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Abstract
Backgrounds: Vascular endothelial cell apoptosis is the �rst risk factor of atherosclerosis (AS), and it can
be induced by high doses of glucose and palmitic acid (PA). The purpose of our study is to use a new
generation of high-throughput transcription factors (TFs) detecting method to identify novel candidate
key TFs involved in PA-induced vascular endothelial cell apoptosis.

Methods: Human umbilical vein endothelial cells (HUVECs) were treated with 0µM PA (control group),
250µM PA (group 1), or 500µM PA (group 2). Candidate TFs among the three groups were determined by
signi�cant changes according to t-test, and pathway enrichment, western blot (WB) and RT-qPCR were
then performed.

Results: Fifty-one TFs showing with signi�cant p value were identi�ed, and 24 TFs with signi�cant p
value plus fold change > 2 and with dose-dependence were identi�ed with 12 TFs biologically validated in
former studies. Two of the remaining 12 novel TFs, v-maf musculoaponeurotic �brosarcoma oncogene
family protein G (MAFG) and v-maf musculoaponeurotic �brosarcoma oncogene family protein F
(MAFF), were matched to AS known signalling pathways and were validated by WB and RT-qPCR in our
study.

Conclusions: We identi�ed MAFG and MAFF as novel candidate key TFs in vascular endothelial cell
apoptosis, which is the key initial process of AS.

1. Background
Atherosclerosis (AS) is a common vascular disease characterized by AS plaque formation, which initiates
with endothelial cell apoptosis, followed by lipid deposition and foam-cell formation (1). AS is the leading
cause of cardiac infarction, arterial aneurysm, or stroke, and the severe associated complications (2).

Vascular endothelial cell apoptosis is the initial pathogenetic process underlying AS plaque formation,
and it is the �rst risk factor of AS plaque formation (1). To interfere effectively in early stage of AS or to
predict AS plaque formation risk, we focus on identifying the key transcription factors (TFs) in this initial
process of AS formation. Human umbilical vein endothelial cell (HUVEC) is a cell line that recapitulates
the characteristics of arterial endothelial cells in vitro. HUVEC apoptosis induced by 24-hour stimulation
with palmitic acid (PA) represents a mature AS cell model (3). Numerous TFs and signalling pathways, as
well as changes in gene expression levels, are likely to be involved in HUVEC apoptosis (4).

TF response element (TFRE) pro�ling is a new generation of high-throughput TFs detecting method that
allows qualitative and semi-quantitative screening of TFs on a proteomic scale in speci�c cells or tissues,
using nano-liquid chromatography/tandem mass spectrometry (LC-MS) analysis (5). TFRE pro�ling
provides information that directly re�ects changes in TF protein levels as well as the activity state of the
TF populations.
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Although previous studies have reported some TFs that are key players in HUVEC apoptosis (6), high-
throughput TF pro�ling in HUVEC apoptosis models has not yet been reported.

In this study, to identify key candidate TFs involved in HUVEC apoptosis, we conducted TFRE pro�ling
using three experimental groups of HUVECs. In this study, to identify key candidate TFs involved in
HUVEC apoptosis, we conducted TFRE pro�ling using three experimental groups of HUVECs, treated with
or without increasing concentrations of PA and glucose to induce apoptosis.

2. Methods

2.1. Experimental groups, work�ow, and study design of
TFRE pro�ling
The HUVECs were grouped as follows: control group, HUVECs treated with 0 µM PA; group 1, HUVECs
stimulated with 250 µM PA; experimental group 2, HUVECs stimulated with 500 µM PA. All three groups
were treated with PA and glucose for 24 hours, then TFRE pro�ling experiments were performed three
times.

2.2. HUVEC culture
HUVECs were purchased from COBIOER company (Nanjing, China), and the designated type is primary
cell from Promocell. The cells have been checked to ensure they are free of contamination, and they have
been used from young stock. We then cultured the cells in Xinjiang Key Laboratory of Cardiovascular
Disease. HUVECs were seeded into 18 culture �asks (25 cm2 in size), of which six �asks were used for
each of the three experimental groups. For each group, the six �asks then were divided into two �asks,
which were considered as one replicate; the experiment was therefore conducted with three replicates.

2.3. TFRE experiment
TFRE pro�ling was performed in three major steps: nuclear protein extraction, TF enrichment in nuclear
protein extracts using concatenated tandem array of the consensus TFREs (catTFREs), and SDS-PAGE
and in-gel digestion. The detailed procedures are described in our previous study(7).

2.4. LC-MS analysis for protein identi�cation and label-free
quanti�cation
LC-MS analysis for protein identi�cation and label-free quanti�cation were performed as previously
described (7, 8).

2.5. Selection of candidates for key TFs of HUVEC
apoptosis
The frequency of total (FOT)-adjusted peak areas were compared among the three groups, and heatmap
and volcano plots were drawn based on TF showing variations with both t-test P value < 0.05 and fold-
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change > 2. Then, a relational network among these TFs was generated to �nd the central ones. Next, we
selected discrepant TFs showing the same variation trends among the three experimental groups.
Downstream gene pathway enrichment analysis of the discrepant TFs with the same variation trends
was conducted to select TFs matching to known signalling pathways in AS, which were selected as
candidate TFs involved in HUVEC apoptosis. Then, we excluded known key TFs involved in AS in others’
former studies, and the remaining TFs were selected as candidate novel TFs involved in HUVEC
apoptosis after Western Blot (WB) and Real-time quantitative PCR (RT-qPCR) veri�cation.

2.6. WB and RT-qPCR
Antibodies for WB were purchased from Abcam (Anti-MAFG: ab86524. Anti-MAFF: ab183859), and
primers for RT-qPCR were synthesized as Table 1 shown. Process of WB and RT-qPCR had been described
in our former study(9)

Table 1
Primers using in RT-qPCR assay

Molecules Forward Reverse

MAFG TCCAGGGTACTGACCTGCTC GTTTCCTTTATTGGGGGTCG

MAFF TGCCCAGGTCCCATTTCTC GGCCCACGAAGGGAATGT

β-actin CCTAGAAGCATTTGCGGTGG GAGCTACGAGCTGCCTGACG

2.7. Statistical analysis
Statistical analysis was performed as described previously (7).

3. Results

3.1. Identi�cation of 51 TFs showing signi�cant differential
expression (P < 0.05 and fold-change > 2)
Among the three TFRE pro�ling experiments, we identi�ed 173 TFs totally in control group, group 1, and
group 2. Of these, we identi�ed 36 TFs, namely ATF3, HOXA5, GATA6, HOXA9, HOXB4, ALX1, ELK3, RARB,
TOX2, STAT1, STAT6, TTF1, ATF7, MAFG, FOXP1, NFE2L1, RFX5, NR2F1, TCF7L2, CBFB, FOSL1, NFKB2,
FOXF1, TFDP1, HMGB1, HMGB3, FLI1, RELA, RBPJ, ARID1A, HOXD8, MAFF, UBTF, HMGB2, E2F4, and
FOXO1, showing signi�cant differential expression, with t-test P value < 0.05, between group 1 and control
group, and identi�ed 34 TFs, namely ATF3, HOXA5, XBP1, HOXA9, HOXB4, ALX1, ELK3, RARB, TOX2,
STAT1, STAT6, AEBP1, TTF1, ATF7, FOXP1, NFE2L1, AHR, NOC3L, NR2F1, CBFB, JUNB, FOSL1, PBX2,
TFDP1, MAX, HMGB1, NFAT5, FLI1, RBPJ, ARID1A, HOXD8, JUN, E2F4, and FOXO1, with t-test P value < 
0.05 between group 2 and control group, and identi�ed 13 TFs, namely ATF3, XBP1, ELF2, AEBP1,
NFE2L1, RFX5, NFKB2, HMG20B, NFATC2, RELA, MGA, PDS5B, and NFATC1, with t-test P value < 0.05
between group 2 and group 1. All the 51 signi�cant TFs, namely ATF3, HOXA5, GATA6, XBP1, HOXA9,
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HOXB4, ALX1, ELK3, RARB, TOX2, ELF2, STAT1, STAT6, AEBP1, TTF1, ATF7, MAFG, FOXP1, NFE2L1, AHR,
RFX5, NOC3L, NR2F1, TCF7L2, CBFB, JUNB, FOSL1, NFKB2, HMG20B, PBX2, FOXF1, TFDP1, MAX,
HMGB1, HMGB3, NFAT5, FLI1, NFATC2, RELA, MGA, RBPJ, ARID1A, HOXD8, PDS5B, MAFF, UBTF, HMGB2,
JUN, NFATC1, E2F4, and FOXO1, are shown in Fig. 1A.

As is shown in the volcano plots (Fig. 1B-1D), 34 TFs signi�cantly different between group 1 and control
group were identi�ed and met the selection criteria of both P value < 0.05 and fold-change > 2 (Fig. 1B). Of
these, 11 TFs, namely ATF3, GATA6, STAT1, STAT6, MAFG, FOXP1, NFE2L1, RFX5, TCF7L2, CBFB, and
MAFF, were up-regulated, shown as red dots in Fig. 1B, and 23 TFs, namely HOXA5, HOXA9, HOXB4,
ALX1, ELK3, RARB, TOX2, TTF1, ATF7, NR2F1, FOSL1, NFKB2, FOXF1, TFDP1, HMGB1,HMGB3, FLI1,
RELA, RBPJ, UBTF, HMGB2, E2F4, and FOXO1, were down-regulated, shown as blue dots in Fig. 1B.
Thirteen TFs showing signi�cantly different levels between group 2 and group 1 met the selection criteria
(Fig. 1C), of which 8 TFs, namely ATF3, XBP1, STAT6, NFE2L1, NFKB2, NFATC2, RELA, and NFATC1, were
up-regulated (red dots) and 5 TFs, namely ELF2, RFX5, HMG20B, MGA, and PDS5B, were down-regulated
(blue dots). Finally, 33 TFs showing signi�cant differential expression between group 2 and control group
met the selection criteria (Fig. 1D); of these, 12 TFs, namely ATF3, XBP1, STAT1, STAT6, AEBP1, FOXP1,
NFE2L1, NOC3L, CBFB, JUNB, NFAT5, and HOXD8, were up-regulated (red dots) and 21 TFs, namely
HOXA5, HOXA9, HOXB4, ALX1, ELK3, RARB, TOX2, TTF1, ATF7, AHR, NR2F1, FOSL1, PBX2, TFDP1, MAX,
HMGB1, FLI1, RBPJ, ARID1A, JUN, and E2F4, down-regulated (blue dots).

3.2. Protein interaction network analysis and signi�cant TFs increasing or decreasing between control
group and group 1 and between group 1 and group 2 with dose dependence

Protein interaction network analysis (Fig. 2A) revealed that several TFs were signi�cantly changed and
interconnected, including ATF3, JUN, JUNB, MAFG, MAFF, RELA, STAT1, and STAT6. Among the TFs
showing differential expression from control group to group 1 and from group 1 to group 2 with dose
dependence, 12 of the 51 signi�cant TFs were up-regulated from control group to group 1 and still from
group 1 to group2 (Fig. 2B), namely ATF3, XBP1, STAT1, STAT6, AEBP1, MAFG, NFE2L1, CBFB, JUNB,
NFAT5, HOXD8, and MAFF, while 12 were down-regulated from control group to group 1 and still from
group 1 to group2 (Fig. 2C), namely HOXA5, ALX1, ELK3, RARB, ATF7, AHR, PBX2, MAX, FLI, ARID1A, JUN,
and E2F4. Therefore, these 12 up-regulated TFs and 12 down-regulated TFs were dose-dependent. Seven
TFs were overlapping between the signi�cant TFs in the interaction network analysis result and the
signi�cantly changed TFs from control group to group 1 and from group 1 to group 2 with dose
dependence: ATF3, JUN, JUNB, MAFG, MAFF, STAT1, and STAT6.

3.3. Pathway enrichment of TFs and matching to key signalling pathways of AS and WB and RT-qPCR
validation

In order to identify which of the 7 TFs is correlated with known AS pathways to further shrink the range of
TFRE screening result for novel candidate key TFs in AS onset, We performed downstream gene pathway
enrichment analysis of the 7 overlapping TFs (Fig. 3), and 4 TFs were matched to known key signalling
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pathways of AS, namely NFE2L2 (Nrf2)-ARE, NFKB, and MAPK signalling pathway. The analysis
identi�ed four TFs (Fig. 3C, 3E, 3F, 3G): JUN (AP1), MAFG, MAFF, STAT1.

We identi�ed four candidate TFs, JUN (AP1), MAFG, MAFF, STAT1, in the former Sect. 3.3., and the two of
the four TFs, JUN and STAT1, were then found as two known key TFs in AS in others’ former studies by
searching articles(10, 11). Therefore, the rest two novel candidate key TFs, MAFG and MAFF, were veri�ed
by performing WB and RT-qPCR. The results of RT-qPCR (Fig. 4A, 4B) and WB (Fig. 4C, 4D, 4E, 4F) showed
the changing trends of these two TFs were consistent with the changing trends in TFRE results, so MAFG
and MAFF were veri�ed as two novel candidate key TFs in AS.

4. Discussion

4.1. Major �ndings
Here, we identi�ed 51 TFs that showed signi�cant differential expression, with t-test P value < 0.05 and
fold-change > 2. Then, seven overlapping TFs between the signi�cantly regulated and connected TFs and
the differentially expressed TFs from control group to group 2 with dose dependence were identi�ed, four
of which were found to have downstream genes matching to known signalling pathways of AS. The two
of the four TFs, MAFG and MAFF, were still unknown in AS, then WB and RT-qPCR veri�cation results
demonstrated these two TFs were two novel candidate key TFs in AS.

4.2. Signi�cance of this study
Numerous TFs are involved in vascular endothelial cell apoptosis, which is the key process underlying AS
onset. However, a proteome-scale transcriptional pro�ling to identify candidate TFs associated with this
key event in AS pathogenesis has never been performed. Our results revealed several novel candidate key
TFs by proteomic pro�ling with high-throughput TF expression analysis. Manipulating the expression of
these TFs will allow biological validation of the candidates in the future. Finally, if some of the
candidates are validated in the future, these novel TFs involved in vascular endothelial cell apoptosis will
be useful for early-stage medical intervention on AS.

4.3. Comparison with other relevant studies and deductions
from major results
Several studies have reported key TFs in AS, which were validated through observing changes in AS
plaque area and thickness following manipulation of the TF gene expression in an ApoE-/- mouse AS
model (6, 12–29). In this study, we also identi�ed some of these key TFs, such as ATF3 and JUN (AP1). In
addition, ALX1, ELK3, RARB, ATF7, MAFG, NFE2L1, CBFB, PBX2, MAX, FLI1, ARID1A, and MAFF were
newly identi�ed TFs reported in our present study as candidate key TFs in AS.

According to the Genome Informatics database, the 24 known and unknown TFs identi�ed here are all
involved in AS-related biological processes, such as cell proliferation and apoptosis. Our results showed
that 4 candidate TFs were up-regulated from control group to group 2 with dose dependence. Considering
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that the concentration of PA goes from 0 to 500 µM from control group to group 2, this indicates that the
upregulation of the 4 TFs from control group to group 2 suggests a relevant association with vascular
endothelial cell apoptosis, making them attractive targets for early therapeutic intervention. The key
signalling pathways of AS on which current research has focused are NFE2L2-ARE, MAPK, and NFKB
pathway (30, 31). In addition, pathway enrichment for downstream genes of JUN (AP1), MAFG, MAFF,
and STAT1 showed association with key AS signalling pathways. However, JUN (AP1) and STAT1 had
already been biologically validated as key TFs in AS in a previous study(10, 11). Therefore, we deducted
from our results that MAFG and MAFF might play a key role in HUVEC apoptosis via the NFE2L2-ARE
signalling pathway because MAFG and MAFF pathway enriched to NFE2L2, which is the key molecule of
NFE2L2-ARE signalling pathway. For this reason, we speculate that MAFG and MAFF are two candidate
novel TFs in vascular endothelial cell apoptosis.

The function of v-maf musculoaponeurotic �brosarcoma oncogene family protein G (MAFG) and v-maf
musculoaponeurotic �brosarcoma oncogene family protein F (MAFF) are now known as proliferation and
differentiation coactivators collaborated with NFE2L2 in mice esophagus and forestomach keratinocyte
in Keap1-NFE2L2 pathway(32), and the protein MAFG collaborates with NFE2L2 to transcriptionally
activate MAFG gene through an antioxidant response element (ARE) in 293T cells(33). The protein MAFG
also promotes the differentiation of mice megakaryocytes to platelets(34).

The study of Motohashi H, et al(32) demonstrated MAFG and MAFF collaboratively interact with NFE2L2
to play key role in mice keratinocyte proliferation and differentiation IN THE Keap1-NFE2L2 pathway, and
the study of Katsuoka F, et al(33) revealed NFE2L2/MAFG heterodimer binds to ARE to activate the
antioxidation by oxidative stress in 293T cells. However, NFE2L1 is signi�cantly increased between
control group and experimental groups instead of NFE2L2 in our study accompanied signi�cant increase
of MAFG and MAFF. Therefore, we speculate that MAFG, MAFF, and NFE2L1 can transcriptionally
activates ARE associated genes collaboratively in arterial endothelial cells, then the expression of these
ARE associated genes lead to antioxidation enhancement of arterial endothelial cells. Antioxidation
enhancement and cells injury reduction of arterial endothelium play a crucial role in anti-atherogensis.

4.4. Limitations
First, TFRE pro�ling is a semi-quantitative method with limited accuracy. Second, the candidate novel TFs
have not been validated experimentally, although this could be achieved in a future study.

5. Conclusion
Here, we identi�ed two novel candidate key TFs, MAFG and MAFF, involved in PA + glucose-induced
vascular endothelial cell apoptosis, which is a key event underlying onset of AS. These candidates will
need to be biologically validated in a PA-induced HUVEC apoptosis model and further in ApoE-/- mouse
AS model in the future.

Abbreviations



Page 8/15

AS, atherosclerosis

HUVEC, human umbilical vein endothelial cell
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TFs, transcription factors
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MAFG, v-maf musculoaponeurotic �brosarcoma oncogene family protein G

MAFF, v-maf musculoaponeurotic �brosarcoma oncogene family protein F

WB, western blot

RT-qPCR, Real-time quantitative PCR
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Figure 1

Identi�cation of 51 signi�cant TFs with t-test P value <0.05 and fold-change >2. (A) The heatmap shows
51 transcription factors (TFs) that showed signi�cant differential expression among three experimental
groups. Blue and red represent low and high expression level, respectively. (B, C, D) Each dot in the
volcano plots shows one TF with both fold-change >2 and P value in t-test <0.05. The red dots represent
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up-regulated transcription factors, and the blue ones represent down-regulated transcription factors,
respectively, between two of the three groups.

Figure 2

Protein interaction network analysis and discrepant TFs increasing or decreasing from control group to
group 2. (A) Relational network among the 51 transcription factors that showed signi�cant differential
expression among three experimental groups. The area of the circle represents the number of interactions
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of the transcription factor. Red and blue represent up-regulation and down-regulation, respectively. (B, C,
D, E) Twenty-four discrepant TFs increasing or decreasing from control group to group 2.

Figure 3

Pathway enrichment of TF downstream genes and matching to key signalling pathways of AS or
vascular endothelial cell apoptosis. Signalling pathways with bold letters are known key signalling
pathways of atherosclerosis. The transcription factors indicated with red letters are the novel candidate
key TFs involved in vascular endothelial cell apoptosis.
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Figure 4

WB and RT-qPCR veri�cation of the two novel candidate key TFs, MAFG and MAFF. (A, B) RT-qPCR
validation results. (C, D, E, F) WB validation results. The changing trends of MAFG and MAFF in RT-qPCR
and WB results were consistent with the changing trends in TFRE results, so MAFG and MAFF were
validated as two novel candidate key TFs in AS. * indicates 0.01<p<0.05, ** indicates 0.001<p<0.01, and
*** indicates p<0.001.


