
Received: 2020.03.12
Accepted: 2020.05.11

Available online: 2020.06.16
Published: 2020.08.13

 1778   —   4   24

Mixed Lineage Kinase Domain-Like Protein 
Promotes Human Monocyte Cell Adhesion 
to Human Umbilical Vein Endothelial Cells 
Via Upregulation of Intercellular Adhesion 
Molecule-1 Expression

 ABC 1,2 Fen Cai*
 BC 1,3 Jia-Li Wang*
 C 1 Yi-Lin Wu
 AEG 1,4 Yan-Wei Hu
 G 1 Qian Wang

  * Fen Cai and Jia-Li Wang have made equal contributions to the paper
 Corresponding Authors: Qian Wang, e-mail: nfyywangqian@163.com, Yan-Wei Hu, e-mail: ywhu0618@163.com
 Source of support: This work was supported by the National Natural Sciences Foundation of China (Grants number 81871701 and 817722442), 

the Natural Science Fund of Guangdong (Grants number 2020B151502092, 2017A030313535 and 2017A030313532)

 Background: Atherosclerosis is a progressive inflammatory disease that involves a variety of inflammatory and proinflam-
matory factors, including intercellular adhesion molecule (ICAM)-1. ICAM-1 plays an important role in athero-
sclerosis by promoting cell adhesion. Mixed lineage kinase domain-like (MLKL), a critical regulator of necrop-
totic cell death, is indicated to play an important role in atherosclerosis. This study investigated the effects of 
MLKL on ICAM-1 expression and cell adhesion, thus providing a new direction for the research of atheroscle-
rosis pathogenesis.

 Material/Methods: siRNA-MLKL and pcDNA-MLKL were designed, and the expression of MLKL and ICAM-1 were estimated by re-
al-time polymerase chain reaction at the mRNA level and Western blotting at the protein level. The adhesion 
of human monocyte cells (THP-1) to human umbilical vein endothelial cells (HUVECs) was examined under im-
munofluorescence microscopy, and the ability of cell adhesion was evaluated by ImageJ software.

 Results: Overexpression of MLKL greatly enhanced ICAM-1 expression in HUVECs and the adherence of THP-1 cells to 
HUVECs. Knockdown of MLKL by siRNA dramatically inhibited the expression of ICAM-1 and the adherence of 
THP-1 cells to HUVECs. MLKL could promote THP-1 adhesion to HUVECs by activating ICAM-1 expression in 
HUVECs.

 Conclusions: MLKL can promote THP-1 cell adhesion to HUVECs through up-regulation of ICAM-1 expression in HUVECs. Thus, 
MLKL might be a useful target for reducing adhesion of monocytes to endothelial cells and atherosclerosis.
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Background

Atherosclerosis is a progressive, lipid-driven inflammatory dis-
ease that is a primary cause of cardiovascular diseases [1]. 
Cell adhesion is an important step in atherosclerosis progres-
sion, which is dependent on inflammation. Previous studies 
have revealed that infiltration and activation of monocytes in-
duced by adhesion are characteristic of human atherosclerot-
ic lesions [2]. Nevertheless, the mechanisms involved in the 
process still need further investigation. ICAM-1 is a glycopro-
tein that is mainly expressed on cell membranes by endothe-
lial cells (ECs) and immune cells, among others. It is a mem-
ber of immunoglobulin superfamily, and through CDII/CD18 
ligand complexes on leukocytes, it mediates the recruitment 
and binding of monocytes and neutrophils in the vascular wall. 
This causes leukocytes to adhere to the subcutaneous layer 
and eventually become foam cells [3]. ICAM-1 plays an im-
portant role in the early stages of atherosclerosis [4]. Studies 
have demonstrated that most extracellular functional regions 
of ICAM-1 can combine with ligands, thus reflecting ICAM-1 
expression on the cell surface. ICAM-1 can initiate a local in-
flammatory reaction of blood vessels and cause vascular wall 
damage, and it is one of the markers of inflammatory reac-
tion [5]. The level of ICAM-1 is closely related to the activation 
degree of vascular endothelial cells (VECs). Previous research 
found that endothelial ICAM-1 expression is increased in ath-
erosclerotic lesions [6]. Microvessels in lipid-rich plaques ex-
press ICAM-1, which promotes the migration of transendothe-
lial inflammatory cells to the plaque [7]. ICAM-1 was found to 
be related to the clinical prognosis and pathogenesis of coro-
nary heart disease [8,9].

In programmed cell death, it has recently been found that 
necroptosis refers to a process related to inflammatory diseas-
es. MLKL is considered a key executor of necroptosis because 
it can send out intracellular molecules, inducing inflammato-
ry responses. Research on MLKL biological functions has re-
vealed that it is closely related to inflammation and autopha-
gy [10]. Recently, an increase of MLKL expression was shown 
in patients who had carotid atherosclerosis instability [11]. 
In addition, MLKL phosphorylation, often found in advanced 
atheromas, is significant for necroptosis [12]. So far, no data 
are available on the effect of MLKL in monocyte adhesion to 
human umbilical vein endothelial cells (HUVECs), and the po-
tential mechanism of MLKL in atherosclerosis remains poorly 
understood. This study found that MLKL could enhance ICAM-
1 expression in HUVECs, thereby improving the adhesion of 
THP-1 human monocyte cells to HUVECs.

Material and Methods

Reagents

Fetal bovine serum (FBS), RPMI1640 medium, and Dulbecco’s 
modified Eagle’s medium (DMEM) were obtained from Gibco. 
Antibodies against rabbit MLKL (A5579) and ICAM-1 were ob-
tained from Abcam.

Cell culture

HUVECs and THP-1 cells were obtained from ATCC (Manassas, 
VA, USA). THP-1 cells were maintained in RPMI1640 medium 
containing 10% FBS, and HUVECs were maintained in DMEM 
containing 10% FBS. Cells were seeded up to 70–80% conflu-
ency in 6- or 12-well plates prior to use.

RNA isolation and quantitative real-time PCR

All RNA from cultured cells was extracted with TRIzol reagent 
(Invitrogen Corporation) and reverse-transcribed. Real-time 
polymerase chain reaction (PCR; TaKaRa Bio Corporation) was 
used to analyze gene expression. Assays were determined in 
triplicate. The primers of MLKL were
5’-AGGAGGCTAATGGGGAGATAA-3’ (forward) and
5’-TGGCTTGCTGTTAGAAACCTG-3’ (reverse);
the primers of ICAM-1 were
5’-TGTATGAACTGAGCAATGTGCAAGA-3’ (forward) and
5’-CACCTGGCAGCGTAGGGTAA-3’ (reverse);
and the primers of GAPDH were
5’-GCACCGTCAAGGCTGAGAAC-3’ (forward) and
5’-TGGTGAAGACGCCAGTGGA-3’ (reverse). The DDCt method 
and GAPDH as a reference were used to analyze data.

Western blot analysis

Cell protein samples were obtained according to established 
methods. The extracted samples were separated with 12% so-
dium dodecyl sulfate polyacrylamide gel electrophoresis and 
transferred to polyvinylidene difluoride membranes, which 
were blocked with a 5% nonfat milk solution. After incubation 
with the primary antibodies at 4°C for 12 h, samples were in-
cubated with secondary antibodies (goat anti-rabbit). The pro-
teins were observed by electrochemiluminescence. The gray 
levels of resolved proteins were measured by ImageJ (National 
Institutes of Health, Bethesda, MD, USA).

Transfection with siRNA

HUVECs were transfected with 50 nmol/L of RNA with small 
interfering RNA (siRNA) and irrelevant control siRNA (nega-
tive control). Negative control siRNA (siRNA-NC) was an equal 
concentration with a nontargeting control mimic sequence. 
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MLKL-siRNA, ICAM-1-siRNA, and siRNA-NC were obtained from 
Heyuan (Guangzhou,China). The target sequence for MLKL siR-
NA was 5’-GGTGTGAAGAGATGAAATA-3’, while the target se-
quence for ICAM-1 siRNA was 5’-GCAAGAAGATAGCCAACCA-3’. 
The qRT-PCR and Western blot analysis were performed to 
check MLKL and ICAM-1 transfection efficacy.

Recombinant plasmid construction

Plasmid with full-length MLKL cDNA was obtained from OriGene 
(Rockville, MD, USA). PCR was used to amplify MLKL cDNA, 
which was subcloned in the pcDNA3.1 (+) vector. The right re-
combinant plasmid MLKL cDNA (pcDNA-MLKL) sequence was 
confirmed by sequencing.

Cell adhesion assay

Transfected HUVECs were seeded in 48-well plates up to 80% 
confluency. Each treatment group included 3 wells. THP-1 cells 
were marked with 5 mmol/L carboxyfluorescein succinimidyl es-
ter (CFSE, Abcam, Shanghai, China) for 10 min at 37°C. After be-
ing washed 3 times with PBS, cell pellets were resuspended in 
complete medium at 90% confluence, and THP-1 cells were then 
cultured as endothelial monolayers at 37°C. After 4 h, PBS was 
used to wash co-cultured cells. The adhesion of THP-1 cells to 

HUVECs was examined under immunofluorescence microscopy 
(Olympus, Tokyo, Japan) within 10 randomly selected microscopic 
fields of view in order to count cells. The number of fluorescently 
labeled cells in each well was calculated using ImageJ software.

Statistical analysis

Means±standard deviation (SD) are used to express the results. 
GraphPad Prism 7.0 software and SPSS version 21.0 (Chicago, 
IL, USA) were used to analyze data. The t-test was used for 
2-group comparisons. Differences between experimental and 
control groups were evaluated using 1-way analysis of vari-
ance with Bonferroni post hoc test. Statistical significance was 
present when P-values were <0.05.

Results

Down-regulating MLKL inhibited ICAM-1 expression in 
HUVECs

Previous study found that MLKL is closely related to inflamma-
tion and ICAM-1 is a proinflammatory cytokine in HUVECs. This 
study investigated the correlation between MLKL and ICAM-1. 
HUVECs were transfected with siRNA-MLKL, and then Western 

Figure 1.  Knockdown of MLKL downregulated ICAM-1 expression in HUVECs. (A–F) HUVECs were transfected with either negative 
control or siRNA-MLKL for 24 h. (A, D) mRNA levels of MLKL and ICAM-1 were evaluated using qRT-PCR. Column chart 
showed the fold differences in the MLKL and ICAM-1mRNA after standardization against the GAPDH mRNA. (B, E) The protein 
levels of MLKL and ICAM-1 were evaluated by Western blotting and representative Western blot images of MLKL and ICAM-
1. (C, F) Protein levels of MLKL and ICAM-1 were evaluated using Western blotting. Column charts show the fold differences 
in the MLKL and ICAM-1 band intensities after standardization against the band intensity of b-actin. Data are given as 
mean±SD of 3 independent assays, with each experiment repeated in triplicate. ** P<0.01,*** P<0.001 vs. controls.
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Figure 3.  MLKL was involved in THP-1 cell adhesion to HUVECs. (A–D) HUVECs were transfected with siRNA-NC or siRNA-MLKL for 24 
h, and then cultured together with CFSE-labeled THP-1 cells for 4 h. The number of adherent monocytes was evaluated by 
fluorescence microscopy. (A, C) Representative images for adherence of THP-1 cells to transfected HUVECs. (B, D) Column 
charts show the fold differences in THP-1 cell adhesion to transfected HUVECs after standardization against the corresponding 
controls. Experiments were repeated 3 times. Values are the mean of 3 replicates. * P<0.05, ** P<0.01 vs. Control.
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Figure 2.  Overexpression of MLKL upregulated ICAM-1 expression in HUVECs. (A–F) HUVECs were transfected with either control vector 
pcDNA or pcDNA-MLKL for 24 h. (A, D) mRNA levels of MLKL and ICAM-1 were evaluated using qRT-PCR. Column chart showed 
the fold differences in the MLKL and ICAM-1mRNA after standardization against the GAPDH mRNA. (B, E) The protein levels 
of MLKL and ICAM-1 were evaluated by Western blot analysis and representative Western blot images of MLKL and ICAM-1. 
(C, F) Protein levels of MLKL and ICAM-1 were evaluated using Western blotting. Column charts show the fold differences in 
the MLKL and ICAM-1 band intensities after standardization against the band intensity of b-actin. Three independent assays 
(3 replicates for each experiment) were performed (mean±SD). * P<0.05, ** P<0.01, *** P<0.001 vs. controls.
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blotting and qRT-PCR were used to determine MLKL and ICAM-
1 expression in HUVECs. MLKL treated with siRNA significantly 
downregulated MLKL mRNA expression (Figure 1A) and pro-
tein levels (Figure 1B, 1C), and siRNA-mediated MLKL silenc-
ing reduced ICAM-1 mRNA expression (Figure 1D) and protein 
levels (Figure 1E, 1F).

Upregulation of MLKL enhanced ICAM-1 expression in 
HUVECs

The pcDNA-MLKL was utilized to upregulate MLKL expres-
sion, and it significantly upregulated MLKL mRNA expression 
(Figure 2A) and protein levels (Figure 2B, 2C). In addition, pcD-
NA-MLKL increased ICAM-1 mRNA (Figure 2D) and protein 
(Figure 2E, 2F) expression in HUVECs. The above results suggest 
that MLKL was related to the expression of ICAM-1 in HUVECs.

MLKL was involved in THP-1 cell adhesion to HUVECs

Previous results showed that MLKL promoted ICAM-1 expres-
sion in HUVECs. Direct interaction between ICAM-1 and mol-
ecules on monocyte surface affected cell adhesion [13]. Here, 
we investigated the correlation between MLKL and cell adhe-
sion. MLKL siRNA and recombinant plasmids overexpressing 
MLKL were used to investigate the effects of MLKL on the ad-
herence of fluorescent-labeled THP-1 monocytes to HUVECs. 
Our results showed that MLKL siRNA significantly decreased 
the adhesion of THP-1 cells to HUVECs (Figure 3A, 3B). By con-
trast, THP-1 cell adhesion to HUVECs was promoted by recom-
binant plasmid-mediated MLKL overexpression (Figure 3C, 3D). 
The results indicated that MLKL was related to THP-1 mono-
cyte adherence to HUVECs.
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MLKL promoted THP-1 cell adhesion to HUVECs via 
upregulating ICAM-1 expression

Previous results have shown that ICAM-1 expression is en-
hanced by overexpression of MLKL. The process was restrained 
by ICAM-1 siRNA-mediated silencing (Figure 4A–4C). The THP-
1 cell adhesion to HUVECs through transfection with pcD-
NA-MLKL was suppressed by treatment with siRNA-ICAM-1 
(Figure 4G, 4I). By contrast, siRNA-MLKL could reduce ICAM-1 
mRNA and protein expression in HUVECs. This effect was fur-
ther inhibited by treatment with ICAM-1 siRNA (Figure 4D–4F). 
In addition, the THP-1 cell adhesion to HUVECs by treatment 
with siRNA-MLKL was further inhibited by treatment with siR-
NA-ICAM-1 (Figure 4H, 4J). These results indicate that MLKL 
increases the cell adhesion of THP-1 to HUVECs through up-
regulating ICAM-1 expression.

Discussion

Atherosclerosis is a complex inflammatory disorder of the 
vasculature in which endothelium lining the vessels becomes 

Figure 4.  MLKL induced adhesion of THP-1 cells to HUVECs via regulating ICAM-1. (A–C) HUVECs were transfected by pcDNA-MLKL 
at 90% confluence for 6 h, and then treated with siRNA-ICAM-1 for 24 h. (A) ICAM-1 mRNA expression was evaluated using 
qRT-PCR. Column charts show the fold differences in the ICAM-1 mRNA after standardization against the GAPDH mRNA. 
(B) ICAM-1 protein levels were measured by analysis of Western blot and representative Western blot images. (C) ICAM-
1protein levels were evaluated by Western blot analysis and representative Western blot images. Column charts show the 
fold differences in the ICAM-1 band intensities after standardization against the band intensity of b-actin. 
(D–F) HUVECs were transfected by siRNA-MLKL at 70% confluence for 6 h, and then treated with siRNA-ICAM-1 for 24 h. 
(D) The expression of ICAM-1 mRNA was evaluated using qRT-PCR. Column charts show the fold differences in the ICAM-
1 mRNA after standardization against the GAPDH mRNA. (E) The protein levels of ICAM-1 were evaluated by Western blot 
analysis and representative Western blot images. (F) The protein levels of ICAM-1 were evaluated by Western blot analysis 
and representative Western blot images. Column charts show the fold differences in the ICAM-1 band intensities after 
standardization against the band intensity of b-actin. (G, I) HUVECs were transfected by pcDNA-MLKL at 90% confluence 
for 6 h, and then treated with siRNA-ICAM-1 for 24 h. The number of adherent monocytes was examined by fluorescence 
microscopy. (G) Representative images for adherence of THP-1 cells to transfected HUVECs. (I) Column charts show the fold 
differences in the adherence of THP-1 cells to transfected HUVECs after standardization against the corresponding controls. 
(H, J) HUVECs were transfected by siRNA-MLKL at 70% confluence for 6 h, and then treated with siRNA-ICAM-1 for 24 h. 
(H) Representative images for adherence of THP-1 cells to transfected HUVECs. (J) Column charts show the fold differences 
in the adherence of THP-1 cells to transfected HUVECs after standardization against the corresponding controls. Data are 
presented as mean±SD of 3 independent assays, each performed in triplicate. ** P<0.01, *** P<0.001 vs. controls.
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damaged in response to cardiovascular risk factors. Through 
expression of surface adhesion molecules such as ICAM-1, 
vascular cell adhesion molecule-1, dysfunctional ECs facilitate 
vascular inflammation [14]. ICAM-1 continues to be expressed 
on the surface of VECs and participates in signal transduction 
and cytoskeleton rearrangement in inflammation [15]. ICAM-1 
expression is constitutively low and weakly detectable on ECs 
under noninflammatory conditions, while increased ICAM-1 ex-
pression has been found in coronary artery disease, stenosis, 
myocardial infarction, and arteriosclerosis [16]. Existing evi-
dence indicates that ICAM-1 is significant for atherosclerosis 
pathogenesis, and many risk factors may induce atheroscle-
rosis through their effect on ICAM-1. This study shows that 
changes in MLKL expression have an impact on subsequent 
ICAM-1 expression, and it is the first report of MLKL media-
tion on ICAM-1 expression in HUVECs. Prior research found 
that lipopolysaccharides enhanced ICAM-1expression through 
the MYD88-BLT2-ERK pathway [17]. Whether MLKL regulates 
ICAM-1 via this pathway or an entirely different pathway needs 
to be investigated further.
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Necroptosis involves necrosome formation, which includes re-
ceptor-interacting protein kinase (RIPK) 1, RIPK3, and MLKL. 
MLKL is organized into an N-terminal helical bundle domain 
and a C-terminal pseudokinase domain that contains a RIPK3 
phosphorylation site. These domains are connected by an au-
to-inhibitory support region, which can transfer the structural 
changes caused by phosphorylation well. The C-terminal do-
main activates the N-terminal helix bundle [18]. When MLKL is 
phosphorylated by RIPK3, oligomerized MLKL results in plasma 
membrane rupture via direct destruction of the membrane bi-
layer [19]. MLKL is expressed in the spleen, colon, thymus, in-
testine, lung, and living body [20,21], and it is a marker of crit-
ical illness and sepsis [22]. The expression of phosphorylated 
MLKL is increased in humans with advanced atheromas [23]. 
No data are available on the relationship between MLKL and 
cell adhesion. The present study found that MLKL could pro-
mote ICAM-1 expression and monocyte adhesion to HUVECs. 
The siRNA targeting MLKL significantly inhibited the expres-
sion of ICAM-1 mRNA and protein. MLKL overexpression pro-
moted the expression of ICAM-1 in HUVECs. Furthermore, MLKL 

overexpression promoted THP-1 cell adhesion to HUVECs, while 
the adhesion of HUVECs to THP-1 monocytes by MLKL overex-
pression was inhibited by treatment with siRNA-ICAM-1. These 
data together indicate that MLKL could promote THP-1 cell 
adhesion to HUVECs via increasing ICAM-1 expression. Prior 
research showed that NF-kB activation was related to ICAM-
1 expression [24]. Whether MLKL promotes ICAM-1 through 
the NF-kB pathway needs to be further investigated. In ad-
dition, the underlying mechanisms of MLKL effects on ICAM-
1 expression and monocyte adhesion to ECs also need fur-
ther investigation.

Conclusions

We conclude that MLKL can promote THP-1 cell adhesion to 
HUVECs through upregulating ICAM-1 expression in HUVECs. 
Thus, MLKL might be a useful target for reducing adhesion of 
monocytes to ECs and atherosclerosis.
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