hsa04512: ECM-receptor interaction
5 |hsa03008: Ribosome biogenesis in eukaryotes 20 |hsa04510: Focal adhesion
6 |hsa03013: RNAtransport 21 |hsa04921: Oxytocin signaling pathway
7 |hsa03040: Spliceosome 22 |hsa04145: Phagosome
8 |hsa03015: mRNAsurweillance pathway 23 |hsa04810: Regulation of actin cytoskeleton
9 |hsa03018: RNAdegradation 24 |hsa04514: Cell adhesion molecules (CAMs)
10 |hsa03020: RNApolymerase 25 |hsa05414: Dilated cardiomyopathy
11 |hsa04120: Ubiquitin mediated proteolysis 26 |hsa05410: Hypertrophic cardiomyopathy (HCM)
12 |hsa00563: Glycosylphosphatidylinositol-anchor biosynthesis 27 |hsa04152: AVPK signaling pathway
13 |hsa04070: Phosphatidylinositol signaling system 28 |hsa04068: FoxO signaling pathway
14 |hsa00190: Oxidative phosphorylation 29 |hsa04010: MAPK signaling pathway
15 |hsa04142: Lysosome 30 |hsa05412: Arrhythmogenic right ventricular cardiomyopaty
Fig. 5 Selected analysis of functional pathways for each level. Three developmental-stage transitions can be observed. Stage 1: differentiation preparation stage
(orange); pathways related to cell proliferation have been enriched. Stage 2: differentiation initiation stage (red); pathways related to regulating or driving
differentiation have been enriched. Stage 3: maturation stage (green); pathways related to mesangial cell function and characteristics have been enriched

By referring to the TRR databases, 3 TFs (MEOX2,
SOX9 and HMGAI) regulated MSC markers such as LIF
and ANPEP. These TFs are known as regulators of the
stem cell state through transcriptional networks that in-
duce pluripotency. Theodorou et al. reported that neur-
onal differentiation in ESC was inhibited when MEOX2
is overexpressed [21]. Shah et al. did a study showing
that when ESC differentiation was induced, there was a
decreased expression of HMGAI which was also ob-
served in other pluripotency factors. Conversely, forced
expression of HMGA1 blocked the differentiation of
ESC [22]. Meanwhile for SOX9, upon the differentiation
of MSC into hepatocytes, SOX9 expression was down-
regulated [23].

Biomarkers contribute to mesangial cell characteristics
and functions

Ten mesangial cell key genes with DE <4 were selected
for further analysis. The majority of these key genes are
reported as biomarkers for mesangial cells or related to
the functions of mesangial cells. TAGLN, or SM22-
alpha, is expressed in smooth muscle cells. It is known

as one of the earliest commitment biomarkers of differ-
entiated smooth muscle cells and has been suggested to
regulate their contractile functions [24]. This gene has a
role in generating committed progenitor cells from
undifferentiated hMSC by regulating cytoskeleton
organization. TAGLN in the kidney is up-regulated in re-
populating mesangial cells in vivo. Meanwhile SERPINE2
and IGFBPS are reported to be expressed in mesangial
cells [25, 26] and MYOMI1 is known to be expressed in
smooth muscle cells [27].

ACTA2 and MYH9 play an important role in regulat-
ing both smooth muscle and non-muscle cell contractile
activity [25, 28]. Another contraction related gene is
PTGIS, also known as prostacyclin synthase. PTGIS is
the final committed enzyme in the metabolic pathway
leading to prostaglandin 12 (PGI2) production and PGI2
is needed to mediate mechanism of vascular contraction
[29]. PDGFRB is needed for stimulation of contraction
and chemotaxis [30]. PYGM encodes a muscle enzyme
that is involved in glycogenolysis.

Mesangial cells are phagocytic cells and expression of
ITGAS8 in mesangial cells facilitates phagocytosis. About
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injured
mesangial
cells
treated
with Angll

Pure MSC
treated
with Angll
(Control)

15 minute

5 minute

Fig. 6 For purposes of validating one of the KEGG functional pathway: Vascular smooth muscle contraction (hsa04270), has been enriched in
differentiated cells by bioinformatics analysis. MSC co-cultured with injured mesangial cells were treated with Angll; cell contraction was observed as
indicated by white arrows. Pure MSC (Control) did not show any contraction after treated with Angll

0 minute

15% of the total mesangial cell population in the glom-
erulus is capable of exhibiting immunological function
such as phagocytosis [31].

By referring to the TRR databases, TFs SRF and
TEAD3 were found to regulate 3 and 4 key genes re-
spectively. This shows that TF SRF and TEAD3 play an
important role in mesangial cells. SRF is a ubiquitous
expressed TF that drives smooth muscle cell-specific
gene expression and is necessary for contractile and
cytoskeletal functions [32, 33]. TEAD3 has been reported
to abolish myocardin function and is consistently
expressed in smooth muscle cells [34].

Pathway enrichment analysis on each TO-GCN level
Proliferation and differentiation processes are two dis-
tinct and mutually exclusive processes during develop-
ment. To initiate stem cell differentiation, certain cell
proliferation related genes or pathways have to be down-
regulated. Estefania et al. has reported that terminal dif-
ferentiation is the process by which dividing cells stop
proliferating in order to start new specific functions,
which means that DNA replication fades as cells advance
in their commitment to terminal differentiation [35].
Therefore, these early levels can be classified as differen-
tiation preparation.

From L2 to L7, pathways involved in regulating or
triggering differentiation were enriched. Lou et al.
showed that RNA degradation drives stem cell differenti-
ation [36]. They discovered that the steady-state level of

RNAs is dictated by their decay rate and this specific
RNA decay such as Nonsense-mediated mRNA decay
(NMD) have a role in promoting differentiation mecha-
nisms [37, 38]. NMD is a surveillance pathway and its
main function is as a quality control pathway to reduce
errors in gene expression by eliminating mRNA tran-
scripts that contain premature stop codons [39]. During
the differentiation, NMD elicits the decay of specific
subsets of mRNAs and promotes the decay of mRNAs
encoding pluripotency factors [36].

From L7 to L9, pathways involved in mesangial cell
maturation were enriched. Some of the enriched path-
ways are related to characteristics and functions of
mesangial cells such as contraction and phagocytosis
ability. Therefore it is not surprising to find that the oxy-
tocin signaling pathway, phagosome and certain cardiac
related pathways were enriched.

The strongest evidence that the co-cultured MSC have
differentiated into mesangial cells is by confirming the
pathway enrichment of vascular smooth muscle contrac-
tion [40]. As mesangial cells are modified smooth
muscle cells, we have further conducted a wet lab con-
traction functional validation. Results showed that the
differentiated cells can contract and have proven that
the cells have fully matured in their differentiation in
which the cells now possess mesangial cell functions. On
the other hand, pure MSC failed to exhibit contraction
ability.
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Construction of vascular smooth muscle contraction-
specific gene network

In this study we have shown that differentiated mesan-
gial cells have contraction ability. With this specific bio-
logical function, a co-expression gene network related to
vascular smooth muscle contraction was constructed.
This network has illustrated the relationship between
key genes and its upstream regulators or TFs. To our
knowledge, such function-specific ~TF-TF-vascular
smooth muscle contraction-related key gene network
has not been reported before. This indicates that a
mathematically calculated co-expression network can
provide us with a first step or hints for further wet lab
validation before full biological TF-TF-key gene relation-
ship is fully uncovered. Other biological functions such
as phagocytosis of mesangial cells can also be explored
and constructed using the methods presented herein.

Conclusions

In our previous studies, we developed two approaches to
respectively identify monotonic genes and build a TF co-
expression network in order of time. We demonstrated
that genes with ascending or descending monotonic

expression patterns in chronological stem cell data are
involved in differentiation of stem cells into variant cell
lineages or the proliferation or self-renewal activity of
stem cells [12]. We also verified the regulatory relation-
ship of TE-TF network in maize and rice leaf time-series
transcriptomic data [13]. In this study, we developed a
systematic analysis pipeline to integrate these two ap-
proaches to investigate the transcriptomic profiling of
MSC differentiation into mesangial cells. Here we dem-
onstrated that these two approaches are able to work
synergistically to provide better understanding of MSC
differentiation into mesangial cells by identification of
key genes or biomarkers, TFs and pathways involved in
differentiation of MSC-mesangial cells. In addition, the
proposed method can be used to further classify the dif-
ferentiation process into three stages: differentiation
preparation, differentiation initiation and maturation,
and to identify novel TF-TF-key genes regulatory rela-
tionships in a specific biological process/pathway (here
vascular smooth muscle contraction). This study pro-
vides results which support further wet lab validation
leading then to full discovery of biological TF-TF-key
gene relationships.
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These two approaches are not only limited to the inves-
tigation of the gene expression changes in stem cells dif-
ferentiation process but can also be applied to other time-
series data analysis. MFSelector has been used to evaluate
gene expression changes across the pathologic stages of
non-small cell lung cancer [41]. With the same application
in this study, MFSelector can be used to identify or dis-
cover cancer markers for the specific cancer, and TO-
GCN can been used to predict regulatory networks; re-
vealing the dynamics of the biological process.

Through our study, we have increased fundamental
understanding of the gene transcripts as stem cells dif-
ferentiate into terminal cells, in this case from MSC to
mesangial cells. Our findings can offer new opportunities
to develop cellular therapies for pathologic conditions
such as glomerulonephritis or diabetic nephropathy that
lead to renal failure, and treatments for other diseases.

Methods

Cell cultures and RNA extraction

The induction of MSC-mesangial cell differentiation by
co-culturing MSC with oxidant-injured mesangial cells
was described in a previous report [42]. Briefly, MSC
were co-cultured with hydrogen peroxide-injured com-
mercially available human mesangial cells (Clonetics™
Normal Human Mesangial Cells, Lonza, Cat# CC-2559)
(n =3) in trans-well dishes separated by a membrane for
7 days. In this study, three biological replicates (n =3)
were co-cultured in two batches. Human bone marrow-
derived MSC samples used in this study were sponsored
by Cytopeutics Sdn. Bhd. with signed informed consent
from all donors.

To confirm that MSC differentiated into mesangial
cells, day 7 co-cultured MSC were harvested and tested
for immunophenotyping and functional assay. The find-
ings showed that co-cultured MSC differentiated into
mesangial cells by exhibiting the immunophenotype, the
morphology and functional assay profile of mesangial
cells [42].

In this RNA-seq study on the indicated days (day 1, 2,
3, 5 and 7), co-cultured MSC were harvested and RNA
was extracted with a Quick-RNA™ MiniPrep kit (Zymo
Research), according to the manufacturer’s instructions.
UV spectrophotometry confirmed that the RNA prepa-
rations were free of proteins and phenol. The quality
and integrity of the RNA isolated were assessed on the
Agilent 2100 Bioanalyzer (Agilent Technologies). Only
RNA samples free of proteins and phenol that featured
an RNA Integrity Number (RIN) > 8.0 were used (Fig. 8).

Complementary DNA generation, RNA sequencing,
mapping and initial read processing

RNA-seq data for MSC during the differentiation
process at different time points was generated using next

Page 10 of 14

generation sequencing (Fig. 8a). Poly-A mRNA selection
and synthesis of a complementary DNA (cDNA) library
were carried out following the Illumina TruSeq protocol.
Single-end 75bp length, 100 M reads/lane sequencing
was performed on the Hiseq 2000 genome analyzer plat-
form (Illumina). The sequencing results from poly A
positive RNA were analyzed by FastQC program (www.
bioinformatics.babraham.ac.uk) to monitor the read
quality (Q30 >85%). The processed reads were mapped
to Genome assembly version GRCh38 (GENCODE re-
lease 33) with STAR (version 2.7.3a) (https://code.goo-
gle.com/archive/p/rna-star/) [43] using the 2-pass
workflow and parameters that recommended by EN-
CODE. The gene level read counts were evaluated by
RSEM (version 1.3.3) with the same transcript informa-
tion from GENCODE.

Then only genes without any zero counts across sam-
ples were kept for the following processes performed
with the statistical language R. First, the raw read counts
of samples of Days 1, 2, 3, 5, 7 were normalized with the
TMM algorithm provided in the R package edgeR [44].
Next, the batch effects were removed with the ComBat
function included in the R sva package. The non-
parametric empirical Bayes framework was used with
the known batch and group covariates, and the given
reference-batch (batch 2).

Monotonic feature selector and data annotation

In order to fully understand the differentiation process,
MFSelector was used to identify genes with ascending or
descending monotonic expression patterns over time
(Fig. 8c). Details of the system was described in a previ-
ous report [12]. Briefly, genes with ascending or de-
scending monotonic expression patterns were identified
with MFSelector based on a concept of discriminating
error (DE). In this system, various time stages in stage
order (i.e. Stage One vs. other stages, Stages One and
Two vs. remaining stages and so on) were evaluated and
DE for each gene was computed with MFSelector. The
value of DE represents the level of monotonic pattern
for the genes. The lower the value of DE, the greater the
strength of the monotonic pattern of the gene. In this
study, both the permutation times for the computations
of p, g-values and the sample variance for discriminating
error were set to 100. DE of <4 was set to obtain certain
number of genes with statistically significant p—/q-values
for further analysis (i.e., each gene with a good mono-
tonicity to show fewer outliers appearing in a specific
time point among the 5 time points) this also help to ac-
quire other closely related enrichment pathways and
functions. The MFSelector R function and data sets can
be downloaded from http://microarray.ym.edu.tw/tools/
MFSelector
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Fig. 8 Experimental design of the study. a MSC were co-cultured with injured mesangial cells. On indicated days, co-cultured MSC were harvested
and RNA was extracted. cDNA was synthesised and subsequently underwent RNA-seq. b After RNA-seq, raw data was processed by initial read
processing and normalizations before the data were further analyzed simultaneously using two methods. ¢ Key genes related to MSC or mesangial
cells with ascending or descending monotonic patterns over the differentiation process were identified with MFSelector. d Co-expression patterns
between TF and construction TF co-expression network were determined by TO-GCN. Once the data from both methods was generated, both sets of
data were analysed synergistically (e). The data obtained from both methods were used to correlate the key genes at specific time points to the TO-
GCN at different levels. This helps to elucidate the network interaction between TF-TF and TF-key genes at each level of TO-GCN. Additionally, this
builds our understanding of the overall gene expression during the MSC differentiation into mesangial cells

Construction of the time-ordered gene co-expression
network (TO-GCN)
The TO-GCN was constructed by the modified version of
the method proposed by Chang et al. (https://github.com/
petitmingchang/TO-GCN) [13]. The TF gene annotation
was downloaded from animalTFDB 3.0 [45]. The method
consists of three steps: (1) determining co-expression cut-
offs, (2) constructing GCNs, and (3) determining the time
order of TF gene expression. (Fig. 8d).

In this study, the expression profile for each gene based
on the transcriptomes consists of five time points. The
Pearson correlation coefficient (PCC) values for all TF-TF

pairs were calculated and the cutoff of positive co-
expression PCC > 0.91 (p-value < 0.05) was determined. A
gene co-expression network (GCN) was constructed from
1191 TF genes. FOSLI with the strongest monotonic de-
scending pattern (DE = 0) in this study was selected as the
initial node to generate all time-ordered levels of nodes in
the GCN by the breadth-first search algorithm.

Co-expressed gene sets and enrichment pathways and
functions in each TO-GCN level

For the TF at each level of a TO-GCN, a corresponding
set of co-expressed non-TF genes with the same co-
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expression relationship (PCC=>0.91, p-value <0.05)
were added to that particular level in TO-GCN. Since
non-TF genes may be co-expressed with TFs in mul-
tiple levels, two neighbouring gene sets will have
some overlapping genes.

For each set of genes corresponding to a level in a TO-
GCN, the pathway and functional enrichment analysis
was conducted with the background set of all expressed
genes in this study. DAVID (Database for Annotation,
Visualization and Integrated Discovery, https://david.
ncifcrf.gov/) by cross-referencing to the KEGG (Kyoto
Encyclopedia of Genes and Genomes, https://www.gen-
ome.jp/kegg/) database was used in these functional anno-
tations. Enriched pathways with FDR (Benjamini-
Hochberg method) <0.05 were wused for further
annotation.

Inferences of gene regulation network

In each co-expression, edges (TF-TF) were built. A fur-
ther check carried out into whether any built edges were
reported in two TRR databases: Marbach (http://regula-
torycircuits.org/) [46] and TRRUSTv2 (www.grnpedia.
org/trrust) [47]. If yes, then those particular edges were
labelled with different colours to indicate such edges not
just based on co-expression relationship but with TRR
database support as well. To improve this further, all
edges that were positive for either Marbach or TRRU
STv2 were checked on the ENCODE TF-Targets Dataset
(https://amp.pharm.mssm.edu/Harmonizome/dataset/
ENCODE+Transcription+Factor+Targets). This dataset
provides the TF binding site profiles that measured by
ChIP-seq [48].

Identification of key genes or biomarkers changes during
differentiation

Several key genes with monotonic ascending or descend-
ing patterns with DE <4 were selected and further ana-
lysed by examining the functions of these genes in
relation to MSC differentiation into mesangial cells. The
upstream regulator or TF to regulate these key genes
was checked by the TRR databases mentioned above and
the TF-key gene or biomarker relationship was anno-
tated into TO-GCN.

Differentiated cell contraction study

For purposes of validating one of the KEGG functional
pathway: Vascular smooth muscle contraction (hsa04270)
has been enriched in differentiated cells by bioinformatics
analysis, on day 7 of co-culture, a portion of the harvested
co-cultured MSC were plated at a density of 1 x 10* per
well in new six-well plates with new fresh culture media.
After 24 h, the culture medium was replaced with Hanks’
balanced salt solution. The cells were incubated and stim-
ulated with 10 nmol/L of Angiotensin II (Angll) (Sigma),
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one type of vasoactive peptides. Images of cells were re-
corded for 15min and changes in cell morphology were
observed accordingly. Pure MSC population (without be-
ing co-cultured with mesangial cells) was treated with
Angll and served as the control.

TF-TF-key gene relationship for vascular smooth muscle
contraction related genes

Contraction ability is one of the mesangial cell’s proper-
ties. A gene network was constructed specifically for vas-
cular smooth muscle contraction related genes. Genes in
hsa04270: Vascular smooth muscle contraction (KEGQ)
was used as initial gene lists. From the gene list, only
monotonic ascending pattern key genes with DE<4
were selected and used for further analysis. TFs to regu-
late these key genes were traced by TRR databases men-
tioned above. A co-expression network was constructed
from these selected muscle contraction related key genes
and their TFs.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/512864-020-06868-5.

Additional file 1. MDS plot and heatmap.

Additional file 2. TF in TO-GCN.

Additional file 3. Monotonic descending pattern genes with DE < 4.
Additional file 4. Monotonic ascending pattern genes with DE < 4.

Additional file 5. Inferences of selected genes to Marbach, TRRUSTv2
and ENCODE TF-Targets dataset.

Additional file 6. List of enriched pathways in each level.
Additional file 7. Differentiated mesangial cells contraction video.
Additional file 8. TO-GCN robustness analysis.

Abbreviations

Angll: Angiotensin Il; cONA: Complementary DNA; DE: Discriminating error;
GCN: Gene co-expression network; KEGG: Kyoto Encyclopedia of Genes and
Genomes; L: Level; MFSelector: Monotonic Feature Selector;

MSC: Mesenchymal stem cells; NMD: Nonsense-mediated mRNA decay;

PCC: Pearson correlation coefficient; PGI2: Prostaglandin 12; RNA: Ribonucleic
acid; TF: Transcription factor; TO-GCN: Time-Ordered Gene Co-expression Net-
work; TRR: Transcriptional regulatory relationships

Acknowledgements

The authors thank Cytopeutics Sdn. Bhd. for sponsoring human bone
marrow-derived MSC. The authors also thank Prof. Cheng-Chen Chen, Vice
Chancellor of University System of Taiwan in facilitating the student ex-
change program and RNA sequencing in National Yang-Ming University,
Taiwan.

Authors’ contributions

CYW, SKC, IFC and YML conceived the study; CYW, YMC, WVN and IFC
designed the experiments; CYW, YMC, YST and TYC performed the
experiments; CYW, YMC and IFC analyzed the data; CYW, YMC, IFC and YML
wrote the manuscript. All authors read and approved the final manuscript.

Funding

The authors gratefully acknowledge financial support from Malaysia Toray
Science Foundation (Grant number: 14/G44), National Yang-Ming University,
Taiwan (a grant from The Ministry of Education: Aim for the Top University
Plan), The Ministry of Science and Technology, Taiwan (Grant number:


https://david.ncifcrf.gov/
https://david.ncifcrf.gov/
https://www.genome.jp/kegg/
https://www.genome.jp/kegg/
http://regulatorycircuits.org/
http://regulatorycircuits.org/
http://www.grnpedia.org/trrust
http://www.grnpedia.org/trrust
https://amp.pharm.mssm.edu/Harmonizome/dataset/ENCODE+Transcription+Factor+Targets
https://amp.pharm.mssm.edu/Harmonizome/dataset/ENCODE+Transcription+Factor+Targets
https://doi.org/10.1186/s12864-020-06868-5
https://doi.org/10.1186/s12864-020-06868-5

Wong et al. BMC Genomics (2020) 21:467

MOST108-2221-E-010-007) and University System of Taiwan internal fund.
The funders provided support for authors’ participation but were not in-
volved in the design of the study, data collection, analysis, interpretation and
writing the manuscript.

Availability of data and materials

Raw transcriptomic data generated in this study have been deposited into
National Center for Biotechnology Information Sequence Read Archive (SRA),
accession number SRP233161. (https://www.ncbi.nlm.nih.gov/sra/SRP233161).
Monotonic Feature Selector R function program can be downloaded from
http://microarray.ym.edu.tw/tools/MFSelector. Time-Ordered Gene Co-
expression Network analysis program can be downloaded from https://
github.com/petitmingchang/TO-GCN. Two transcriptional regulatory relation-
ships databases used in this study were Marbach from Regulatory Circuits
(http://regulatorycircuits.org/) and TRRUST version 2 (Transcriptional Regulatory
Relationships Unravelled by Sentence-based Text Mining; www.gmpedia.org/
trrust). ENCODE (ENCyclopedia Of DNA Elements) Transcription Factor-Targets
Dataset was obtained from Harmonizome website (https.//amp.pharm.mssm.
edu/Harmonizome/dataset/ENCODE+Transcription+Factor+Targets).

Ethics approval and consent to participate

Institute of Postgraduate Studies and Research from Univeristi Tunku Abdul
Rahman has approved this study. Human bone marrow-derived MSC sam-
ples used in this study were sponsored by Cytopeutics Sdn. Bhd with signed
informed consent from all donors.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Pre-Clinical Sciences, Faculty of Medicine and Health
Sciences, Universiti Tunku Abdul Rahman, Jalan Sungai Long, Bandar Sungai
Long, 43000 Kajang, Selangor, Malaysia. “Institute of Biomedical Sciences,
Academia Sinica, 128, Academia Road, Section 2, Nankang, Taipei, Taiwan.
3Center for Systems and Synthetic Biology, National Yang-Ming University,
No. 155, Section 2, Linong Street, Taipei, Taiwan. “Department of
Biotechnology and Laboratory Science in Medicine, National Yang-Ming
University, No. 155, Section 2, Linong Street, Taipei, Taiwan. “Department of
Research, ChangHua Christian Hospital, 135, Nan-Hsiao Street, ChangHua
City, Taiwan. ®Institute of Biomedical Informatics, National Yang-Ming
University, No. 155, Section 2, Linong Street, Taipei, Taiwan. ’Preventive
Medicine Research Center, National Yang-Ming University, No. 155, Section 2,
Linong Street, Taipei, Taiwan.

Received: 6 December 2019 Accepted: 23 June 2020
Published online: 07 July 2020

References

1. Shaw |, Rider S, Mullins J, Hughes J, Péault B. Pericytes in the renal
vasculature: roles in health and disease. Nat Rev Nephrol. 2018;14(8):521-34.

2. Schlondorff D. The glomerular mesangial cell: an expanding role for a
specialized pericyte. FASEB J. 1987;1(4):272-81.

3. Jefferson JA, Johnson RJ. Experimental mesangial proliferative
glomerulonephritis (the anti-Thy-1.1 model). J Nephrol. 1999;12(5):297-307.

4. Wong CY, Cheong SK, Mok PL, Leong CF. Differentiation of human
mesenchymal stem cells into mesangial cells in post-glomerular injury
murine model. Pathology. 2008;40(1):52-7.

5. Singaravelu K, Padanilam BJ. In vitro differentiation of MSC into cells with a
renal tubular epithelial-like phenotype. Ren Fail. 2009;31(6):492-502.

6. Janeczek Portalska K, Leferink A, Groen N, Fernandes H, Moroni L, van
Blitterswijk C, et al. Endothelial differentiation of mesenchymal stromal cells.
PLoS One. 2012;7(10):e46842.

7. Yoo HJ, Yoon SS, Park SY, Lee EY, Lee EB, Kim JH, et al. Gene expression
profile during chondrogenesis in human bone marrow derived
mesenchymal stem cells using a cONA microarray. J Korean Med Sci. 2011;
26(7):851-8.

8. Kulterer B, Fried| G, Jandrositz A, Sanchez-Cabo F, Prokesch A, Paar C, et al.
Gene expression profiling of human mesenchymal stem cells derived from

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

Page 13 of 14

bone marrow during expansion and osteoblast differentiation. BMC
Genomics. 2007;8:70.

Tondreau T, Dejeneffe M, Meuleman N, Stamatopoulos B, Delforge A,
Martiat P, et al. Gene expression pattern of functional neuronal cells derived
from human bone marrow mesenchymal stromal cells. BMC Genomics.
2008,9:166.

Li E, Davidson EH. Building developmental gene regulatory networks. Birth
Defects Res C Embryo Today. 2009,87(2):123-30.

Abranches E, Silva M, Pradier L, Schulz H, Hummel O, Henrique D, et al.
Neural differentiation of embryonic stem cells in vitro: a road map to
neurogenesis in the embryo. PLoS One. 2009;4(7).e6286.

Wang HW, Sun HJ, Chang TY, Lo HH, Cheng WC, Tseng GC, et al.
Discovering monotonic stemness marker genes from time-series stem cell
microarray data. BMC Genomics. 2015;16(Suppl 2):S2.

Chang YM, Lin HH, Liu WY, Yu CP, Chen HJ, Wartini PP, et al. Comparative
transcriptomics method to infer gene coexpression networks and its
applications to maize and rice leaf transcriptomes. Proc Natl Acad Sci U S A.
2019;116(8):3091-9.

Onishi K, Zandstra PW. LIF signaling in stem cells and development.
Development. 2015;142(13):2230-6.

Lee DF, Su J, Ang YS, Carvajal-Vergara X, Mulero-Navarro S, Pereira CF, et al.
Regulation of embryonic and induced pluripotency by aurora kinase-p53
signaling. Cell Stem Cell. 2012;11(2):179-%4.

Wang XQ, Lo CM, Chen L, Ngan ES, Xu A, Poon RY. CDK1-PDK1-PI3K/Akt
signaling pathway regulates embryonic and induced pluripotency. Cell
Death Differ. 2017,24(1):38-48.

Vishnoi N, Yao J. Single-cell, single-mRNA analysis of Ccnb1 promoter
regulation. Sci Rep. 2017;7(1):2065.

Tsai RY. Turning a new page on nucleostemin and self-renewal. J Cell Sci.
2014;127(Pt 18):3885-91.

Borlado LR, Méndez J. CDC6: from DNA replication to cell cycle checkpoints
and oncogenesis. Carcinogenesis. 2008;29(2):237-43.

Yan Z, DeGregori J, Shohet R, Leone G, Stillman B, Nevins JR, et al. Cdc6 is
regulated by E2F and is essential for DNA replication in mammalian cells.
Proc Natl Acad Sci U S A. 1998,95(7):3603-8.

Theodorou E, Dalembert G, Heffelfinger C, White E, Weissman S, Corcoran L,
et al. A high throughput embryonic stem cell screen identifies Oct-2 as a
bifunctional regulator of neuronal differentiation. Genes Dev. 2009;23(5):
575-88.

Shah SN, Kerr C, Cope L, Zambidis E, Liu C, Hillion J, et al. HMGA1
reprograms somatic cells into pluripotent stem cells by inducing stem cell
transcriptional networks. PLoS One. 2012;7(11):e48533.

Menzel-Severing J, Zenkel M, Polisetti N, Sock E, Wegner M, Kruse FE, et al.
Transcription factor profiling identifies Sox9 as regulator of proliferation and
differentiation in corneal epithelial stem/progenitor cells. Sci Rep. 2018,8(1):10268.
Elsafadi M, Manikandan M, Dawud RA, Alajez NM, Hamam R, Alfayez M,

et al. Transgelin is a TGFB-inducible gene that regulates osteoblastic and
adipogenic differentiation of human skeletal stem cells through actin
cytoskeleston organization. Cell Death Dis. 2016;7(8):€2321.

LuY, Ye Y, Yang Q, Shi S. Single-cell RNA-sequence analysis of mouse
glomerular mesangial cells uncovers mesangial cell essential genes. Kidney
Int. 2017,92(2):504-13.

Berfield AK, Hansen KM, Abrass CK. Rat glomerular mesangial cells require
laminin-9 to migrate in response to insulin-like growth factor binding
protein-5. Am J Phys Cell Phys. 2006;291(4):C589-99.

Gurdziel K, Vogt KR, Walton KD, Schneider GK, Gumucio DL. Transcriptome
of the inner circular smooth muscle of the developing mouse intestine:
evidence for regulation of visceral smooth muscle genes by the hedgehog
target gene, cJun. Dev Dyn. 2016;245(5):614-26.

Han CS, Liu K, Zhang N, Li SW, Gao HC. Rutin suppresses high glucose-
induced ACTA2 and p38 protein expression in diabetic nephropathy. Exp
Ther Med. 2017;14(1):181-6.

Klein T, Klaus G, Kdmhoff M. Prostacyclin synthase: upregulation during
renal development and in glomerular disease as well as its constitutive
expression in cultured human mesangial cells. Mediat Inflamm. 2015;2015:
654151.

Abboud HE. Platelet-derived growth factor and mesangial cells. Kidney Int.
1992,41(3):581-3.

Marek |, Becker R, Fahlbusch FB, Menendez-Castro C, Rascher W, Daniel C,
et al. Expression of the alpha 8 integrin chain facilitates phagocytosis by
renal mesangial cells. Cell Physiol Biochem. 2018:45(6):2161-73.


https://www.ncbi.nlm.nih.gov/sra/SRP233161
http://microarray.ym.edu.tw/tools/MFSelector
https://github.com/petitmingchang/TO-GCN
https://github.com/petitmingchang/TO-GCN
http://regulatorycircuits.org/
http://www.grnpedia.org/trrust
http://www.grnpedia.org/trrust
https://amp.pharm.mssm.edu/Harmonizome/dataset/ENCODE+Transcription+Factor+Targets
https://amp.pharm.mssm.edu/Harmonizome/dataset/ENCODE+Transcription+Factor+Targets

Wong et al. BMC Genomics

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

(2020) 21:467

Almalki SG, Agrawal DK. Key transcription factors in the differentiation of
mesenchymal stem cells. Differentiation. 2016;92(1-2):41-51.

Lee MY, Park C, Ha SE, Park PJ, Berent RM, Jorgensen BG, et al. Serum
response factor regulates smooth muscle contractility via myotonic
dystrophy protein kinases and L-type calcium channels. PLoS One. 2017;
12(2):€0171262.

Liu F, Wang X, Hu G, Wang Y, Zhou J. The transcription factor TEAD1
represses smooth muscle-specific gene expression by abolishing myocardin
function. J Biol Chem. 2014;289(6):3308-16.

Estefania MM, Ganier O, Herndndez P, Schvartzman JB, Mechali M, Krimer
DB. DNA replication fading as proliferating cells advance in their
commitment to terminal differentiation. Sci Rep. 2012;2:279.

Lou CH, Shum EY, Wilkinson MF. RNA degradation drives stem cell
differentiation. EMBO J. 2015;34(12):1606-8.

Li T, Shi 'Y, Wang P, Guachalla LM, Sun B, Joerss T, et al. Smg6/Est1 licenses
embryonic stem cell differentiation via nonsense-mediated mRNA decay.
EMBO J. 2015;34(12):1630-47.

Jaffrey SR, Wilkinson MF. Nonsense-mediated RNA decay in the brain:
emerging modulator of neural development and disease. Nat Rev Neurosci.
2018;19(12):715-28.

Schweingruber C, Rufener SC, Ziind D, Yamashita A, Mihlemann O.
Nonsense-mediated mRNA decay - mechanisms of substrate mRNA
recognition and degradation in mammalian cells. Biochim Biophys Acta.
2013;1829(6-7):612-23.

Ghayur MN, Krepinsky JC, Janssen LJ. Contractility of the renal glomerulus
and mesangial cells: lingering doubts and strategies for the future. Med
Hypotheses Res. 2008:4(1):1-9.

Tian S. Identification of monotonically differentially expressed genes for
non-small cell lung cancer. BMC Bioinformatics. 2019;20(1):177.

Wong CY, Tan EL, Cheong SK. In vitro differentiation of mesenchymal stem
cells into mesangial cells when co-cultured with injured mesangial cells.
Cell Biol Int. 2014;38(4):497-501.

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR:
ultrafast universal RNA-seq aligner. Bioinformatics. 2013;29(1):15-21.
Robinson MD, McCarthy DJ, Smyth GK. edgeR: a bioconductor package for
differential expression analysis of digital gene expression data.
Bioinformatics. 2010;26(1):139-40.

Hu H, Miao YR, Jia LH, Yu QY, Zhang Q, Guo AY. AnimalTFDB 3.0: a
comprehensive resource for annotation and prediction of animal
transcription factors. Nucleic Acids Res. 2019;47(D1):D33-D8.

Marbach D, Lamparter D, Quon G, Kellis M, Kutalik Z, Bergmann S. Tissue-
specific regulatory circuits reveal variable modular perturbations across
complex diseases. Nat Methods. 2016;13(4):366-70.

Han H, Cho JW, Lee S, Yun A, Kim H, Bae D, et al. TRRUST v2: an expanded
reference database of human and mouse transcriptional regulatory
interactions. Nucleic Acids Res. 2018;46(D1):D380-6.

Rouillard AD, Gundersen GW, Fernandez NF, Wang Z, Monteiro CD,
McDermott MG, et al. The harmonizome: a collection of processed datasets
gathered to serve and mine knowledge about genes and proteins.
Database (Oxford). 2016. https://doi.org/10.1093/database/baw100.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 14 of 14

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1093/database/baw100

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Batch normalization and monotonic expression patterns
	Statistics of genes after initial read processing
	Evaluation of key genes and biomarkers of MSC down-regulated during the differentiation process
	Key genes involved in the mesangial cell characteristic and function were up-regulated along the differentiation process
	Functional enrichment analysis in each TO-GCN level
	Co-cultured MSC has contraction capability
	TF-TF-key genes relationship with vascular smooth muscle contraction related genes

	Discussion
	Construction and robustness of TO-GCN
	Synergistic work between MFSelector and TO-GCN
	The key genes and MSC biomarkers were down-regulated during the differentiation process
	Biomarkers contribute to mesangial cell characteristics and functions
	Pathway enrichment analysis on each TO-GCN level
	Construction of vascular smooth muscle contraction-specific gene network

	Conclusions
	Methods
	Cell cultures and RNA extraction
	Complementary DNA generation, RNA sequencing, mapping and initial read processing
	Monotonic feature selector and data annotation
	Construction of the time-ordered gene co-expression network (TO-GCN)
	Co-expressed gene sets and enrichment pathways and functions in each TO-GCN level
	Inferences of gene regulation network
	Identification of key genes or biomarkers changes during differentiation
	Differentiated cell contraction study
	TF-TF-key gene relationship for vascular smooth muscle contraction related genes

	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

