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Ubiquitin ligase MDM2 mediates endothelial inflammation in
Kawasaki disease vasculitis development
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Background: Kawasaki disease (KD) often complicates coronary artery lesions (CALs). Despite the
established significance of STAT?3 signaling during the acute phase of KD and signal transducer and activator
of transcription 3 (STAT?3) signaling being closely related to CALs, it remains unknown whether and how
STAT?3 was regulated by ubiquitination during KD pathogenesis.

Methods: Bioinformatics and immunoprecipitation assays were conducted, and an E3 ligase, murine double
minute 2 (MDM?2) was identified as the ubiquitin ligase of STAT3. The blood samples from KD patients
before and after intravenous immunoglobulin (IVIG) treatment were utilized to analyze the expression level
of MDM?2. Human coronary artery endothelial cells (HCAECs) and a mouse model were used to study the
mechanisms of MDM2-STAT3 signaling during KD pathogenesis.

Results: The MDM?2 expression level decreased while the STAT3 level and vascular endothelial growth
factor A (VEGFA) level increased in KD patients with CALs and the KD mouse model. Mechanistically,
MDM2 colocalized with STAT3 in HCAECs and the coronary vessels of the KD mouse model. Knocking
down MDM?2 caused an increased level of STAT3 protein in HCAECs, whereas MDM?2 overexpression
upregulated the ubiquitination level of STAT?3 protein, hence leading to significantly decreased turnover of
STAT3 and VEGFA.

Conclusions: MDM2 functions as a negative regulator of STAT3 signaling by promoting its ubiquitination
during KD pathogenesis, thus providing a potential intervention target for KD therapy.
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Introduction

Kawasaki disease (KD) comprises a group of clinical
syndromes mainly characterized by fever, rash, and
lymphadenopathy. It is a main cause of acquired
cardiovascular diseases in developed countries (1,2). The
main pathological features include systemic nonspecific
vasculitis of small and medium arteries, especially the
development of coronary artery lesions (CALs). However,
the pathogenesis of KD is still unclear, although some
studies have shown that the pathogenesis of KD might
involve early innate immunity and acquired immunity,
and it is closely related to the abnormal activation of the
immune response and inflammatory cascade reaction
(3-5). This immune activation results in the release of
many inflammatory factors into the bloodstream, which
stimulate endothelial cells to participate in the progression
of CALs. Therefore, early diagnosis and treatment of KD
is needed, especially for coronary artery injury, and the
signaling pathways and pathogenesis of vascular endothelial
inflammatory injury related to KD need to be elucidated.
The integrity of the vascular endothelium protects
tissues and organs from edema and uncontrolled invasion
of inflammatory cells. Several studies have shown that in
addition to protein phosphorylation, ubiquitylation is an
important and dynamic posttranslational modification
that regulates Rho GTPases, junctional proteins, and
consequently, endothelial barrier function (6). Murine
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® Murine double minute 2 (MDM?2) functions as a negative regulator
of STAT?3 signaling by regulating its ubiquitination during
Kawasaki disease (KD) pathogenesis.

What is known and what is new?

¢ Signal transducer and activator of transcription 3 (STAT3)
signaling has been shown to be involved in the acute phase of KD
and is closely related to coronary artery lesions.

e We first elucidated the relationship between MDM2 and STAT3
in the pathogenesis of KD, in which MDM2 acts as a negative
regulator of STAT3 signaling by regulating its ubiquitination
during inflammatory responses in KD.

What is the implication, and what should change now?

* The downregulation of MDM?2 in the acute stage of KD can
induce a reduction in ubiquitin-mediated degradation of STAT3,
which in turn can lead to the upregulation of vascular endothelial
growth factor A. These changes might be associated with the
pathogenesis of Kawasaki disease.
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double minute 2 (MDM2) is an E3 ligase, that promotes
the binding of protein substrates to ubiquitin and mediates
the degradation and decomposition of substrate proteins
through ubiquitination. MDM?2 is expressed in many human
organs and cells, such as vascular endothelial cells, skeletal
muscle cells, T cells, and tumor cells (7-9). It participates
in various physiological and pathological processes,
including the cell cycle, cell apoptosis, tumor metastasis,
and angiogenesis. MDM?2 inhibits T-cell activation by
targeting the ubiquitination-mediated degradation of
nuclear transcription factor 1 (NFAT'1) (7). We found that
the NFAT signaling pathway is involved in immune damage
in patients with KD in another study (10). Therefore, we
hypothesized that the ubiquitination of proteins associated
with MDM2 plays a crucial role in KD.

Furthermore, according to our previous research,
signal transducer and activator of transcription 3 (STAT3)
participates in vascular endothelial inflammatory injury in
patients with KD by regulating adhesion molecules and
E-selectin on the surface of endothelial cells (11). Moreover,
STAT3 was shown to participate in heart development by
regulating various cardiovascular diseases including ischemic
heart injury, cardiac fibrosis, and the occurrence and
development of inflammatory reactions in tumors (12,13).
Abnormal STAT3 signaling can promote angiogenesis and
change vascular permeability by regulating the expression
of its downstream target gene VEGF (vascular endothelial
growth factor) (14,15). Notably, Lipopolysaccharide
(LPS)-activated STAT3 can increase the production of
VEGEF and stimulate endothelial cell migration and tubule
formation, which in turn can promote angiogenesis (16,17).
The STAT3 activation involves its phosphorylation and
nuclear transport when stimulated by various cytokines or
other stimuli. More specifically, the interaction between
the phosphorylated SH2 domain and the Tyr705 site
generate homologous dimers of phosphorylated STAT3,
which are transferred from the cytoplasm to the nucleus,
where they promote the transcription of downstream target
genes (16,18). Except for phosphorylation, the ubiquitin-
proteasome system (UPS) also regulates the stability of
STAT3. Tumor necrosis factor receptor-associated factor 6
(TRAFG6) can mediate the ubiquitination of lysine-63 in the
SH2 region of STAT3, thus activating the STAT?3 signaling
pathway through ubiquitin ligases (19,20).

The VEGF family mainly comprises placental growth
factor (PIGF) and VEGF-A, B, C, D, and E. Among
the six members, VEGFA strongly influences vascular
endothelial function and vascular permeability. It
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regulates the formation of blood vessels in tumor tissues,
where it activates static endothelial cells, promotes cell
proliferation and migration, and eventually increases
vascular permeability (21). The expression of VEGFA
in peripheral blood mononuclear cells (PBMCs) and
neutrophils of children with KD was determined by
Western blotting, and the VEGFA level in children with
KD was found to be significantly higher. The results of
an enzyme-linked immunosorbent assay (ELISA) showed
high levels of VEGFA in the plasma of KD patients during
the acute stage. VEGFA, along with CALs, was found
to be an important risk factor for KD (22-24). In this
study, we hypothesized that MDM2 might target STAT3
and further activate VEGFA, which might participate in
vascular endothelial inflammatory injury in patients with
KD. We present this article in accordance with the MDAR
and ARRIVE reporting checklists (available at https://
tp.amegroups.com/article/view/10.21037/tp-23-459/rc).

Methods
Study subjects

This study was approved by the Ethics Committee of the
Children’s Hospital of Soochow University (reference
number 2021CS013), and all parents of the participants
provided informed consent before the participants were
enrolled. This study was conducted following the guidelines
of the Declaration of Helsinki (as revised in 2013). Patients
diagnosed with KD according to the diagnostic criteria
established by the American Heart Association guidelines
in 2017 were recruited from the Children’s Hospital of
Soochow University between October 2018 and May 2019.
We classified the KD patients with CALs (KD-CALs)
(n=45) into two phases. The acute phase was defined as the
febrile period before intravenous immunoglobulin (IVIG)
administration, and the subacute phase was defined as the
afebrile period after treatment with IVIG for three days.
CALs were defined based on the internal lumen diameter of
the proximal and middle segments of the left main coronary
artery (LMCA), the left anterior descending artery (LAD),
the left circumflex coronary artery (LCX), and the right
coronary artery (RCA), following a criterion of standard
Z-value >2.0. The Z-score was calculated based on the data
including weight, height, age, gender and coronary artery
diameter (25). Patients in the control group underwent
regular health examinations and had no infection. The
criteria for the fever group were that the main clinical
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manifestation was fever (axillary temperature >37.5 °C and
duration of fever >3 days) with bacterial infections, and
routine blood tests showed a high level of white blood cells
and/or C-reactive protein (CRP).

The whole blood sample (2 mL) was collected in a tube
containing EDTA. The serum and PBMCs were isolated
and stored at —-80 °C for further use. The samples were not
frozen and thawed repeatedly.

Preparation of the Candida albicans water-soluble fraction
(CAWS)

Candida albicans (NBRC:1385) was purchased from the
Osaka Institute of Biology, Japan. To make the CAWS, C.
albicans was dissolved in sterilized water, and an appropriate
quantity of the mixture was added to Shahler’s culture
medium under constant shaking at 1,600 rpm at 27 °C
overnight. The following day, 1 mL of the culture medium
was added to 1 L of sterilized nutrient solution and shaken
at 1,600 rpm at 27 °C for 24 h. Next, 500 mL of anhydrous
ethanol was added, the solution was incubated at 4 °C
overnight, and then, it was centrifuged. The pellet was
collected, rinsed, stirred with double distilled water for
2 h, and then centrifuged at 4 °C and 9,000 rpm for
15 min. The supernatant was retained, and an equal
volume of anhydrous ethanol was added, incubated at 4 °C
overnight, and then centrifuged at 4 °C and 9,000 rpm for
15 min. The precipitate was collected using acetone and
dried in a biological cabinet. The precipitate was dissolved
in phosphate-buffered saline (PBS) to a final concentration
of 100 mg/mL.

CAWS-induced mouse model

We purchased C57BL/6 specific pathogen-free male mice
(n=25; four weeks old) from Shanghai Linchang Biological
Technology Co., Ltd. (Shanghai, China). The mice were
housed in standard experimental cages and reared under
controlled conditions (temperature =25+2 °C; humidity
=50%+5%). The mice were divided randomly into five
groups (n=5 mice per group), which included a normal
control group (WT), a PBS group, and three CAWS
groups, in which the mice were intraperitoneally injected
with CAWS (4 mg/mouse) for five consecutive days (26).
After one to 14 days after the last CAWS injection, we
collected the hearts of the mice. All mice were killed by
CO, suffocation. The animal experiments were conducted
following the National Institutes of Health Guide for the
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Care and Use of Laboratory Animals. The Animal Care
and Use Committee of Soochow University approved the
experiments (approval number: SUDA20220906A01). The
protocols used in the study were prepared before the study
without registration.

Cell culture and treatment

Human coronary artery endothelial cells (HCAECs) were
purchased from Shanghai Biological Cell Bank (Shanghai,
China). The HCAECs were cultured using Roswell Park
Memorial Institute (RPMI)-1640 Medium (Gibco, Grand
Island, NY, USA) containing 1% penicillin/streptomycin
and 10% fetal bovine serum in a humidified atmosphere
with 5% CO, at 37 °C. Then, the HCAECs were seeded
in a six-well plate at 3x10” cells/mL. The HCAECs were
stimulated with 40 ng/mL tumor necrosis factor alpha
(TNF-0) for approximately 4 h. Then, the total mRNA and
proteins were extracted from the cells. Finally, quantitative
reverse transcription PCR (qQRT-PCR) and Western
blotting analyses were performed to determine the levels of
MDM2, STAT3, and VEGFA expression.

Viral infection in vitro

The overexpression and knockdown lentiviruses were
purchased from Shanghai Genechem Co., Ltd. (Shanghai,
China). Transfection was performed after the cells reached
70% confluence. The cells were divided into four groups,
including the Control group (RPMI-1640 Complete
Medium), Mock group (RPMI-1640 Complete Medium
+ virus), A group (RPMI-1640 Complete Medium+
virus + infection enhancement solution A), and P group
(RPMI-1640 Complete Medium + virus + infection
enhancement solution P). RPMI-1640 Complete Medium
at the corresponding volume was added according to the
multiplicity of infection (MOI) = 1 [1x10° transduction units
(TU)/mL], 10 (1x10” TU/mL), and 100 (1x10* TU/mL).
Next, the viruses and the corresponding infection
enhancement solution A/P were mixed and cultured. The
RPMI-1640 Complete Medium was replaced 12 h after
infection. After 72 h of infection, a fluorescence microscope
was used to observe the infection intensity and assess the
cell status.

Short interfering RNAs (siRNAs) targeting MDM?2:

% MDM2-RNAi (62913-1) CTCAGCCATCAACTT

CTAGTA.
% MDM2-RNAI (62914-1) GATTCCAGAGAGTCA
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TGTGTT.

% MDM2-RNAIi (61915-1) CTTTGGTAGTGG
AATAGTGAA.

Short interfering RNAs (siRNAs) targeting S7A4T3:

% STAT3-RNAIi (82767-1) GCACAATCTACGAA

GAATCAA.

% STAT3-RNAI (82768-1) CTCAGAGGATCCCG
GAAATTT.

s STAT3-RNAI (82769-1) GGCGTCCAGTTCAC
TACTAAA.

Western blotting assay

An equivalent amount of proteins was used to perform
SDS-PAGE, and then, the proteins were transferred onto
polyvinylidene fluoride (PVDF) membranes (Millipore,
Billerica, MA, USA). The PVDF membranes were blocked
with either 5% nonfat milk or 5% bovine serum albumin
(BSA) for 0.5 h at 27 °C and then incubated with the
corresponding primary antibodies (Abs) at 4 °C overnight.
After washing thrice with PBST (1x PBS and Tween
20), the membranes were incubated with secondary Abs
[horseradish peroxidase (HRP)-conjugated goat anti-rabbit
or goat anti-mouse antibodies (Servicebio, Wuhan, China)]
in 5% nonfat milk for 1 h. After washing thrice with TBST,
the immunoreactive proteins on the membranes were
visualized using an ECL luminescent liquid. Image-pro plus
software (Media Cybernetics, Rockville, MD, USA) was
used to analyze the gray values of the bands after imaging in
an Amersham Imager 600 developer (Amersham, UK). The
antibodies used along with the indicated dilutions were as
follows: anti-MDM?2 (Cell Signaling Technology, Danvers,
MA, USA; #86934S, 1:1,000), anti-STAT3 (Cell Signaling
Technology; #9139S, 1:1,000), anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (Abcam, Cambridge,
MA, USA; ab181602, 1:1,000), anti-Flag (Sigma, St. Louis,
MO, USA; F7425, 1:5,000), and ubiquitin (Santa Cruz
Biotechnology, Santa Cruz, CA, USA; sc-8017, 1:500).

qRT-PCR

Initially, total mRNA was extracted from cells and tissues
and reverse transcribed to complementary DNA (cDNA).
Then, cDNA was quantified via quantitative real-time PCR
(qPCR) analysis using a SYBR Green kit (Selleck Chemicals,
Houston, TX, USA). The relative gene expression levels
were calculated using the change in the cycle threshold
(2" method (27). GAPDH was used as an endogenous
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control. The AACT method was used to analyze the relative
gene expression data. The results are obtained from three
independent experiments and presented as the mean + SD.
The sequences of primers used were as follows.
Human (H)-GAPDH:
% Forward: ACCCACTCCTCCACCTTTGA.
% Reverse: CTGTTGCTGTAGCCAAATTCGT.
H-MDM?2:
% Forward: CTTCTAGGAGATTTGTTTGGCG.
% Reverse: ATGTACCTGAGTCCGATGATTC.
H-STAT3:
% Forward: TCGGCTAGAAAACTGGATAACG.
% Reverse: TGCAACTCCAGTTTCTTAA.
H-IL6:
% Forward: CACTGGTCTTTTGGAGTTTGAG.
% Reverse: GGACTTTTGACTCATCTGCAC.
Mouse (M)-Gapdh:
% Forward: AGGTCGGTGTGAACGGATTTG.
% Reverse: GGGGTCGTTGATGGCAACA.
M-VEGEFA:
% Forward: TCTGGGCTCTTCTCGCT.
% Reverse: CCTTCTCTTCCTCCCCTCT.

ELISA

The level of VEGFA in the serum of patients was measured
using specific ELISA kits (Shenzhen Dakewe Biological
Engineering Co., Ltd., Shenzhen, China) following the

manufacturer’s instructions.

Immunoprecipitation (IP) assay

The cells were harvested in lysis buffer containing
150 mM NaCl, 20 mM Tris-HCI (pH 7.4), 1% Nonidet
P-40, 0.5 mM EDTA, phenylmethylsulfonyl fluoride
(PMSF) (50 pg/mL), and protease inhibitor mixtures
(Sigma). While examining protein ubiquitination,
radioimmunoprecipitation assay (RIPA) lysis buffer
(Beyotime, Jiangsu, China) was used, and N-ethylmaleimide
(10 mM) was added to the lysis buffer. The cell lysates
were incubated with specific Abs under constant rotation at
4 °C overnight. Protein agarose beads (Millipore; 16-266)
were first washed twice and then added to the samples and
incubated overnight. The mixture was incubated for 4-6 h
on a rotor at 4 °C. After washing thrice with wash buffer
containing 150 mM NaCl, the immunoprecipitated proteins
were analyzed by Western blotting analysis.
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In Silico method

We used UbiBrowser (http://ubibrowser.ncpsb.org) to
predict the E3 ligases.

Statistical analysis

All experiments were repeated thrice. GraphPad Prism 8
(GraphPad Inc., La Jolla, CA, USA) and SPSS 22.0 IBM
Corp., Armonk, NY, USA) were used to analyze the data,
and Image ] (NIH, Bethesda, MD, USA) software was used
to measure the gray value of WB. The Shapiro-Wilk test
was conducted to determine whether the data followed
a normal distribution. The mean + standard deviation
(= SD) represented the measurement data. The differences
in the data between any two groups were analyzed using the
two-tailed unpaired Student’s 7-test. The differences in the
data among multiple groups were compared by performing
one-way analysis of variance (ANOVA) univariate variance.
Correlations between groups were analyzed using
Spearman’s correlation method. All results were considered
to be statistically significant at P<0.05.

Results
Clinical features

There were no differences in sex, age or weight between the
groups of patients and controls (P>0.05). The information
of the three groups included in the study is shown in 7able 1.
The information of the patients with KD-CAL:s is shown in
Table 2.

The MDM?2 mRNA expression level decreased while the
STAT3 level increased in PBMCs of KD patients with CAL

We used UbiBrowser (http://ubibrowser.ncpsb.org) to
examine the putative E3 ligases that can ubiquitinate
STAT3. In the network view, a node was placed in the
center of the canvas showing the putative substrates,
which were surrounded by nodes that revealed predicted
E3 ligases. The node colors and characters denote the E3
ligase type. The edge width and node size represented the
confidence score. In the confidence mode, the width of the
edge and the size of the node were positively correlated
with the UbiBrowser score. The correlation between
STAT3 and MDM2 was the most significant (Figure 1A).
To verify the reliability of this correlation, we evaluated the
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Table 1 The characteristic features of KD-CALs, fever, and normal control groups

Characteristics KD-CALs (n=45) Fever (n=45) Control (n=45) P
Sex (male/female) 30/15 30/15 33/12 0.737
Age (months) 24.40+14.87 29.67+19.04 30.50+16.14 0.087
Weight (kg) 12.87+3.58 13.65+4.9 14.32+3.36 0.232
IVIG-resistance (+/-) 0/45 ND ND ND
WBC count (x10%/L) 16.4+6.03 9.36+6.14 9.12+2.45 <0.001
Hgb (g/L) 106.47+9.06 118.47+13.30 122.46+10.12 <0.001
Platelet count (x10°%/L) 436.07+121.29 302.09+110.53 329.11+85.91 <0.001
CRP (mg/L) 84.24+58.16 31.06+45.54 0.62+1.83 <0.001

Data are presented as mean + standard deviation or n/n. KD-CALs, Kawasaki disease with coronary arterial lesions; IVIG, intravenous
immunoglobulin; ND, no data; WBC, white blood cell; Hgb, the mean hemoglobin concentration normalized; CRP, C-creative protein.

Table 2 The laboratory data of KD-CAL:s patients before and after using IVIG

KD-CALs

Laboratory findings

-IVIG +IVIG
WBC count (x10%/L) 16.4+6.03 9.19+2.90
Hgb (g/L) 106.47+9.06 107.73+10.98
Platelet count (x10°%L) 436.07+121.29 487.89+143.45
CRP (mg/L) 84.24+58.16 7.26+10.32
ESR (mm/L) 35.79+24.49 27.09+20.38
ALT (U/L) 59.3+75.22 31.12+£27.78
AST (U/L) 45.48+38.07 45.79+22.37
LDH (U/L) 191.02+128.86 322.87+84.27
ALB (g/L) 37.87+3.77 35.9+3.18

Data are presented as mean + standard deviation. KD-CALs, Kawasaki disease with coronary arterial lesions; IVIG, intravenous
immunoglobulin; WBC, white blood cell; CRP, C-creative protein; ESR, erythrocyte sedimentation rate; ALT, alanine aminotransferase, AST,

aspartate aminotransferase; LDH, lactate dehydrogenase; ALB, albumin.

level of expression of the MDM?2 and STAT3 mRNAs in
PBMC:s from patients with KD. The level of STAT3 mRNA
was higher, but the level of MDM2 mRNA was lower in all
patients with KD, in the acute stage and the subacute stage
than in the respective levels in the normal and fever groups.
The increase and decrease in the mRNA levels were more
prominent in patients in the acute stage of KD than those
in the other stages or groups (Figure 1B,1C). The results
of Spearman’s correlation analysis showed that the mRNA
levels of MDM?2 and STAT3 in KD were significantly and
negatively correlated (r;=—0.446, P<0.001) (Figure 1D).
However, the correlation between MDM?2 and STAT3

© Translational Pediatrics. All rights reserved.

was not significant in the other groups (Figure 1E,1F).
We also found that the VEGFA protein level in the KD
group was higher than that in the control and fever groups
(Figure 1G).

The expression levels of MDM?2 and STAT3 were
negatively correlated in the KD mouse model

To examine the role of MDM2 and STAT3 in KD, we
constructed a mouse model of immune vasculitis via
intraperitoneal injection of CAWS. We found infiltration
of inflammatory cells around cardiac vessels in mice on day
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Figure 1 MDM?2 was correlated with STATS3 in patients with KD. (A) A network figure showing a significant correlation between STAT?3
and MDM?2 (as indicated by the arrow). (B) qRT-PCR analysis was performed to determine the level of MDM2 mRNA in the KD acute
stage group, the KD subacute stage group, the normal control group, and the fever control group (n=45 individuals per group). The level
of MDM?2 mRNA decreased more prominently in the KD acute stage group than in the other groups. (C) A qRT-PCR analysis showed
that the STAT3 mRNA level increased in the PBMCs from the four groups; the increase was more prominent in the KD acute stage group
than in the other groups. (D) Spearman’s correlation analysis showed a negative correlation between MDM?2 and STAT3 mRINA levels in
KD (r,=-0.446, P<0.001). (E) The mRINA levels of MDM?2 and STAT3 in the control group were not correlated (r,=0.16, P=0.944). (F) The
mRNA levels of MDM?2 and STAT?3 in the fever group were not correlated (r=0.04, P=0.816). (G) The ELISA results showed that the level
of VEGFA in the serum from patients in the acute stage of KD increased more than that in the serum from the patients in the other groups.
*** P<0.001; **, P<0.01; ns, no significance. KD, Kawasaki disease; MDM2, murine double minute 2; PBMC, peripheral blood mononuclear
cell; STAT3, signal transducer and activator of transcription 3; VEGFA, vascular endothelial growth factor A; qRT-PCR, quantitative

reverse transcription polymerase chain reaction.
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14, which indicated that the mouse model was constructed
(Figure 24). On day 7, we found that the MDM?2 protein
level decreased significantly, and the STAT3 level increased
in the heart tissue of the mice with vasculitis (Figure 2B,2C).
Additionally, the mRNA level of VEGFA began to increase
in the heart tissue of the mice with vasculitis on day 7
(Figure 2D). To confirm our findings, we evaluated the
expression of MDM?2 and STAT3 in the acute stage of the
heart tissues of mice in the PBS and CAWS groups under
an immunofluorescence microscope. The results showed
that the MDM?2 fluorescence intensity was lower and the
STAT?3 fluorescence intensity was higher in the CAWS
group than in the PBS group, and both were expressed in
heart tissues and vessels (Figure 2E,2F). Altogether, these
results resemble those obtained from the clinical samples,
STAT3 and MDM2 were correlated in the mice from the
KD group.

Co-localization of MDM?2 with STAT3 in HCAECs
We stimulated HCAECs with TNF-a to construct a

vascular inflammatory damage model of KD. We treated
HCAECs with different concentrations of TNF-o and
at different times to find the best time and dose. We
found that treatment of HCAECs with 40 ng/mL TNF-a
for approximately 4 h induced the most prominent
inflammatory response (Figure 34,3B). The MDM?2 protein
level decreased significantly, and the STAT3 protein
level increased after HCAECs were treated with TNF-a
(40 ng/mL) for 4 h (Figure 3C,3D). The VEGFA mRNA
level increased after HCAECs were treated with TNF-a
(40 ng/mL) for 4 h (Figure 3E). These results indicated that
MDM2, STAT3, and VEGFA were involved in vascular
endothelial inflammation. Using a confocal microscope,
we observed that MDM?2 and STAT3 were colocalized and
increased after 4 h of TNF-a stimulation in cells, especially
in the nucleus (Figure 3I3G).

MDM?2 negatively regulated STAT3 expression levels in
vitro

To determine the regulatory mode of MDM2 on STAT3,
we constructed lentiviruses that could downregulate the
expression of MDM?2 (sh-MDM?2). The lentiviruses were
transfected into HCAECs at MOIs of 1, 10, and 100 at
72 h after transfection. The fluorescence intensity of the
cells was most prominent when the MOI was 100, as
determined by a fluorescence microscope (Figure 4A).
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We constructed and transfected viruses that expressed
three different short hairpin RNA (shRNA) targeting
MDM?2 (sh-MDM?2) into HCAECs. The virus construct
seq-62915 had the best interference efficiency and was used
for subsequent knockdown experiments (Figure 4B). When
seq-62915 was transfected into HCAECs, the endogenous
STATS3 protein level increased significantly (Figure 4C,4D).
The VEGEA mRNA level increased significantly in the sh-
MDM?2 group (Figure 4E). We constructed lentiviruses
that could overexpress MDM2 (LV-flag-MDM?2) and they
were transfected into HCAECs (Figure 4F). In contrast,
the STAT3 protein level and the VEGFA mRNA level
decreased significantly after LV-flag-MDM?2 was transfected
into HCAECs (Figure 4G-41).

MDM? regulated STAT3 ubiquitination level and led to
changes in VEGFA signaling in HCAECs

As we found a negative regulatory relationship between
MDM2 and STATS3 in the in vitro cell model and
in vivo mouse model, we hypothesized that MDM?2 might
regulate the stability of STAT?3 through the ubiquitination
of STAT3. To test this hypothesis, TNF-o (40 ng/mL) was
used to treat HCAEC:s for 4 h, and an i vitro cell model was
developed. In these cells, MDM2 and STAT3 in HCAECs
were reciprocally immunoprecipitated (Figure 5A).
When LV-Flag-MDM?2 lentiviruses were transfected into
HCAECs and treated for 6 h with the proteasome inhibitor
MG132 (20 pM) after 72 h of transfection, we found that
STATS3 ubiquitination increased significantly. The cell
extracts were immunoprecipitated with anti-Ub antibodies,
and the input proteins were immunoblotted with antibodies
against FLAG and GAPDH (Figure 5B).

To confirm that STAT3 can regulate VEGF and activate
it, we constructed and transfected viruses expressing three
different shRINAs targeting S7A73 (sh-STAT3) into HCAECs.
The lentiviruses were transfected into HCAECs at MOlIs of
1, 10, and 100 at 72 h after transfection. The fluorescence
intensity of the cells was most prominent when the MOI was
100, as determined by a fluorescence microscope (Figure 6A).
The virus constructed seq-82769 had the best interference
efficiency (Figure 6B,6C). When we transfected seq-82769
lentiviruses into HCAECG:s, the expression of VEGE4 mRNA
decreased significantly (Figure 6D).

Discussion

The most serious complication of KD is coronary artery
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damage, which is also an important risk factor for ischemic
heart attack in adulthood (28). The coronary artery is a
common invasive site of KD, that can cause destruction,
dilatation, rupture, stenosis, and even embolism of the
vascular wall (29). During coronary artery damage, vascular
stability plays a key role. Vascular stability is closely related
to the vascular endothelium. Abnormal functions of vascular
endothelial cells can lead to hemodynamic abnormalities,
blood hypercoagulability, and thrombosis, which are the
main characteristics of KD (30). Inflammatory factors
highly expressed in peripheral blood in acute KD patients
are related to the proliferation and migration of endothelial
cells and are involved in the occurrence and development of
KD vasculitis (31).

The MDM?2 protein is expressed in many human organs,
such as vascular endothelial cells, T cells, vascular smooth
muscle cells, skeletal muscle cells, and tumor cells (32).
It is involved in various physiological and pathological
processes of cells, including the cell cycle, apoptosis,
tumorigenesis, metastasis, and angiogenesis. An imbalance
in the expression of MDM?2 is related to cardiovascular
injury (33). The inhibition of MDM?2 in atherosclerosis
can reverse the damage to the vascular endothelium caused

© Translational Pediatrics. All rights reserved.

by oxidative stress (34). MDM2 can also activate nuclear
factor kappa B (NF-xB), which causes the release of many
inflammatory cytokines and leads to cardiac insufficiency
and myocardial fibrosis (35). In the heart tissue of patients
with ischemic cardiomyopathy and idiopathic dilated
cardiomyopathy, the level of MDM2 mRNA is significantly
downregulated. The downregulation of MDM2 can activate
p53, which can promote the apoptosis of cardiomyocytes (36).
The overexpression of MDM?2 can inhibit the decrease in
the rate of endothelial cell proliferation and the increase
in the rate of apoptosis in coronary atherosclerosis (37).
Additionally, MDM2 dynamically regulates the protein
stability of both hypoxia-inducible factor 1 alpha (HIF1a)
and hypoxia-inducible factor 2 alpha (HIF2a)/endothelial
PAS domain protein 1 (EPAS1) through canonical and
noncanonical mechanisms. The resulting HIF imbalance
leads to reduced proangiogenic gene expression during a key
period of myocardial capillary growth (38). These results
together suggest that MDM?2 is involved in cardiovascular
diseases.

We found that the level of MDM2 mRNA expression
in PBMCs from acute KD patients was significantly lower
than that in PBMCs from patients in the fever and normal
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groups (Figure 1B). Additionally, the level of MDM2 protein
in mouse heart tissue decreased. These results indicated that
MDM2 plays a role in the pathological and physiological
changes in patients with KD.

The MDM?2 protein is an important E3 ubiquitin ligase
and is mainly found in the nucleus, where it regulates and
degrades related proteins through the ubiquitin-proteasome
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system (39). By using UbiBrowser (http://ubibrowser.
bio-it.cn/ubibrowser_v3/) and a human ubiquitin ligase-
substrate interaction prediction and display system, we
found that STAT3 was a predicted substrate of MDM2.
STAT3 is a member of the STAT family and can control
the development, proliferation, and differentiation of
different types of cells, maintain the stability of the internal
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environment, participate in the proliferation and apoptosis
of cells, regulate angiogenesis and immune response,
and influence the transduction of effector proteins and
activation of transcription (40).

To further investigate the relationship between MDM?2
and STAT3, we simulated the vascular inflammatory
damage model of KD in vitro and found that the expression
of MDM?2 decreased while the expression of STAT3
increased in endothelial cells, which was similar to the
results obtained from human PBMCs and mouse models.
In this vascular endothelial inflammatory cell model,
observations under a confocal microscope showed a
significant increase in the number of cells with colocalized
MDM2 and STATS3, especially in the nucleus. We also
constructed MDM?2 overexpression/knockdown HCAECs
via lentiviral transfection and found that the STAT?3 level
changed significantly; MDM?2 knockout increased the STAT?3
level, whereas MDM?2 overexpression decreased the STAT?3
level. This finding implied an interaction between MDM?2
and STAT3. o verify that MDM?2 can interact with STAT3,
we treated HCAECs with TNFo. Our findings showed that
MDM?2 coimmunoprecipitated with STAT3.

The activation of STAT?3 can inhibit T-cell apoptosis
in the acute phase of KD. Activated T cells release many
inflammatory cytokines into the blood, and these cytokines
participate in the pathogenesis of KD (11). The activation
of STAT?3 can promote the activation and transcription of
VEGEF (41,42). The upregulation of STAT3 can increase
the expression of Th17/Tregs. Tregs can secrete a large
quantity of VEGFA. The promoter of the VEGFEA gene
lacks a Treg-specific transcription factor forkhead box P3
(FOXP3) binding site. FOXP3 along with the locus-specific
transcription factor STAT3 was found to bind to the
VEGFA promoter to induce its transcription in Treg cells
obtained from breast cancer patients (43-45). Additionally,
the activation of STAT?3 can regulate VEGFA to increase
vascular permeability (46).

The VEGFA protein can act as a regulator of
angiogenesis and participate in angiogenesis, endothelial
cell survival, and the regulation of vascular permeability (47).
An increase in plasma VEGFA levels in children with
KD complicated with CAL can cause changes in vascular
permeability, which is closely related to the injury of the
vascular endothelium in children with KD VEGFA and is
an important factor associated with KD complicated with
CAL (48-50).

We also showed that STAT3 can regulate the
transcription of VEGFA. The level of STAT3 in PBMCs
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and the level of VEGFA in plasma were higher in children
with KD in the acute stage, and the levels of the STAT3
protein and VEGFA mRNA were significantly higher in
mouse heart tissue. The expression of VEGFE4 mRNA also
decreased significantly when STAT3 was knocked down in
HCAEC: via lentivirus transfection.

CALs in KD are a chronic problem, and abnormalities
in the structure or function of the coronary artery occur
even in the convalescent period (51,52). In our study, the
levels of STAT3 in PBMCs and VEGFA in the plasma of
children with KD decreased significantly after treatment,
but they were still higher than those in the normal and
fever groups. Based on our results and the findings of
other studies, we first elucidated the relationship between
MDM?2 and STAT3 in the pathogenesis of KD, in which,
MDM? ubiquitin was found to modify its substrate protein
STAT3. Therefore, we speculated that the downregulation
of MDM2 in the acute stage of KD can induce a reduction
in ubiquitin-mediated degradation of STAT3, which in turn
can lead to the upregulation of VEGFA. These changes
might be associated with the pathogenesis of KD.

Conclusions

Our study identified MDM2 as a negative regulator of
STAT3 signaling by regulating its ubiquitination during
inflammatory responses in KD, and demonstrated that it
might serve as a candidate therapeutic target for KD.
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