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KRAB domain-associated protein 1 (KAP1) is highly expressed in atherosclerotic plaques.
Here, we studied the role of KAP1 in atherosclerosis development using a cell model
of endothelial dysfunction induced by oxidative low-density lipoprotein (OxLDL). The
phosphorylation and protein levels of KAP1 were similar between OxLDL-treated and
non-treated endothelial cells (ECs). KAP1 depletion significantly inhibited the production
of OxLDL-enhanced reactive oxygen species and the expression of adhesion molecules in
ECs. Treatment with OxLDL promoted the proliferation and migration of ECs, which was
also confirmed by the elevated levels of the proliferative markers c-Myc and PCNA, as well
as the migratory marker MMP-9. However, these effects were also abrogated by KAP1 de-
pletion. Moreover, the depletion of KAP1 in OxLDL-treated ECs resulted in decreases in
the LOX-1 level and increases in eNOS expression. Generally, the data suggest that strate-
gies targeting KAP1 depletion might be particularly useful for the prevention or treatment of
atherosclerosis.

Introduction
Atherosclerosis (AS) is a multifactorial disease, and the cellular and molecular mechanisms underlying
AS are unclear. An increasing number of studies have confirmed that atherosclerosis is a chronic inflam-
matory disease caused by endothelial dysfunction (ED) [1,2]. ED is widely accepted to be an early sign
of AS, and oxidized low-density lipoprotein (OxLDL) is thought to be an initial risk factor for ED [3].
Analyses from clinical data have revealed that elevated levels of OxLDL and other oxides in plasma are as-
sociated with vascular ED [4,5]. In response to various types of stress, endothelial cells (ECs) may change
their functions and initiate the synthesis and release of vasoactive factors, cytokines, or growth factors.
These alterations, referred to as ED, contribute to atherosclerotic plaque formation, lesion progression,
and ultimately plaque rupture [6].

Lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1), a key scavenger receptor, mediates
the binding of OxLDL in vascular cells and induces the activation of signaling pathways involved in the
development of oxidative stress and inflammation [7]. LOX-1 mediates OxLDL-induced production of
reactive oxygen species (ROS) and adhesion molecules in atherosclerosis [8]. In addition, LOX-1 plays a
pivotal role in OxLDL-mediated AS via endothelial nitric oxide synthase (eNOS) uncoupling and nitric
oxide (NO) reduction. NO derived from eNOS plays a crucial role in maintaining endothelial homeostasis
[9]. ECs incubated with OxLDL (12–24 h) have been shown to induce ED by up-regulating the expression
of LOX-1 and inhibiting the function of eNOS [10]. Therefore, the OxLDL/LOX-1 pathway has been
implicated in the pathogenesis of ED.

KRAB domain-associated protein 1 (KAP1), also called Triple motif protein 28 (TRIM28) or tran-
scriptional intermediary factor 1 beta (TIF1β), is an essential cofactor of Kruppel-associated box zinc
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finger proteins (KRAB-ZFPs). KAP1 serves as a transcriptional co-repressor that regulates the transcription of
KRAB-ZFP-specific loci by binding to the conserved KRAB domain. Despite the formation of complexes with
KRAB-ZFPs, KAP1 also regulates the activity of transcription factors lacking the KRAB domain, such as c-Myc and
E2F. KAP1 can also epigenetically modulate chromatin structure by recruiting histone deacetylase, histone methyl-
transferase, and heterochromatin protein 1 [11]. KAP1 silencing has been shown to down-regulate VEGFR2 expres-
sion in ECs exposed to VEGF through the histone methyltransferase KMT5B. Knockdown of endogenous KAP1
inhibits the TNF-α-induced phosphorylation of IKKα/β and IkBα, degradation of IkBα, and nuclear translocation
of NF-kB/p65 in ECs [12]. We therefore speculate that KAP1 may also regulate the expression of LOX-1 in ECs after
exposure to OxLDL. A recent study has shown that KAP1 is highly expressed in atherosclerotic plaque tissue [13].
These findings suggest that KAP1 may be a novel protein that participates in the pathological mechanisms of AS.

Given that OxLDL-induced ED is considered a pivotal event during the onset of AS and that the OxLDL/LOX-1
pathway has been implicated in the pathogenesis of ED, whether KAP1 plays a role in this process is unknown. Here,
we tested the hypothesis that the silencing of KAP1 down-regulates LOX-1 expression during OxLDL-induced ED,
thereby mediating the expression of downstream target genes. Our findings suggest that developing targeted strategies
to inhibit KAP1 may prove useful in the prevention or treatment of AS.

Materials and methods
Cell culture and treatment with OxLDL
EA.hy926 ECs were purchased from the American Type Culture Collection (Rockville, MD, U.S.A.) and were cultured
in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Carlsbad, U.S.A.) with 10% (v/v) fetal bovine serum (FBS;
Gibco, Carlsbad, U.S.A.) in a humidified incubator with 5% CO2 and 95% air at 37◦C. OxLDL was purchased from
Yiyuan Biotechnologies (YB-002), Guangzhou, China. Cells were incubated with or without OxLDL (150 μg/ml) for
24 h as previously described [9,14].

siRNA transfection assay
The siRNA targeting KAP1 (si-KAP1) and negative control siRNA (si-NC) were obtained from GenePharma (Shang-
hai, China). Human KAP1 siRNA sequences were: 5′-ACAGGACAGAGAACAGAGCTT-3′ (sense) and 5′-GCUC
UGUUCUCUGUC-CUGUTT-3′(antisense). The negative control sequences were: 5′-UUCUCCGAAC-GUGUC
ACGUTT-3′(sense) and 5′-ACGUGACACGUUCGGAGAATT-3′(antisense). The si-KAP1 or si-NC was transiently
transfected into EA.hy926 ECs using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, U.S.A.) according to the man-
ufacturer’s protocols. Taking six-well transfection for an example, briefly, cells were transfected when inoculated
to 60–80% confluence. Then the medium was discarded, washed with phosphate buffer saline (PBS; NaCl, 137
mmol/l; KCl, 2.7 mmol/l; Na2HPO4 · 12H2O, 8 mmol/l; NaH2PO4 · 2H2O, 1.5 mmol/l) for three times and 750 μl
Opti-MEM (Gibco, 31985) was added to each well. Next, lipofectamine 3000 reagent and siRNA were diluted with
125 μl Opti-MEM medium, respectively, for 5 min. After that, the two dilutions were mixed for 20 min. Finally, the
250 μl mixture was added into each well. Cells were incubated with transfection complexes for 6 h before the medium
was changed. Twenty-four hours later, the cells were used for experiments.

Measurement of ROS
The ROS detection was performed using the ROS Fluorescent Probe-Dihydroethidium (DHE) Kit (Vigorous,
Biotechnology, Beijing). Specifically, 24 h after siRNA transfection, cells were treated with or without OxLDL (150
μg/ml) for another 24 h. Then, the ECs were washed three times with the preheated 37◦C Krebs-Henseleit buffer
(NaCl, 131 mmol/l; NaHCO3, 20 mmol/l; CaCl2, 2.5 mmol/l; HEPES, 20 mmol/l; KCl, 5.6 mmol/l; NaH2PO4, 1
mmol/l; MgCl2, 1 mmol/l, glucose, 5 mmol/l, pH = 7.4). Next, a moderate amount of Krebs-Henseleit buffer contain-
ing DHE was added into wells. The wells were avoided light and incubated for 30 min. After incubation, cells were
washed with preheated Krebs-Henseleit buffer for three times. Finally, images were taken under the Olympus IX73
inverted fluorescence microscope. It was excited with blue or green light and the ROS-positive cells throughout the
nuclei were dyed red. The numbers of positive cells from randomly fields were counted under a microscope (Olym-
pus IX73, magnification × 100) and analyzed using Image J 1.25 software (National Institutes of Health, Bethesda,
U.S.A.).

Cell counting Kit-8 (CCK-8) assay
Cell proliferation was detected by CCK-8 assay. Specifically, after transfecting with siRNA for 24 h, EA.hy926 ECs
were seeded into 96-well dishes at a density of 1 × 104 cells/well. After adherence, cells were treated with or without
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OxLDL (150 μg/ml) for another 24 h. Then the CCK-8 reagent (VICMED, VC5001) was mixed with cell culture
medium in 1:10, and the mixture was added into each well and incubated for 2 h at 37◦C. Finally, the microplate
reader (Bio-Tek, Winooski, VT, U.S.A.) was employed to measure the optical density (OD) at 450 nm.

Cell migration assay
Transwell assay was performed to detect cell migration using transwell chambers (Corning Incorporated, Corning,
NY, U.S.A.). Briefly, EA.hy926 ECs transfected with siRNA were digested with trypsin (Beyotime, C0201) and then
seeded in the upper chamber (1 × 105 cells/well) with serum-free medium containing OxLDL (150 μg/ml) or not,
while 600 μl of medium containing 10% FBS was used as a chemoattractant in the lower chamber. After incubation at
37◦C for 24 h, the non-migrated cells on the upper side of the membranes were wiped off with a cotton swab. Migrated
cells on the lower side of the membranes were fixed with 4% paraformaldehyde for 15 min and stained with 1% Crystal
Violet for 15 min. The numbers of stained cells from randomly fields were counted under a microscope (Olympus
IX73, magnification × 200) and analyzed using ImageJ 1.25 software (National Institutes of Health, Bethesda, U.S.A.).

Western blot analysis
Cells were lysed in RIPA lysis buffer (Beyotime Biotechnology, Shanghai, China) containing 1% protease inhibitor
cocktail (VICMED, VPI012), and the cell lysates were then centrifuged at 14000 × g at 4◦C for 15 min. Protein con-
centrations were quantified using the Bicinchoninic Acid protein assay kit (BCA; Beyotime, P0010). Total proteins
(50 μg) were separated by SDS-PAGE and electrotransferred to polyvinylidenedifluoride membranes (PVDF; Milli-
pore, Billerica, MA, U.S.A.). Then the membranes were blocked with TBST buffer (NaCl, 150 mmol/l; Tris, 10 mmol/l;
Tween-20 0.05% (v/v) pH 7.6) containing 5% non-fat milk powder at room temperature for 2 h. The membranes were
then probed overnight at 4◦C with primary antibodies including phospho-KAP1(1:1000, Abcam, ab70369), MMP-9
(1:1000, Abcam, ab38898), KAP1(1:1000, Cell Signaling Technology, #4123), ICAM-1 (1:1000, Cell Signaling Tech-
nology, #4915), VCAM-1 (1:500, Affinity, DF6082) and PCNA (1:2000, Servicebio, GB11010), c-Myc (1:1000, Pro-
teintech, 10828-1-AP), followed by incubation with corresponding HRP-conjugated secondary antibodies (1:5000,
Proteintech, SA00001-2) at room temperature for 2 h. Proteins on the membranes were visualized by adding the en-
hanced chemiluminescence reagent (Millipore, U.S.A.). Band intensities were analyzed using ImageJ 1.25 software
(National Institutes of Health, Bethesda, U.S.A.) and normalized to that of loading controls.

Quantitative real-time fluorescent polymerase chain reaction (qRT-PCR)
Total RNA was extracted using the RNAiso Plus(TaKaRa, Code No. 9109) and then reverse-transcribed into cDNA
using a Reverse Transcription kit (Takara, Code No. RR036A). Quantitative real-time PCR was carried out by
SYBR Green (Takara, Code No. RR820A) using the Roche LightCycler480 system (Roche, Nutley, NJ, U.S.A.).
The reactions were performed according to the manufacturer’s protocols and the results were normalized to the
Glyceraldehyde-3-phosphatedehydrogenase (GAPDH) expression level. The whole melting curves contained single
peaks, indicating a specific PCR amplification. The relative amount of each gene was calculated using the 2−��ct
as means of duplicate measurements. Supplementary Table S1 lists the primer sequences used in the present study.

Statistical analysis
All assays were performed at least in triplicate. Data were expressed as the mean +− SEM and analyzed using GraphPad
Prism 7 statistical software. Statistical analysis was performed by Student’s t-test or one-way analysis of variance
(ANOVA) test and P<0.05 was considered statistically significant.

Results
KAP1 phosphorylation and protein expression were similar between
OxLDL-treated and non-treated ECs
Here, we first measured KAP1 expression in ED cell models induced by OxLDL. Western blot analysis revealed that
the phosphorylation and protein levels were not significantly different between OxLDL-treated and non-treated ECs
(Figure 1).
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Figure 1. Phosphorylation and protein expression of KAP1 in ECs treated with OxLDL

EA.hy926 ECs were treated with or without OxLDL (150 μg/ml) for 24 h. (A) Phosphorylation and protein expression of KAP1 were

detected using Western blot analysis. Representative blots are depicted from three independent experiments. (B) Band intensities

were quantified. Data are mean +− SEM.

OxLDL-enhanced adhesion molecular expression and ROS production
were diminished by knockdown of KAP1
To further characterize the role of KAP1 in ECs treated with OxLDL, we utilized specific siRNA that could reduce the
level of KAP1 in ECs. The efficacy of interference was ascertained by Western blot analysis and qRT-PCR (Figure
2A,B). Next, we measured the expression of pro-inflammatory vascular adhesion molecules, including ICAM-1
and VCAM-1, and found that KAP1 knockdown by siRNA (si-KAP1) significantly abolished the up-regulation of
ICAM-1 and VCAM-1 expression in ECs induced by OxLDL (Figure 2C,D). Using DHE staining, we found that
OxLDL treatment resulted in sharp intracellular ROS augmentation in ECs. However, KAP1 silencing ameliorated
OxLDL-induced cellular ROS production (Figure 3).

Knockdown of KAP1 inhibited the proliferation and migration of ECs
exposed to OxLDL
We next characterized the role of KAP1 in the proliferation and migration of ECs. CCK-8 and transwell assays revealed
that OxLDL-treated ECs demonstrated greater proliferation and migration. However, these alterations were reversed
in KAP1 gene-silenced cells induced by OxLDL (Figure 4A,B). In addition, Western blots revealed that si-KAP1
repressed increases in proliferative and migratory markers, including c-Myc, PCNA, and MMP-9 in OxLDL-induced
ECs (Figure 4C), further confirming the inhibitory effects of si-KAP1 on the proliferation and migration of ECs
stimulated by OxLDL.

KAP1 silencing significantly inhibited OxLDL-enhanced LOX-1 expression
but augmented OxLDL-collapsed eNOS levels in human ECs
To determine whether si-KAP1 could affect LOX-1 expression under ED induced by OxLDL, Western blot analysis
was performed using specific antibodies targeting LOX-1 and eNOS to demonstrate that the protection provided by
KAP1 silencing against OxLDL insult was mediated through the down-regulation of LOX-1. The expression of LOX-1
increased and the expression of eNOS decreased in ECs treated with OxLDL. Nonetheless, KAP1 knockdown signif-
icantly reversed these alterations (Figure 5), which may partly explain the potential role of KAP1 in OxLDL-induced
endothelium injury.

Discussion
Overall, the results of our study allowed us to construct a brief schema illustrating the role of KAP1 deficiency in ECs.
This schema demonstrates that knockdown of KAP1 might counteract OxLDL-induced ED, including the release of
ROS, the increase in the expression of adhesion molecules, and abnormal endothelium behavior. Furthermore, this
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Figure 2. Effects of KAP1 silencing on the expression of adhesion molecules in OxLDL-induced ECs

EA.hy926 ECs were transiently transfected with si-KAP1 or si-NC with Lipofectamine 3000 for 24 h. The efficacy of KAP1 knockdown

was detected by Western blot analysis (A) and qRT-PCR (B). Representative blots are depicted from four independent experiments.

Band intensities were quantified. Data are mean +− SEM. EA.hy926 ECs transfected with siRNA were treated with or without OxLDL

(150 μg/ml) for another 24 h. The expression of ICAM-1 and VCAM-1 was determined using Western blot analysis (C) and qRT-PCR

(D). Representative blots are depicted from three independent experiments. Band intensities were quantified. Data are mean +−
SEM (*P<0.05, **P<0.01,***P<0.001, ****P<0.0001).

© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).

5



Bioscience Reports (2020) 40 BSR20200821
https://doi.org/10.1042/BSR20200821

Figure 3. Effects of KAP1 silencing on the generation of ROS in OxLDL-induced ECs

EA.hy926 ECs were transfected with either negative control or KAP1 siRNA for 24 h and then treated with or without OxLDL (150

μg/ml) for another 24 h. Next, the DHE fluorescence probe was co-incubated with ECs following the manufacturer’s protocols. (A)

The ROS-positive cells throughout the nuclei were dyed red under the fluorescence microscope. (B) The number of positive cells

was quantified. Representative images from three independent experiments are shown. Data are mean +− SEM; scale bars, 100 μm

(*P<0.05, **P<0.01).

protection is likely correlated with the down-regulation of LOX-1 expression, which leads to the enhancement of
antioxidation and the inhibition of aberrant endothelium behavior (Figure 6).

KAP1/TRIM28/TIF1β is a transcription regulatory factor in embryonic development located in the nucleus
[12,15,16]. It is widely expressed in multiple tissues and organs, controls stem cell self-renewal, and is involved in chro-
matin remodeling and the DNA damage response [17]. Numerous studies have shown that KAP1 is highly abundant
in malignant tumor cells or tissues, which is associated with the malignant behavior characteristic of the progression
of tumors [18–21]. Some studies have also shown that KAP1 is closely related to the regulation of T cells in the im-
mune system [22–24]. However, few studies have examined the role of KAP1 in atherosclerotic cardiovascular and
cerebrovascular diseases. Recently, Liu et al. reported that KAP1 was highly expressed in human atherosclerotic tissues
and cultured human aortic smooth muscle cells stimulated by platelet-derived growth factor subunit B homodimer
[13]. Specifically, they found that knockdown of KAP1 suppressed the proliferation and migration of human aortic
smooth muscle cells with atherosclerosis phenotypes, revealing that KAP1 plays a vital role in AS. In the present
study, we demonstrated that the phosphorylation and protein level of KAP1 did not differ between OxLDL-treated
and non-treated ECs (Figure 1). This pattern may stem from the complicated pathological process of atherosclerosis.
After all, the induction of ED by OxLDL accounts for only one small component of the numerous factors contributing
to AS. Although some irritants that mimic AS are capable of influencing the expression of KAP1, EC damage caused
by OxLDL was not sufficient for inducing any changes in KAP1 phosphorylation and protein expression.

OxLDL-mediated injury to ECs is crucial for ED in the pathogenesis of AS, as well as atherosclerotic plaque rupture
at advanced stages [25]. One clinical data analysis showed that serum OxLDL could independently predict pulse-wave
velocity in subjects with normal or mildly reduced renal function [4]. Another study revealed that apple polyphenols
could inhibit xanthine oxidase, thereby relieving vascular oxidative stress and improving endothelium function [5].
Thus, oxidative stress is closely correlated with cardiovascular and metabolic disease in patients with established renal
disease. In addition, OxLDL-induced oxidative stress could activate the NF-κB signaling pathway and promote the
expression of adhesion molecules in ECs [26].

In the present study, we showed that ECs treated with OxLDL for 24 h showed increased expression of ICAM-1
and VCAM-1, as well as ROS generation, patterns that are consistent with previous studies [9,26]. However, we found
that knockdown of KAP1 suppressed the OxLDL-facilitated expression of ICAM-1 and VCAM-1 (both mRNA and
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Figure 4. Effects of KAP1 silencing on OxLDL-induced EC proliferation and migration

EA.hy926 ECs were transfected with either negative control or KAP1 siRNA for 24 h and then treated with or without OxLDL (150

μg/ml) for another 24 h. (A) EA.hy926 EC proliferation was determined by the CCK-8 assay. Data are mean +− SEM. (B) Transwell

assay was performed to measure cell migration. Representative images from three independent experiments are shown; scale bars,

50 μm. The number of migratory cells was quantified. Data are mean +− SEM. (C) Expression of c-Myc, PCNA, and MMP-9 was

determined using Western blot analysis. Representative blots are depicted from three independent experiments. Band intensities

were quantified. Data are mean +− SEM (*P<0.05, **P<0.01,***P<0.001, ****P<0.0001).
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Figure 5. Effects of KAP1 silencing on LOX-1 and eNOS expression in ECs treated with OxLDL

EA.hy926 ECs were transfected with either negative control or KAP1 siRNA for 24 h and then stimulated with or without OxLDL

(150 μg/ml) for another 24 h. (A) Protein levels of LOX-1 were analyzed by Western blotting. Band intensities were quantified. Data

are mean +− SEM. (B) The expression of eNOS was determined using Western blot analysis. Representative blots are shown from

three independent experiments. Band intensities were quantified. Data are mean +− SEM (*P<0.05, **P<0.01).

protein levels) and ROS generation in ECs (Figures 2C,D and 3). Thus, KAP1 silencing can protect ECs against
OxLDL-induced inflammation and oxidative stress. Moreover, OxLDL-elevated ROS in ECs could stimulate cell pro-
liferation and migration, which is associated with unstable atheromatous plaque [27,28]. In addition, an increasing
amount of evidence suggests that inflammation promoted endothelium proliferation and angiogenesis [29]. Cell pro-
liferation and migration were both required for vascular formation, which was correlated with an increased blood
supply in atheromatous plaque and resulted in increased sizes of the plaque and blockages in the blood vessels.
Thus, abnormal EC behavior plays an important role in contributing to adverse atherosclerotic events. Here, we
showed that OxLDL accelerated the proliferation and migration of ECs, while si-KAP1 abrogated this phenomenon
(Figure 4A,B). Meanwhile, KAP1 silencing reversed the OxLDL-enhanced expression of two proliferative markers,
c-Myc and PCNA, as well as the migratory marker MMP-9 (Figure 4C). Therefore, KAP1 deficiency can improve
OxLDL-induced ED via modulation of the abnormal proliferation and migration of ECs, which has a protective
function during AS.

Because it is a transcriptional regulatory factor, KAP1 is thought to be associated with the transcription of specific
genes and the modification of protein post-translation. KAP1 is known to combine with STATs and interfere with
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Figure 6. Brief schema illustrating the role of si-KAP1 in ECs

Knockdown of KAP1 might inhibit OxLDL-induced ED by suppressing the LOX-1 pathway.

IL-6-mediated signals in HeLa cells [30]. Moreover, KAP1 can inhibit IFN regulatory factor-mediated expression
of TNF-α in macrophages [31]. Wang et al. showed that endogenous KAP1 depletion attenuated TNF-α-induced
expression of VCAM-1 and ICAM-1 by inhibiting the expression of TNFR-1 and TNFR-2 in ECs [12]. We observed
that KAP1 silencing alleviated OxLDL-induced increases in LOX-1 expression (Figure 5A). This finding suggested
that the expression of LOX-1 may be regulated by KAP1. The binding of OxLDL to LOX-1 is known to rapidly increase
ROS levels in human ECs [8]. Additionally, the activated oxidase stress can further increase LOX-1 levels [32]. The
results are consistent with our data. OxLDL/LOX-1-dependent biological processes contribute to plaque instability
and the ultimate clinical sequence of plaque rupture along with life-threatening tissue ischemia.

Over the past decades, multiple drugs, including natural antioxidants, anti-LOX-1 antibodies, and antisense
oligodeoxynucleotide, have been used to inhibit AS by decreasing vascular LOX-1 expression and activity [25]. Pre-
vious studies have noted that the treatment of OxLDL impaired eNOS activity in ECs through LOX-1 activation [33].
In our study, eNOS expression was diminished in ECs after exposure to OxLDL for up to 24 h (Figure 5B). Strate-
gies targeting the enhancement of eNOS activation resulted in increased protection against cell death [34]. Zhou
et al. reported that long-term treatment (12–24 h) with OxLDL (100 μg/ml) up-regulated LOX-1 expression and
down-regulated the level of eNOS, thereby mediating eNOS activity. Pre-treatment with JTX20 (a LOX-1 blocking
antibody) effectively eliminated the ability of OxLDL to mediate the activation of signaling in bovine aortic ECs [35].
Another study has shown that ECs incubated with OxLDL (150 μg/ml) for 24 h markedly increased ROS generation,
adhesion molecules and LOX-1 expression but decreased the level of eNOS [14], which is consistent with our find-
ings (Figure 6). Nevertheless, pre-incubation with Klotho (a type of anti-aging protein) effectively prevented OxLDL
from affecting any of these alterations. Additional research has revealed that Klotho could alleviate OxLDL-mediated
oxidative stress in human umbilical vein ECs via activation of the PI3K/Akt/eNOS pathway and depression of LOX-1
expression [36]. Therefore, LOX-1 represents a promising therapeutic target for the treatment of human atheroscle-
rotic diseases [37].

Although OxLDL-induced ED is considered an important event during AS progression and the
OxLDL/LOX-1/eNOS pathway has been implicated in the pathogenesis of ED, there is still a lack of informa-
tion on whether KAP1 plays a role in this process. In the present study, we tested the hypothesis that si-KAP1
could influence LOX-1 expression during OxLDL-induced ED. KAP1 knockdown significantly down-regulated the
expression of LOX-1 but promoted eNOS expression in ECs treated with OxLDL (Figure 5).

Here, we explored the role of KAP1 in OxLDL-induced ED and found that KAP1 silencing protected the endothe-
lium from oxidation damage possibly by inhibiting LOX-1 expression. However, the role of the LOX-1 pathway in
mediating the effect of si-KAP1 on ECs remains unclear. Furthermore, other types of cell lines, such as SMCs and
macrophages, which are closely associated with atherosclerosis, need to be studied. In addition, an in vivo experiment
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would aid our understanding of the role of KAP1 in the development of AS. Finally, the relationship between KAP1
and the clinical features of AS need to be explored.

In sum, knockdown of KAP1 may protect ECs from OxLDL-mediated injury by depressing the expression of LOX-1
and up-regulating the expression of eNOS, thus participating in the onset and development of AS. Therefore, our study
provides new insight into how targeted strategies for depleting KAP1 could be used to control the proatherogenic
effects mediated by OxLDL/LOX-1. Specifically, the development of a KAP1 inhibitor or LOX-1 blocker could prove
particularly useful for the prevention or treatment of AS.

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Funding
This study was supported by grants from the Specialized Research Fund for Senior Personnel Program of Xuzhou Medical Uni-
versity [grant number D2018015]; the Xuzhou Science and Technology Planning Project [grant number KC18052]; and Jiangsu
Provincial Scientific Research Innovation Planning for Graduate Students [grant number KYCX19 2211].

Author Contribution
M.P. and W.W.: Study design. Y.T.Q.: Measurement of ROS production, cellular viability and migration analysis. L.C.: Protein ex-
pression study. Y.T.Q.: Manuscript drafting. L.C.: Data and statistical analysis. F.H.D., Z.W., H.L.Y. and Q.S.H.: Manuscript revision.
All authors listed have approved this manuscript.

Abbreviations
AS, atherosclerosis; CCK-8, Cell counting kit-8; EC, endothelial cell; ED, endothelial dysfunction; ICAM-1, intercellu-
lar adhesion molecule-1; KAP1, KRAB domain-associated protein 1; KRAB-ZFP, Kruppel-associated box zinc finger pro-
tein; LOX-1, lectin-like oxidized low-density lipoprotein receptor-1; MMP-9, matrix metalloproteinases-9; OxLDL, oxidized
low-density lipoprotein; PCNA, proliferating cell nuclear antigen; ROS, reactive oxygen species; SDS-PAGE, sodium dodecyl
sulfate-polyacrylamide gel electrophoresis; TIF1β, transcriptional intermediary factor 1 beta; TRIM28, triple motif protein 28;
VCAM-1, vascular cell adhesion molecule-1.

References
1 Rao, C., Liu, B., Huang, D., Chen, R., Huang, K., Li, F. et al. (2019) Nucleophosmin contributes to vascular inflammation and endothelial dysfunction in

atherosclerosis progression. J. Thorac. Cardiovasc. Surg. S0022-5223, 32776–X, https://doi.org/10.1016/j.jtcvs.2019.10.152
2 Gimbrone, Jr, M.A. and Garcia-Cardena, G. (2016) Endothelial Cell Dysfunction and the Pathobiology of Atherosclerosis. Circ. Res. 118, 620–636,

https://doi.org/10.1161/CIRCRESAHA.115.306301
3 Nedeljkovic, Z.S., Gokce, N. and Loscalzo, J. (2003) Mechanisms of oxidative stress and vascular dysfunction. Postgrad. Med. J. 79, 195–199, quiz

198-200, https://doi.org/10.1136/pmj.79.930.195
4 Cicero, A.F.G., Kuwabara, M., Johnson, R., Bove, M., Fogacci, F., Rosticci, M. et al. (2018) LDL-oxidation, serum uric acid, kidney function and

pulse-wave velocity: Data from the Brisighella Heart Study cohort. Int. J. Cardiol. 261, 204–208, https://doi.org/10.1016/j.ijcard.2018.03.077
5 Cicero, A.F.G., Caliceti, C., Fogacci, F., Giovannini, M., Calabria, D., Colletti, A. et al. (2017) Effect of apple polyphenols on vascular oxidative stress and

endothelium function: a translational study. Mol. Nutr. Food Res. 61, https://doi.org/10.1002/mnfr.201700373
6 Eun, S.Y., Park, S.W., Lee, J.H., Chang, K.C. and Kim, H.J. (2014) P2Y(2)R activation by nucleotides released from oxLDL-treated endothelial cells (ECs)

mediates the interaction between ECs and immune cells through RAGE expression and reactive oxygen species production. Free Radical Biol. Med. 69,
157–166, https://doi.org/10.1016/j.freeradbiomed.2014.01.022

7 Pothineni, N.V.K., Karathanasis, S.K., Ding, Z., Arulandu, A., Varughese, K.I. and Mehta, J.L. (2017) LOX-1 in Atherosclerosis and Myocardial Ischemia:
Biology, Genetics, and Modulation. J. Am. Coll. Cardiol. 69, 2759–2768, https://doi.org/10.1016/j.jacc.2017.04.010

8 Cominacini, L., Pasini, A.F., Garbin, U., Davoli, A., Tosetti, M.L., Campagnola, M. et al. (2000) Oxidized low density lipoprotein (ox-LDL) binding to
ox-LDL receptor-1 in endothelial cells induces the activation of NF-kappaB through an increased production of intracellular reactive oxygen species. J.
Biol. Chem. 275, 12633–12638, https://doi.org/10.1074/jbc.275.17.12633

9 Wang, W., Wang, D., Kong, C., Li, S., Xie, L., Lin, Z. et al. (2019) eNOS S-nitrosylation mediated OxLDL-induced endothelial dysfunction via increasing
the interaction of eNOS with betacatenin. Biochimica et Biophysica Acta Mol. Basis Dis. 1865, 1793–1801,
https://doi.org/10.1016/j.bbadis.2018.02.009

10 Sugimoto, K., Ishibashi, T., Sawamura, T., Inoue, N., Kamioka, M., Uekita, H. et al. (2009) LOX-1-MT1-MMP axis is crucial for RhoA and Rac1 activation
induced by oxidized low-density lipoprotein in endothelial cells. Cardiovasc. Res. 84, 127–136, https://doi.org/10.1093/cvr/cvp177

11 Cheng, C.T., Kuo, C.Y. and Ann, D.K. (2014) KAPtain in charge of multiple missions: Emerging roles of KAP1. World J. Biological Chem. 5, 308–320,
https://doi.org/10.4331/wjbc.v5.i3.308

12 Wang, Y., Li, J., Huang, Y., Dai, X., Liu, Y., Liu, Z. et al. (2017) Tripartite motif-containing 28 bridges endothelial inflammation and angiogenic activity by
retaining expression of TNFR-1 and -2 and VEGFR2 in endothelial cells. FASEB J. 31, 2026–2036, https://doi.org/10.1096/fj.201600988RR

10 © 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

https://doi.org/10.1016/j.jtcvs.2019.10.152
https://doi.org/10.1161/CIRCRESAHA.115.306301
https://doi.org/10.1136/pmj.79.930.195
https://doi.org/10.1016/j.ijcard.2018.03.077
https://doi.org/10.1002/mnfr.201700373
https://doi.org/10.1016/j.freeradbiomed.2014.01.022
https://doi.org/10.1016/j.jacc.2017.04.010
https://doi.org/10.1074/jbc.275.17.12633
https://doi.org/10.1016/j.bbadis.2018.02.009
https://doi.org/10.1093/cvr/cvp177
https://doi.org/10.4331/wjbc.v5.i3.308
https://doi.org/10.1096/fj.201600988RR


Bioscience Reports (2020) 40 BSR20200821
https://doi.org/10.1042/BSR20200821

13 Liu, H., Chen, H., Deng, X., Peng, Y., Zeng, Q., Song, Z. et al. (2019) Knockdown of TRIM28 inhibits PDGF-BB-induced vascular smooth muscle cell
proliferation and migration. Chem. Biol. Interact. 311, 108772, https://doi.org/10.1016/j.cbi.2019.108772

14 Lee, W.J., Ou, H.C., Hsu, W.C., Chou, M.M., Tseng, J.J., Hsu, S.L. et al. (2010) Ellagic acid inhibits oxidized LDL-mediated LOX-1 expression, ROS
generation, and inflammation in human endothelial cells. J. Vasc. Surg. 52, 1290–1300, https://doi.org/10.1016/j.jvs.2010.04.085

15 Alexander, K.A., Wang, X., Shibata, M., Clark, A.G. and Garcia-Garcia, M.J. (2015) TRIM28 Controls Genomic Imprinting through Distinct Mechanisms
during and after Early Genome-wide Reprogramming. Cell Rep. 13, 1194–1205, https://doi.org/10.1016/j.celrep.2015.09.078

16 Turelli, P., Castro-Diaz, N., Marzetta, F., Kapopoulou, A., Raclot, C., Duc, J. et al. (2014) Interplay of TRIM28 and DNA methylation in controlling human
endogenous retroelements. Genome Res. 24, 1260–1270, https://doi.org/10.1101/gr.172833.114

17 Bunch, H. and Calderwood, S.K. (2015) TRIM28 as a novel transcriptional elongation factor. BMC Mol. Biol. 16, 14,
https://doi.org/10.1186/s12867-015-0040-x

18 Wang, Y., Jiang, J., Li, Q., Ma, H., Xu, Z. and Gao, Y. (2016) KAP1 is overexpressed in hepatocellular carcinoma and its clinical significance. Int. J. Clin.
Oncol. 21, 927–933, https://doi.org/10.1007/s10147-016-0979-8

19 Addison, J.B., Koontz, C., Fugett, J.H., Creighton, C.J., Chen, D., Farrugia, M.K. et al. (2015) KAP1 promotes proliferation and metastatic progression of
breast cancer cells. Cancer Res. 75, 344–355, https://doi.org/10.1158/0008-5472.CAN-14-1561

20 Liu, L., Zhao, E., Li, C., Huang, L., Xiao, L., Cheng, L. et al. (2013) TRIM28, a new molecular marker predicting metastasis and survival in early-stage
non-small cell lung cancer. Cancer Epidemiol. 37, 71–78, https://doi.org/10.1016/j.canep.2012.08.005

21 Wang, Y.Y., Li, L., Zhao, Z.S. and Wang, H.J. (2013) Clinical utility of measuring expression levels of KAP1, TIMP1 and STC2 in peripheral blood of
patients with gastric cancer. World J. Surg. Oncol. 11, 81, https://doi.org/10.1186/1477-7819-11-81

22 Zhou, X.F., Yu, J., Chang, M., Zhang, M., Zhou, D., Cammas, F. et al. (2012) TRIM28 mediates chromatin modifications at the TCRalpha enhancer and
regulates the development of T and natural killer T cells. Proc. Natl. Acad. Sci. U.S.A. 109, 20083–20088, https://doi.org/10.1073/pnas.1214704109

23 Santoni de Sio, F.R., Barde, I., Offner, S., Kapopoulou, A., Corsinotti, A., Bojkowska, K. et al. (2012) KAP1 regulates gene networks controlling T-cell
development and responsiveness. FASEB J. 26, 4561–4575

24 Chikuma, S., Suita, N., Okazaki, I.M., Shibayama, S. and Honjo, T. (2012) TRIM28 prevents autoinflammatory T cell development in vivo. Nat. Immunol.
13, 596–603, https://doi.org/10.1038/ni.2293

25 Li, D. and Mehta, J.L. (2000) Antisense to LOX-1 inhibits oxidized LDL-mediated upregulation of monocyte chemoattractant protein-1 and monocyte
adhesion to human coronary artery endothelial cells. Circulation 101, 2889–2895, https://doi.org/10.1161/01.CIR.101.25.2889

26 Huang, C.S., Lin, A.H., Liu, C.T., Tsai, C.W., Chang, I.S., Chen, H.W. et al. (2013) Isothiocyanates protect against oxidized LDL-induced endothelial
dysfunction by upregulating Nrf2-dependent antioxidation and suppressing NFkappaB activation. Mol. Nutr. Food Res. 57, 1918–1930,
https://doi.org/10.1002/mnfr.201300063

27 Wolfram Kuhlmann, C.R., Wiebke Ludders, D., Schaefer, C.A., Kerstin Most, A., Backenkohler, U., Neumann, T. et al. (2004)
Lysophosphatidylcholine-induced modulation of Ca(2+)-activated K(+)channels contributes to ROS-dependent proliferation of cultured human
endothelial cells. J. Mol. Cell Cardiol. 36, 675–682, https://doi.org/10.1016/j.yjmcc.2004.03.001

28 Heinloth, A., Heermeier, K., Raff, U., Wanner, C. and Galle, J. (2000) Stimulation of NADPH oxidase by oxidized low-density lipoprotein induces
proliferation of human vascular endothelial cells. J. Am. Soc. Nephrol. 11, 1819–1825

29 Fiedler, U., Reiss, Y., Scharpfenecker, M., Grunow, V., Koidl, S., Thurston, G. et al. (2006) Angiopoietin-2 sensitizes endothelial cells to TNF-alpha and
has a crucial role in the induction of inflammation. Nat. Med. 12, 235–239, https://doi.org/10.1038/nm1351

30 Kamitani, S., Togi, S., Ikeda, O., Nakasuji, M., Sakauchi, A., Sekine, Y. et al. (2011) Kruppel-associated box-associated protein 1 negatively regulates
TNF-alpha-induced NF-kappaB transcriptional activity by influencing the interactions among STAT3, p300, and NF-kappaB/p65. J. Immunol. 187,
2476–2483, https://doi.org/10.4049/jimmunol.1003243

31 Eames, H.L., Saliba, D.G., Krausgruber, T., Lanfrancotti, A., Ryzhakov, G. and Udalova, I.A. (2012) KAP1/TRIM28: an inhibitor of IRF5 function in
inflammatory macrophages. Immunobiology 217, 1315–1324, https://doi.org/10.1016/j.imbio.2012.07.026

32 Hung, C.H., Chan, S.H., Chu, P.M., Lin, H.C. and Tsai, K.L. (2016) Metformin regulates oxLDL-facilitated endothelial dysfunction by modulation of SIRT1
through repressing LOX-1-modulated oxidative signaling. Oncotarget 7, 10773–10787, https://doi.org/10.18632/oncotarget.7387

33 Tsai, K.L., Chen, L.H., Chiou, S.H., Chiou, G.Y., Chen, Y.C., Chou, H.Y. et al. (2011) Coenzyme Q10 suppresses oxLDL-induced endothelial oxidative
injuries by the modulation of LOX-1-mediated ROS generation via the AMPK/PKC/NADPH oxidase signaling pathway. Mol. Nutr. Food Res. 55,
S227–S240, https://doi.org/10.1002/mnfr.201100147

34 Amaravadi, R. and Thompson, C.B. (2005) The survival kinases Akt and Pim as potential pharmacological targets. J. Clin. Invest. 115, 2618–2624,
https://doi.org/10.1172/JCI26273

35 Zhou, J., Abid, M.D., Xiong, Y., Chen, Q. and Chen, J. (2013) ox-LDL downregulates eNOS activity via LOX-1-mediated endoplasmic reticulum stress.
Int. J. Mol. Med. 32, 1442–1450, https://doi.org/10.3892/ijmm.2013.1513

36 Yao, Y., Wang, Y., Zhang, Y. and Liu, C. (2017) Klotho ameliorates oxidized low density lipoprotein (ox-LDL)-induced oxidative stress via regulating LOX-1
and PI3K/Akt/eNOS pathways. Lipids Health Dis. 16, 77, https://doi.org/10.1186/s12944-017-0447-0

37 Xu, S., Ogura, S., Chen, J., Little, P.J., Moss, J. and Liu, P. (2013) LOX-1 in atherosclerosis: biological functions and pharmacological modifiers. Cell.
Mol. Life Sci.: CMLS 70, 2859–2872, https://doi.org/10.1007/s00018-012-1194-z

© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).

11

https://doi.org/10.1016/j.cbi.2019.108772
https://doi.org/10.1016/j.jvs.2010.04.085
https://doi.org/10.1016/j.celrep.2015.09.078
https://doi.org/10.1101/gr.172833.114
https://doi.org/10.1186/s12867-015-0040-x
https://doi.org/10.1007/s10147-016-0979-8
https://doi.org/10.1158/0008-5472.CAN-14-1561
https://doi.org/10.1016/j.canep.2012.08.005
https://doi.org/10.1186/1477-7819-11-81
https://doi.org/10.1073/pnas.1214704109
https://doi.org/10.1038/ni.2293
https://doi.org/10.1161/01.CIR.101.25.2889
https://doi.org/10.1002/mnfr.201300063
https://doi.org/10.1016/j.yjmcc.2004.03.001
https://doi.org/10.1038/nm1351
https://doi.org/10.4049/jimmunol.1003243
https://doi.org/10.1016/j.imbio.2012.07.026
https://doi.org/10.18632/oncotarget.7387
https://doi.org/10.1002/mnfr.201100147
https://doi.org/10.1172/JCI26273
https://doi.org/10.3892/ijmm.2013.1513
https://doi.org/10.1186/s12944-017-0447-0
https://doi.org/10.1007/s00018-012-1194-z

