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Abstract
Dysfunction of the endothelial lining of lesion-prone areas of the arterial vasculature is an important
contributor to the pathobiology of atherosclerotic cardiovascular disease. Recent studies have indicated
that UDP-glucose pyrophosphorylase 2(UGP2) is implicated in cell proliferation and survival. Here we
investigated the anti-apoptosis and anti-atherogenic effect of UGP2 in vitro and in vivo.Here, we explored
the effects and mechanisms of UGP2 on apoptosis in endothelial cells by �ow cytometer and Western
blot analyses. And we engineered ldlr−/−ugp2+/− double-de�cient mice to evaluated the apoptosis levels in
atherosclerotic lesion. A microarray analysis showed that the expression of UGP2 was reduced in human
atherosclerotic plaques. In vitro experiments revealed that TP53 interacted with the promotor region of
the UGP2 gene, which upregulated UGP2 expression. Augmentation of UGP2 expression downregulated
ROS levels, the expressions of Cleaved caspase-3 and apoptosis levels in endothelial cells, and this
inhibitory effects of UGP2 on cell apoptosis could be signi�cantly abolished by H2O2. In vivo experiments

using ldlr−/−ugp2+/− mice fed a Western high-fat diet demonstrated that UGP2 de�ciency promoted
atherosclerosis, and increased the levels of ROS, expressions of Cleaved caspase-3 and apoptosis cells in
atherosclerotic lesions. Thus, our results provide evidence for UGP2 as a novel target gene of TP53
contributes to anti-apoptosis effect linking to ROS homeostasis differ from canonical pathway, and we
suggested that UGP2 could act as potential therapeutic targets to ameliorate atherosclerosis-related
diseases.

1. Introduction
Atherosclerosis (AS) is the main pathogeny of coronary heart disease, cerebral infarction and peripheral
vascular disease, and that endothelial dysfunction (ED) is suggested as one of the early events in the
pathogenesis of atherosclerotic progression[1]. Endothelial cells have important roles in normal
physiological processes including the secretion of chemokines and cell adhesion factors, regulating
vascular relaxation and contraction, and promoting angiogenesis[2–5]. However, when pathological
conditions arise causing apoptosis, the important biological functions maintained by the endothelium
become compromised. Due to impaired barrier function of the endothelium, in�ltration of the vascular
wall by circulating leukocytes in combination with increased low-density lipoprotein (LDL) storage
initiates the development of atherosclerosis[6, 7].

UGP2 also known as UDP–glucose pyrophosphorylase is an enzyme involved in carbohydrate
metabolism. Its signi�cance is derived from the many uses of UDP-glucose including galactose
metabolism, glycogen synthesis, glycoprotein synthesis, and glycolipid synthesis[8, 9]. A de�ciency in this
enzyme during the glycogen synthesis and decomposition processes leads to the clinical manifestations
of glycogen storage disease[10]. UGP2 has been identi�ed with tumor-speci�c alternative transcription
start sites (TSSs) in both adenoma and cancer samples relative to normal mucosa[11]. High transcript
levels of UGP2 were identi�ed in acute myeloid leukemia (AML) and were associated with signi�cantly
poor overall survival in AML[12]. UGP2 was enriched in the biological progresses of cell proliferation,
migration, and invasion and positively correlated with pathologic grade, both in hepatocellular
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carcinoma[13, 14] and glioma[15]. These studies showed that the UGP2 expression level was signi�cantly
higher in cancer cells than in the corresponding normal cells or tissue. It has also been shown that
hypoxia induces UGP2 expression[16]. The expression of UGP2 and its association with the
clinicopathological characteristics of atherosclerosis have not been reported.

TP53 is a transcription factor activated upon DNA damage and inhibits cell proliferation by inducing cell
cycle arrest, senescence or apoptosis[17, 18]. TP53 exerts these actions principally via binding to the
consensus binding motifs in the genome, thereby activating the transcription of its target genes. It has
been known that, among the target genes, p21 mediates cell cycle arrest[19] while apoptosis is mediated
by Bax, NOXA, Pidd or PUMA[20–23]. However, recent studies challenge these long-held views of TP53
function. Recent evidences suggest that TP53 in�uences a range of cellular metabolic processes,
including glycolysis, glutaminolysis and anti-oxidant response. In contrast to its role in promoting
apoptosis during DNA damaging stress, TP53 can promote cell survival during metabolic stress. In these
conditions, TP53 protects cells from oxidative stress directly by inducing anti-oxidant genes, like GPX1,
ALDH4 or indirectly by regulating glucose and glutamine metabolism related protease, like TIGAR and
GLS2[24–27]. these metabolizing enzymes have been identi�ed as a family of TP53-inducible proteins
that provide an antioxidant defense to protect cells from apoptosis by decrease intracellular ROS[28]. The
antioxidant role of TP53 is important to reduce oxidative stress-induced DNA damage and mutations,
which contributes greatly to the cell survival. Cell survival regulated by TP53 plays a central role in
atherosclerosis. Some research revealed that transplant of TP53 bone marrow to tp53−/− mice reduced
aortic plaque formation and reduced VSMCs apoptosis in brachiocephalic plaques[29, 30]. And Rajan et
al [31] found that TP53 inhibits cardiomyocyte apoptosis and protects infarct myocardium under some
conditions.

Here, we identify UGP2 as a TP53 target gene to mediate the role of TP53 in antioxidant defense
mechanisms. TP53 increases UGP2 expression, which results in decreased ROS levels, endothelial cell
survival and inhibitory effect of atherosclerosis. These results suggest that UGP2 is an important
component in the cell survival and anti-atherosclerosis effects of TP53.

2. Materials And Methods

2.1 Tissues
In this study, 10 patients with atherosclerotic plaque and normal arterial tissues were all from
atherosclerotic patients who underwent carotid endarterectomy at Southern Hospital of Southern Medical
University. Arteries without macroscopic evidence of atherosclerosis were collected from individuals who
died from a tra�c accident or cerebral edema. After washing the specimens with saline, the outer fat
tissues and surrounding normal tissues of the plaque were separated. The plaque tissue was separated
into appropriate sizes, and immediately placed in liquid nitrogen. The collected tissue was pathologically
tested and diagnosed as primary atherosclerosis. The exclusion criteria were patients with diabetes,
cancer, congestive heart failure, valvular heart disease, hematological system diseases, autoimmune
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disease, and/or infections. The basic information of the patients included name, age, and sex. The study
was approved by the Committee for Ethical Review of Research Involving Human Subjects, Nanfang
Hospital, Southern Medical University, Guangzhou, China (Ethics approval ID: NFEC-2018-142). Informed
consent was obtained from the participants or relatives of deceased individuals.

2.2 Cells
Human vascular endothelial cells (HUVECs, ATCC CRL-1730) were obtained from ATCC. HUVECs were
cultured in Dulbecco's modi�ed Eagle's medium (DMEM) containing 10% fetal calf serum (FCS). The cells
were incubated at 37°C in an atmosphere of 5% CO2. Cells were seeded in 6- or 12-well plates or 60 mm
dishes and grown to 60–80% con�uence before use.

2.3 Animals
ldlr−/− mice and ugp2+/− mice were purchased from the Model Animal Research Center of Nanjing
University (Nanjing, China). All experimental protocols in accordance with the NIH Guide for the Care and
Use of Laboratory Animals were approved by the Ethic Committee of Nanfang Hospital, Southern Medical
University. All mice had the C57BL/6J background. To generate ldlr and ugp2 double-de�cient mice,
ugp2+/− mice were crossbred with ldlr−/− mice. Due to embryonic lethality of ugp2-knockout
homozygosity (ugp2−/−), ugp2+/− ldlr−/− and ugp2+/+ ldlr−/− mice were used in this study. Six-week-old
mice from both groups (5 males and 5 females in each group) were fed a Western high-fat diet for 12
weeks. Thereafter, mice were fasted for 4 hours, then placed under general anesthesia, after which blood
was collected from the retro-orbital venous plexus using a capillary tube. The mice were then sacri�ced
by cervical dislocation, and tissues were collected for analysis.

2.4 Quantitative RT-PCR analysis
Total RNA from cultured cells were extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and
reverse transcribed. Real-time PCR was performed on the lightCycler 480 II (Roche, Pleasanton, CA, USA)
with SYBR Green Dye detection (TaKaRa Bio, Mountain View, CA, USA). All samples were assayed in
triplicate. The data were analyzed using the ΔΔCt method, with GAPDH as a reference in the mRNA
analysis. The primer sequences are listed in Table.1.

2.5 Immunoblot analysis
The total protein was measured by the bicinchoninic acid protein assay kit (P0010-1; Beyotime, China).
The cleavage products of each sample were separated by 12% SDSPAGE. The western blots were
incubated for 12h at 4℃ with antibodies against UGP2 (Abcam, catalog ab157473), TP53 (Abcam,
catalog ab26), Cleaved caspase-3 (CST, catalog #9664), or β-ACTIN (Abcam, catalog ab8227), and then
incubated 2h at room temperature with horseradish-peroxidase-conjugated secondary antibodies.
Chemiluminescence (ECL Plus Western Blot Detection System; Amersham Biosciences, Foster City, CA,
USA) was used in the visualization of proteins.

2.6 Detection of intracellular ROS
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Intracellular generation of ROS was detected by �uorescence probe 2, 7-dichloro�uorescin diacetate kit
(DCFH-DA, Sigma) as described by the production instruction. HUVECs were treated with 0.5mM
H2O2(Sigma)for 24h after transfection. The treated cells were washed three times with PBS and then
incubated in 10 mM DCFH-DA for 30 min at 37°C without light. After washed 3 times with PBS, the
samples were assessed on a �ow cytometer and analyzed using CellQuest (BD Biosciences, New Jersey,
New York, USA) software.

2.7 Detection of apoptosis cells
Cells apoptosis was assessed using an apoptosis detection kit (Kaiji Biotechnology, Nanjing, China).
Brie�y, cells were collected after treatment, washed twice in ice-cold PBS, and resuspended in binding
buffer, then added into 5µl of Annexin V-APC and 5µl of 7-AAD mixed for 15 min at room temperature in
the dark. The samples were assessed on a �ow cytometer and analyzed using CellQuest (BD Biosciences,
New Jersey, New York, USA) software. Apoptotic cells were quantitated by Annexin V binding and 7-AAD
uptake. The Annexin V-APC + 7-AAD– cell populations were considered to represent early apoptotic cells,
and The Annexin V-APC + 7-AAD + cell populations were considered to represent lately apoptotic cells.

2.8 siRNA assay
Control siRNA (negative control), siRNA-UGP2, and siRNA-TP53 were purchased from Ribo Targets
(Guangzhou, China). ECs were transfected with 50 nM siRNA. Control samples for all experimental
procedures were processed with a non-targeting control mimic sequence of equal concentration. qRT-PCR
and Western blotting analysis was performed to observe the e�ciency of siRNA protein knockdown. The
sequence of siRNA-UGP2, siRNA-TP53, and control siRNA are shown in Table.2.

2.9 Recombinant plasmid construction
A plasmid containing the full-length UGP2 cDNA was purchased from OriGene (Rockville, MD, USA). UGP2
cDNA was ampli�ed by PCR and subcloned into the pcDNA3.1 (+) vector. The correct sequence of the
UGP2 cDNA in the recombinant plasmid was veri�ed by sequencing and named pcDNA-UGP2. The
plasmid was used to transfect ECs using Lipofectamine 3000transfection reagent.

2.10 ChIP
Human vascular endothelial cells (HUVECs) were crosslinked by incubation in formaldehyde and then
incubated with glycine to quench formaldehyde. ChIP was carried out using an anti-TP53 antibody
(Abcam, catalog ab26) and the Pierce Agarose ChIP kit (Thermo Fisher Scienti�c) according to the
manufacturer’s instructions. DNA in the chromatin immunoprecipitated by the anti-TP53 antibody or an
isotope IgG (Abcam, catalog ab172730) to serve as a control was subjected to quantitative PCR analysis
of the UGP2 gene and the housekeeping gene β-ACTIN promotor sequence, respectively. The primer
sequences are listed in Table.3.

2.11 Histological and immunohistochemical analyses
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Sections (4µm thick) of formalin-�xed, para�n-embedded human atherosclerotic plaques and normal
arterial wall specimens, respectively, were subjected to immunohistochemical staining using an anti-
UGP2 antibody (Abcam, catalog ab157473).

To examine the extent of aortic atherosclerotic lesions in the studied mice, the aorta was opened
longitudinally along the ventral midline from the iliac arteries to the aortic root, pinned out �at on a blue
surface, and stained en face with oil red O (Sigma-Aldrich). Images of stained aortas were captured using
a Leica DMI6000 microscope. The oil red O–stained areas were quanti�ed using Image-Pro Plus 6.0
(Media Cybernetics).

Formalin-�xed, para�n-embedded sections (3µm thick) of mouse hearts with aortic root were stained
with H&E, Masson for collagen, von Kossa for calci�cation, Tunel for apoptosis, and
immunohistochemically stained using antibodies for Cleaved caspase-3 (CST, catalog #9664). Frozen
sections (3µm thick) of mouse hearts with aortic root were stained with oil red O, and DHE for ROS.
Images were acquired using an Olympus BX50 microscope with a digital color camera and analyzed
using Optimus software (version 6.2).

2.12 Statistical analysis

Data were analyzed using SPSS version 13.0 (SPSS, Chicago, IL, USA) software. Data are presented as
the mean ± SD or median (interquartile range) unless otherwise indicated. The results were analyzed by
one-way analysis of variance or unpaired Student’s t-tests when continuous variables were normally
distributed. A two-tailed p value < 0.05 was considered statistically signi�cant.

3. Results

3.1 UGP2 was decreased in atherosclerosis and inhibits cell
apoptosis.
To identify differentially expressed genes in human atherosclerotic plaques, we performed microarray
analysis on aortic atherosclerotic plaque tissues (from 3 patients) and healthy aortic tissues (from 3
individuals) [32], the analysis showed that the expression of UGP2 transcript was decreased. To verify
that �nding in microarray analysis, the immunohistochemistry analysis of samples from additional
subjects con�rmed that the protein levels of UGP2 were 24.2 ± 11.6% lower in atherosclerotic plaques (the
carotid artery aorta from 5 patients) than in healthy arterial intima tissues (from 5 individuals) (Fig. 1a).

In order to investigate the effect of UGP2 in HUVECs, �rstly we treated HUVECs with siRNA-UGP2 to
downregulated the expression of UGP2, the UGP2 expression was con�rmed at the mRNA level by real-
time PCR (Fig. 1b) and at the protein level by western-blot assays (Fig. 1c), respectively. Then HUVECs
were transfected with pcDNA-UGP2, the UGP2 mRNA levels (Fig. 1d) and protein levels (Fig. 1e) were
signi�cantly upregulated. To analyze the effect of UGP2 on the apoptosis of HUVECs, the cell apoptotic
rates was detected by FACS analysis with AnnexinV-APC and 7-AAD double labeling. As shown in Fig. 1f,
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the apoptotic rates of control cells were 4.2 ± 0.7%, while the apoptotic rates of UGP2 knockdown cells
were 13.3 ± 2.0%. These data suggest that the deletion of UGP2 induces cell apoptosis.

3.2 UGP2 inhibits cell apoptosis by reducing ROS levels.
To explore the possible mechanism of UGP2 meditating cell apoptosis, the levels of ROS were assessed
in HUVECs transfected with siRNA-UGP2 or pcDNA-UGP2. As expected, the ROS levels of UGP2
knockdown cells increased to 144 ± 12.4% compared with the control cells (Fig. 2a). In cells with
upregulation of UGP2, ROS levels decreased to 66 ± 7.1% of the control cells (Fig. 2b). These results
suggest that the apoptosis effect of UGP2 knockdown in HUVECs may be associated with oxidative
stress.

To further analyze the cause of UGP2 downregulation-induced apoptosis, the effect of UGP2 on the
apoptosis signaling pathway was determined using western blot analysis. The protein expression level of
Cleaved caspase-3 was detected. The expression level of Cleaved caspase-3 in UGP2 knockdown cells
was signi�cantly higher compared with that in the control cells (Fig. 2c). Furthermore, upregulated UGP2
expression signi�cantly reduced H2O2-induced Cleaved caspase-3 protein levels (Fig. 2d), whereas the
UGP2 knockdown by siRNA oligo signi�cantly increased the protein levels of Cleaved caspase-3 induced
by H2O2 (Fig. 2c).

HUVECs with upregulated UGP2 expression or UGP2 knockdown were treated with H2O2 and apoptotic
rates were measured. Compared with H2O2 induced cell apoptosis alone, the apoptotic rates of UGP2
de�cient cells treated with H2O2 was signi�cantly increased to 20.4 ± 0.9% (Fig. 2e). In the treatment of
UGP2 upregulation, the inhibitory effect of increased UGP2 expression on apoptotic rates was abolished
by H2O2 (Fig. 2f).

3.3 UGP2 is directly activated by TP53 in ROS reduction and
apoptosis inhibition.
Given the role of TP53 in glucose metabolism, we hypothesized that TP53 regulates UGP2 transcription
by direct association with chromatin. Therefore, we carried out native chromatin immunoprecipitation
(ChIP) experiments, isolated DNA from immunoprecipitated complexes and followed by quantitative
polymerase chain reaction (qPCR) in HUVECs. The qPCR using primers designed to the UGP2 promoter
showed signi�cant enrichment of TP53 ChIP fragments at this site compared with a Control ChIP
experiment using a non-speci�c antibody in the place of the anti-TP53 antibody (Fig. 3a).

To test the speci�c relationship between TP53 and UGP2, siRNA speci�cally targeting TP53 was
transfected into HUVECs, revealing the trend of syntropy. Transfection with TP53 siRNA resulted in
reduction of UGP2 transcript and protein as measured by qPCR or western blot, respectively (Fig. 3b, c).

The levels of ROS, protein expression levels of Cleaved caspase-3 and apoptotic rates were detected in
TP53 knockdown HUVECs transfected with siRNA-UGP2 or pcDNA-UGP2. Our experiment results showed
that the downregulation of UGP2 increased the ROS levels (109 ± 7.0%) (Fig. 3d), Cleaved caspase-3
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levels (Fig. 3f) and apoptotic rates (11.9 ± 4.1%) (Fig. 3h) which TP53 siRNA reduced in HUVECs.
Conversely, the ROS levels (52 ± 3.2%) (Fig. 3e), Cleaved caspase-3 levels (Fig. 3g) and apoptotic rates
(6.4 ± 0.7%) were reduced in the cells with UGP2 upregulation compared with cells treated with TP53
siRNA (Fig. 3i), suggesting that UGP2 is directly activated by TP53 in ROS reduction and apoptosis
inhibition in HUVECs.

3.4 Knockdown UGP2 promotes atherosclerosis and
increases cell apoptosis in vivo.
To investigate whether UGP2 plays a role in the pathogenesis of atherosclerosis, we crossbred ugp2+/−

mice with ldlr−/− mice to generate ugp2+/− ldlr−/− mice (ugp2−/− ldlr−/− mice could not be generated, likely
due to being embryonic lethal). Both ugp2+/− ldlr−/− mice and ugp2+/+ldlr−/− littermates (controls) were
fed a Western high-fat diet for 12 weeks. En face analysis of the aorta showed that ugp2+/− ldlr−/− mice
had substantially more atherosclerosis (155.8% increase) than controls (Fig. 4a), indicating that UGP2
plays a protective role against atherogenesis.

Furthermore, histological and immunohistochemical analyses of aortic root cross sections showed that,
compared with the atherosclerotic lesions in ugp2+/+ldlr−/− mice, those in ugp2+/− ldlr−/− mice had higher
lipid content (144.8% higher), reduced cap thickness (52.6% lower), lower collagen content (46.2% lower)
and less calci�cation (66.4% lower) (Fig. 4a), suggesting a protective role of UGP2 against the
development of vulnerable atherosclerotic plaques.

Further analyses showed that atherosclerotic lesions in ugp2+/− ldlr−/− mice had higher levels of Cleaved
caspase-3 (89.4% higher), more apoptotic cells (120.4% higher) (Fig. 4b) and increased �uorescence of
ROS (75.2% higher) (Fig. 4c) than those in ugp2+/+ldlr−/− mice, which may contribute to the protective role
of UGP2 against atherogenesis and plaque vulnerability and is in line with the aforecited results of
assays of cultured human cells.

4. Discussion
Atherosclerosis is a complex arterial disease characterized by vascular wall in�ammation and
atherosclerotic plaque accumulation. Endothelial cells play a critical role in the development of
atherosclerosis, so damage to the vascular endothelium might increase the risk of triggering the
pathogenesis of atherosclerosis[1]. Our study demonstrated that reduced UGP2 expression is involved in
the progression of atherosclerosis via stimulation of endothelial apoptosis in vivo and in vitro.
Downregulation of UGP2 was associated with increased endothelial cells apoptosis and severe
atherosclerotic plaque. With these in mind, UGP2 might be a novel molecular target for cell apoptosis and
atherosclerosis.

UGP2 is an enzyme involved in the biosynthesis of glycogen by catalyzing the reaction of uridine
triphosphate (UTP) and glucose-1-P to generate UDP-glucose, UDP-glucose is the activated glucose
required for glycogen synthesis[33]. UGP2 has previously been identi�ed as a marker protein in various
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types of malignancies where its upregulation is correlated with a poor disease outcome[11–15]. A recent
cohort study on Developmental and/or epileptic encephalopathies (DEEs) revealed that the reduction of
UGP2 expression in brain cells leads to global transcriptome changes, a reduced ability to produce
glycogen, alterations in glycosylation and increased sensitivity to ER stress[34]. Changes in glycosylation
can modulate in�ammatory responses, promote cell metastasis or regulate apoptosis[35]. ER stress can
react in various ways, including the induction of the unfolded protein response (UPR) and apoptosis[36].
The endothelial cells as an effective mediator to regulate the vascular system, with roles in processes
such as vascular homeostasis, cell cholesterol, and signal transduction[37]. Convincing evidence
indicates that dysfunction of the endothelial cells is associated with various vascular diseases, including
diabetes mellitus, arterial thrombosis and hypercholesterolemia[38]. Endothelial cells apoptosis can
destroy the vascular structure, results in macrophages in�ltration and lipids deposition, and �nally
contributes to atherogenesis[39, 40]. Our study is the �rst to show a role of UGP2 in the development of
atherosclerosis, and con�rmed that the deletion of UGP2 promotes atherosclerosis by increasing Cleaved
caspase-3 expressions and apoptosis levels in HUVECs.

As an important biological modulator, ROS not only play a role in maintaining normal physiological
functions but also participate in cell damage and cell death because of their highly intensive
activities[41]. As one of the adverse stimuli, ROS mediates activation of Cleaved caspase-3 and cell
apoptosis via multiple mechanisms such as impairing membrane integrity and causing mitochondrial
damage[42, 43]. During atherogenesis, the primary process of endothelial cell dysfunction and apoptosis
is accompanied by a secondary event of oxidative stress, high levels of ROS can induce oxidative stress
that is closely associated with the pathogenesis of atherosclerosis[44]. Low density lipoprotein (LDL)
oxidation by ROS is an early event in the development of atherosclerotic lesions[45]. In addition, ROS can
lead to NF-κB activation, protein modi�cation, and oxidative damages to other biomolecules[46]. ROS
also disrupt redox-dependent signaling in the vessel wall to promote progress of atherosclerosis[47]. In
the present study, the HUVECs were pre-treated by UGP2 siRNA before incubation with H2O2, elevation of
apoptosis was found, accompanied by augmentation of ROS generation and upregulation of Cleaved
caspase-3 expressions. This result indicated that ROS are indispensable for UGP2 knockdown induced
apoptosis in HUVECs.

It is well-known that TP53 is a tumor-suppressor gene, playing key roles in cell cycle control and induction
of apoptosis through the regulation of a battery of target genes. In response to death signals, activated
TP53 regulates various genes of pro-apoptotic proteins, which are transcription-dependent or
independent, leading to �nal cell death[20–23]. Otherwise, it has recently been shown that activated TP53
promotes cell survival and capable of anti-apoptosis ability under DNA damage by implicating in the
regulation of carbohydrate metabolisms[48]. Numerous studies revealed that TP53 is also a redox-
regulating transcription factor via regulation of ROS production and the expression of various
metabolizing enzymes, like TIGAR and GLS2[26, 27]. TP53 also plays a central role in atherosclerosis.
Convincing evidence has showed that TP53 deters the development of atherosclerosis by inhibiting DNA
damage signaling in VSMCs[29]. In addition, TP53 protects the genome from oxidation by reactive
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oxygen species (ROS), a major cause of DNA damage in atherosclerosis[49]. In the present study, we
found that UGP2 was directly transactivated by TP53, and UGP2 knockdown increased ROS generation
and Cleaved caspase-3 activation through a TP53-dependent manner in vivo. Therefore, it is highly likely
that UGP2 is transactivated by TP53 in response to survival stress, contributes to ROS reduction, Cleaved
caspase-3 downregulation and reduction of apoptosis in HUVECs, �nally results in the inhibition of
atherosclerosis.

In ldlr-knockout mice fed a Western high-fat diet, we found that targeted deletion of the UGP2 gene
resulted in substantially increased atherosclerotic lesion areas, indicating a protective role of UGP2
against atherogenesis. Furthermore, we observed that the atherosclerotic lesions in ugp2-de�cient mice
had higher lipid content, reduced cap thickness, lower collagen contents and less calci�cation, all of
which are hallmarks of vulnerable atherosclerotic plaques[50]. In line with the �ndings from HUVECs, the
levels of ROS and Cleaved caspase-3 expressions was upregulated and endothelial cells apoptosis was
enhanced in atherosclerotic lesions of ugp2-de�cient mice. As it is well established that endothelial
dysregulation and apoptosis is considered as the initiating factors in the development and pathogenesis
of atherosclerosis[1]. Thus, endothelial cells apoptosis induced by UGP2 de�ciency results in increased
atherosclerotic lesions area and more vulnerable atherosclerotic plaques in mice.

In summary, our present study not only identi�ed the critical glycogen metabolism enzyme UGP2 as a
novel direct target of TP53, but also demonstrated a novel role of UGP2 in the regulation of apoptosis
through the reduction of ROS and anti-activation of Cleaved caspase-3. Based on our current �ndings,
further extensive studies on the function of UGP2 and glycogen metabolism might provide a clue to
develop a promising strategy for atherosclerosis therapy.
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Tables
Table. 1 The primer sequences used for qRT-PCR analyses

Gene Name                Primer Sequence

UGP2 Fa ATGTCTCAAGATGGTGCTTCTCA

  Ra GGTGTGCTCAAATTCATGTGATG

TP53 F TCAGCATCTTATCCGAGTGGAA

  R TGTAGTGGATGGTGGTACAGTCA

GAPDH F GCACCGTCAAGGCTGAGAAC

  R TGGTGAAGACGCCAGTGGA

a: F, forward; R, reverse.

Table. 2 The sequences used for RNA interference analyses

 Gene Name                                     Sequence

siRNA-UGP2                   CACATGTAGACGAGTTCAA

siRNA-TP53                   CACCATCCACTACAACTAC

Control-siRNA                   TTCTCCGAACGTGTCACG
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Table. 3 The primer sequences used for CHIP analyses

Gene Name                Primer Sequence Site bp

UGP2 Fa CAGGGACATTTCCGCATTGAAG 1247 166

  Ra TCACACATGCACACCTTGAG    

β-ACTIN F TGACAAGGACAGGGTCTTCC 1009 169

  R CACCGTCCGTTGTATGTCTG    

a: F, forward; R, reverse.

Figures
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Figure 1

Reduced expression of UGP2 in human atherosclerotic plaques. (a) UGP2 protein in human normal and
atherosclerotic arterial tissues, detected by immunohistochemistry. Scale bars: 100μm. AS,
atherosclerotic. (b) HUVECs were transfected with the negative control or siRNA-UGP2, followed by
quantitative RT-PCR analysis of UGP2 mRNA levels. (c) HUVECs were transfected with the negative
control or siRNA-UGP2, followed by immunoblot analysis of the UGP2 protein levels. (d)HUVECs were
transfected with the negative control or pcDNA-UGP2, followed by quantitative RT-PCR analysis of UGP2
mRNA levels. (e) HUVECs were transfected with the negative control or pcDNA-UGP2, followed by
immunoblot analysis of the UGP2 protein levels. (f) HUVECs were transfected with the negative control or
siRNA-UGP2, followed by FACS analysis. *p < 0.05. Data are represented as mean ± SD values from 3
independent experiments with each experiment done in triplicate.

Figure 2
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UGP2 suppresses cell apoptosis via ROS reduction. (a, c, e) HUVECs were transfected with the negative
control or siRNA-UGP2 and then incubated with or without 0.5mM H2O2 for 24 h. (a) ROS levels in
HUVECs were measured by FACS. (c) UGP2 and Cleaved caspase-3 protein levels in HUVECs were
determined by immunoblot analysis. (e) apoptotic rates in HUVECs were measured by FACS. (b, d, f)
HUVECs were transfected with the negative control or pcDNA-UGP2 and then incubated with or without
0.5mM H2O2 for 24 h. (b) ROS levels in HUVECs were measured by FACS. (d) UGP2 and Cleaved caspase-
3 protein levels in HUVECs were determined by immunoblot analysis. (f) apoptotic rates in HUVECs were
measured by FACS. *p < 0.05, versus control group. #p < 0.05, H2O2 group versus co-treatment group.
Data are represented as mean ± SD values from 3 independent experiments with each experiment done in
triplicate.
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Figure 3

UGP2 is directly activated by TP53 in ROS reduction and apoptosis inhibition. (a) HUVECs were subjected
to ChIP using the anti-TP53 antibody, followed by quantitative PCR analysis using primers annealing to
the UGP2 promotor sequence and the housekeeping gene β-ACTIN as a reference. (b) HUVECs were
transfected with the negative control or siRNA-TP53, followed by quantitative RT-PCR analysis of TP53
and UGP2 mRNA levels. (c) HUVECs were transfected with the negative control or siRNA-TP53, followed
by immunoblot analysis of the TP53 and UGP2 protein levels. (d, f, h) HUVECs were co-transfected with
either the negative control or siRNA-UGP2 and either TP53 siRNA or scramble (control) siRNA. (d) ROS
levels in HUVECs were measured by FACS. (f) TP53, UGP2 and Cleaved caspase-3 protein levels in
HUVECs were determined by immunoblot analysis. (h) apoptotic rates in HUVECs were measured by
FACS. (e, g, i) HUVECs were co-transfected with the negative control or pcDNA-UGP2 and either TP53
siRNA or scramble (control) siRNA. (e) ROS levels in HUVECs were measured by FACS. (g) TP53, UGP2
and Cleaved caspase-3 protein levels in HUVECs were determined by immunoblot analysis. (i) apoptotic
rates in HUVECs were measured by FACS. *p < 0.05, versus control group. #p < 0.05, siRNA-TP53 group
versus co-treatment group. ap < 0.05, pcDNA-UGP2 group versus co-treatment group. Data are represented
as mean ± SD values from 3 independent experiments with each experiment done in triplicate.
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Figure 4

UGP2 deters atherosclerosis in a mouse model. ugp2+/– ldlr–/– mice and ugp2+/+ ldlr–/– littermates, 6
weeks of age, were fed a Western high-fat diet for 12 weeks, followed by (a) Oil red O staining of aorta en
face and H&E, Oil red O (for lipids), Masson (for collagens), Von Kossa (for calci�cation) staining of
aortic root cross sections, respectively. Scale bars: 500μM. (b) immunohistochemical analyses of aortic
root cross sections, against UGP2, and Cleaved caspase-3, respectively. TUNEL (for apoptosis) staining of
aortic root cross sections. Scale bars: 200μM. (c) DHE (for ROS) staining of aortic root cross sections.
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Scale bars: 500μM. *p < 0.05. Data are represented as mean ± SD values from 10 independent
experiments.
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