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L (Interleukin)-6 Contributes to Deep Vein
Thrombosis and Is Negatively Regulated by miR-
3338-0p
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0BJECTIVE: Deep venous thrombosis (DVT), one of the most common venous thromboembolic disorders, is closely linked with
pulmonary embolism and post-thrombotic syndrome, both of which have a high mortality. However, the factors that trigger DVT
formation are still largely unknown. Elevated expression of IL (interleukin)-6—an important inflammatory cytokine—has been
linked with DVT formation. However, the molecular mechanisms leading to the elevated IL-6 in DVT remain unclear. Here, we
proposed that epigenetic modification of IL-6 at the post-transcriptional level may be a crucial trigger for IL-6 upregulation in DVT.

APPROACH AND RESULTS: To explore the association between microRNAs and IL-6 in DVT, we performed microRNA microarray
analysis and experiments both in vitro and in vivo. Microarray and quantitative real-time polymerase chain reaction results showed
that IL-6 expression was increased while miR-338-5p level was decreased substantially in peripheral blood mononuclear cells
of patients with DVT, and there was significant negative correlation between miR-338-5p and IL-6. Experiments in vitro showed
that overexpressed miR-338-5p reduced IL-6 expression, while miR-338-5p knockdown increased IL-6 expression. Moreover,
our in vivo study found that mice with anti—IL-6 antibody or agomiR-338-5p delivery resulted in decreased IL-6 expression and
alleviated DVT formation, whereas antagomiR-338-bp acted inversely. Most of miR-338-bp was found located in cytoplasm by
fluorescence in situ hybridization. Dual-luciferase reporter assay identified direct binding between miR-338-bp and IL-6.

CONCLUSIONS: Our results suggest that decreased miR-338-5p promotes DVT formation by increasing IL-6 expression.

VISUAL OVERVIEW: An online visual overview is available for this article.
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that forms within the deep veins, usually of the leg,

but DVT can occur in the arms and other parts of
the body." The incidence of DVT is estimated at 465715
cases per year in the European Union and 56 cases per
100000 people in the United States.? In China, 10 mil-
lion DVT cases are diagnosed every year? In the acute
stage of DVT, patients may develop pulmonary embolism,

Deep vein thrombosis (DVT) is a type of blood clot

which is associated with significant mortality.* In later
stages, 23% to 60% of patients develop post-throm-
botic syndrome, causing repeated or progressive limb
swelling, stasis dermatitis, refractory skin ulceration, or
limb necrosis, which seriously affect patient survival and
quality of life.> However, the pathogenesis of DVT is not
fully understood. For over a century, Virchow's triad has
been considered as the 3 main factors that contribute to
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Highlights

Nonstandard Abbreviations and Acronyms
3'UTR 3’ untranslated region

DAPI 4,6-diamidino-2-phenylindole

DVT deep venous thrombosis

eNOS endothelial NO synthase

ET-1 endothelin-1

H&E hematoxylin and eosin

HUVEC human umbilical vein endothelial cell
ICAM-1 intercellular cell adhesion molecule-1
IL interleukin

IVvC inferior vena cava

miRNA microRNA

NC negative control

NFAT5 nuclear factor of activated T cells 5
PBMC peripheral blood mononuclear cell
SELP P-selectin

SRCIN1  SRC kinase signaling inhibitor 1
TNFa tumor necrosis factor-alpha
VCAM-1  vascular cell adhesion molecule-1

thrombus formation, including alterations in blood flow,
endothelial injury, and hypercoagulability state.8 Although
the triad has greatly contributed to our understanding of
DVT, the underlying mechanisms still remain unclear.

Recent evidence has demonstrated that DVT is also
closely related to inflammatory processes including cyto-
kines, chemokines, and different types of leukocytes.”
Among these, increasing attention has been paid to the
proinflammatory cytokine IL (interleukin)-6. IL-6 is a
protein of ~26 kDa, which is one of the major inflam-
matory cytokines and plays an important role in host
defense against infections. Persistent dysregulated IL-6
will cause tissue injury®'% Increased IL-6 expression has
been seen in the plasma of DVT patients, which may
play a vital role in inflammatory injury of vascular endo-
thelial cells, but the factors and signaling pathways that
trigger the upregulation of IL-6 in DVT are still largely
unknown.'"2

With the development of epigenetic studies, more and
more microRNAs (miRNAs) have been identified. miR-
NAs are endogenous small noncoding single-stranded
molecules about 21 to 24 nucleotides in length, which
can repress the translation and cleave mRNA by base-
pairing to the 3’ untranslated region (3'UTR) of a target
gene.' " miRNAs extensively participate in physiologi-
cal and pathological processes, including cell prolifera-
tion, differentiation, and apoptosis.’®'” Recent studies
suggest that miRNAs are involved in the formation and
development of DVT."®'° Other studies found that miR-
NAs may contribute to DVT by promoting the apopto-
sis of endothelial cells or regulating the process such
as proliferation and autophagy of endothelial progenitor
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* Increased IL (interleukin)-6 was identified to be
involved in deep venous thrombosis, but the under-
lying mechanisms of upregulated IL-6 still remain
unclear.

» microRNA profile investigation found miR-338-5p
was significantly decreased in the peripheral blood
mononuclear cells of deep venous thrombosis
patients.

* Overexpressed miR-338-5p inhibited IL-6 expres-
sion at both mRNA and protein level both in vitro
and in vivo while vice versa. Luciferase reporter
assay confirmed that miR-338-5p regulated IL-6
expression directly by binding to its mRNA 3’
untranslated region.

* The regulatory network involving miR-338-bp/
IL-6 axis might highlight a better understanding for
potential mechanism of pathogenesis and progres-
sion of deep venous thrombosis.

cells. 2722 However, the regulatory effect of miRNAs on
IL-6 in DVT formation has not been fully investigated.

In the present study, we observed increased IL-6
expression in the peripheral blood mononuclear cells
(PBMCs) of patients with DVT and investigated the
expression profile of miRNAs of patients with DVT using
microarray. Subsequently, we explored the function and
underlying molecular mechanism of miR-338-5p in DVT
by targeting IL-6. The data showed that miR-338-bp
was downregulated in patients with DVT and negatively
correlated with IL-6 expression. Further functional and
mechanistic investigation revealed that miR-338-5p
could inhibit IL-6 expression by binding to its 3'UTR.
Downregulated miR-338-bp will aggravate DVT forma-
tion by enhancing IL-6 expression, while upregulated
miR-338-bp could alleviate DVT formation via inhibiting
IL-6 expression effectively. Overall, our data suggest that
miR-338-bp is involved in DVT formation via negatively
regulating IL-6.

MATERIALS AND METHODS

The authors declare that all supporting data are available within
the article and its online-only Data Supplement.

Patients

Between January 2017 and July 2018, 36 patients admit-
ted to our hospital or presented at the outpatient depart-
ment (Affiliated Hospital of Shandong University of Traditional
Chinese Medicine) with an objective verified DVT and symp-
tom duration <21 days and 36 healthy control subjects were
included in this study. The included DVT patients were con-
firmed by color Doppler ultrasound and lower extremity angiog-
raphy and had no history of hypertension, diabetes mellitus, and
other chronic diseases. All DVT patients and control subjects
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were matched by age, sex, and other risk factors (Table).
The study was approved by the Ethics Review Committee of
Shandong Academy of Medical Sciences. Written informed
consent was obtained from each participant.

Specimen Collection

Venous blood samples were obtained after overnight fasting
at study inclusion. Samples were processed within 4 hours of
collection. PBMCs were isolated by Ficoll density-gradient cen-
trifugation. Samples were coded for blind analysis.

RNA Isolation and Quantitative Real-Time
Polymerase Chain Reaction

Total RNA was extracted using TRIzol Reagent (Invitrogen,
Carlsbad, CA) following the manufacturer's instruction. RNA
was reverse transcribed with the miRNA 1st-Strand cDNA
Synthesis Kit (Vazyme, Nanjing, China) for miRNA or the
PrimeScript RT Reagent Kit (Toyobo, Osaka, Japan) for mMRNA
per the manufacturer’s instructions.

Quantitative real-time polymerase chain reaction using
SYBR Green (Invitrogen) was performed on Applied
Biosystems 7500 instrument (Applied Biosystems, Foster).
For miRNA and mRNA analysis, the polymerase chain reac-
tion primer sequences are shown in Tables | and Il in the
online-only Data Supplement, respectively. For each sample,
the amplification reaction was performed in triplicate. Relative
RNA quantification was performed via the comparative 2744
method. The relative expression levels of miRNA were nor-
malized to that of internal control U6, whereas the relative
expression of genes was normalized to the level of GAPDH
expression in each sample.

Cell Culture and Transfection

293T cells, HeLa (Henrietta Lacks) cells, and human umbili-
cal vein endothelial cells (HUVECs) were obtained from
Procell Life Science and Technology, Co, Ltd (Wuhan, China),
and maintained in DMEM (Bioind, Kibbuiz, Israel). PBMCs
were cultured in RPMI Medium 1640 (Bioind). All culture
medium was supplemented with 10% fetal bovine serum
(Bioind) and 1% penicillin/streptomycin. Cells were cultured
in a humidified incubator at 37°C and 5% CO,,. To investigate
the regulatory effect of miR-338-bp on IL-6, chemosynthetic
miR-338-5p mimics, inhibitor, or respective negative control
(NC; GenePharma, Shanghai, China) were transfected into
cells at a final oligonucleotide concentration of 100 nmol/L
with Lipofectamine 2000 (Invitrogen). siRNA for IL-6 was also
transfected into HUVECs by HiperFect at the concentration of

Table. Baseline Characteristics of DVT Patients and Healthy
Controls

Characteristics Control (n=36) DVT (n=36)
Age, y (mean, SD) 54.118.7 57.319.9
Sex, females/males 20/16 19/17
Hypertension 0 0
Diabetes mellitus 0 0
Other chronic diseases 0 0

DVT indicates deep venous thrombosis.

Arterioscler Thromb Vasc Biol. 2020;40:323-334. DOI: 10.1161/ATVBAHA.119.313137

Role of miR-338-5p/IL-6 in Deep Vein Thrombosis

50 nmol/L. Then, the cells were incubated at 37°C in a 5%
CO, atmosphere for 24 hours. The sequences of the mimics
and inhibitor used for miR-338-5p overexpression and inhibi-
tion and siRNA used for IL-6 knockdown are listed in Table IlI
in the online-only Data Supplement.

Enzyme-Linked Immunosorbent Assay

Human blood plasma samples, culture supernatant of Hela
cells and HUVECs, and supernatants from grinding mouse ves-
sels were collected. The protein expression of IL-6, CCL (C-C
motif chemokine ligand) 2, CCL3, ICAM-1 (intercellular cell
adhesion molecule-1), VCAM-1 (vascular cell adhesion mol-
ecule-1), SELP (P-selectin), eNOS (endothelial NO synthase),
and ET-1 (endothelin-1) was detected by ELISA assay following
the manufacturer's instructions with human/mice 1L-6 ELISA
Kits (MultiSciences, Hangzhou, China), following the manufac-
turer's instructions. The absorbance of 450 and 630 nm was
measured using a microplate reader. Protein concentration was
calculated based on the difference between 450 and 630 nm.

Dual-Luciferase Reporter Assay

The wild-type (IL-6, CCL2, CCL3, ICAM-1, VCAM-1, SELP,
TNFa [tumor necrosis factor-alphal, and IL-17A) and mutant (/L-
6) human mRNA 3’UTR luciferase reporter vectors were con-
structed by amplifying human wild-type or mutant mRNA 3’'UTR
and cloning into pGL3-3M-Luc vector (Promega, Madison),
respectively. 293T cells were cotransfected with luciferase
reporter plasmid and the miR-338-5p mimics or NC with final
concentration of 100 nmol/L. After growing 24 hours, the cells
were collected for application in the Dual-Luciferase Reporter
Assay System (Promega, Madison) using a GloMax 20/20
Luminometer (Promega, Winooski) under recommended condi-
tion. Ratios of firefly luciferase luminescence relative to renilla
luciferase luminescence were calculated.

Fluorescence In Situ Hybridization

Multiplexed miRNA fluorescence in situ hybridization is an
advanced method for visualizing differentially expressed miR-
NAs together with other reference RNAs in cells and vascular
tissues. Fluorescence in situ hybridization assay was used to
observe the location and expression of miR-338-5p in mouse
vascular tissues.

The mouse vascular tissues were fixed with 4% paraformalde-
hyde at room temperature and made into paraffin slices at 5-um
thickness. Then, paraffin slices were hybridized with Cy3-labeled
miR-338-bp probes (Cy3-5"-GCCAATATTTCTGTGCTGCTA-3;
GenePharma) at 37°C overnight. 4,6-diamidino-2-phenylindole
(DAPI) was used for cell nucleus counterstain, and the images
were acquired with laser scanning confocal microscopy (FV3000;
Olympus, Japan). All procedures were conducted according to
the manufacturer's protocol (Genepharma).

Immunofluorescence

HUVECs were plated in 24-well culture plates at a concen-
tration of 5x10* cells per well for 24 hours and subsequently
transfected with reagents for an additional 24 hours in serum-
free DMEM. Thereafter, the treated cells were 4% fixed with
paraformaldehyde at room temperature for 30 minutes and then
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incubated in 10% normal mice serum for 30 minutes. The cells
were then incubated with rabbit polyclonal IL-6 antibody (3.5
ug/mL; Proteintech, Wuhan, China) overnight at 4°C. The sec-
ondary antibody FITC mouse anti-rabbit IgG (BOSTER, Wuhan,
China) was used at a dose of 20 ug/mL for 1 hour. Sections
were counterstained with DAPI to stain the nucleus and ana-
lyzed with a fluorescence microscope (IX73; Olympus, Japan).

DVT Mice Model and Treatment

Eight-week-old male C57BL/6J mice were purchased from
the SPF Biotechnology Company (Beijing, China). The animal
experiments were performed in accordance with the guidelines
for the Care and Utilization of Laboratory Animals (Shandong
Academy of Medical Sciences, China) and were approved by
the Institutional Animal Care and Use Committee of Shandong
Academy of Medical Sciences. The stenosis of the inferior vena
cava (IVC) in DVT model was implemented as described previ-
ously.?® All mice that were observed to have bleeding during the
surgery were excluded from further analysis.

Mice were randomly divided into 7 groups: (1) control
group, no treatment and no surgical intervention; (2) sham
group, sham operation without treatment; (3) DVT group, each
mouse received 200 pL of saline via tail vein injection and
underwent the surgical operation for DVT described above;
(4) DVT agomir NC group; (5) DVT agomiR-338-5p group; (6)
DVT antagomir NC group; (7) DVT antagomiR-338-bp group.
Agomir NC, agomiR-338-5p, antagomir NC, or antagomiR-
338-5p (Ribobio, Guangzhou, China) were directly injected into
the tail vein at the dose of 5, 5, 10, and 10 nmol per mouse in
200 pL of saline, respectively. All mice were given the treat-
ments 30 minutes before undergoing the surgery, and mice
were sacrificed 48 hours after the operation, as described in a
previous study.?* Vascular Doppler ultrasounds were performed
48 hours after surgery, and blood was collected by retro-orbital
bleeding. At the time of euthanasia, fresh thrombi were col-
lected to measure the weight. Sections of the specimens 2 mm
below the IVC ligation were fixed with 4% paraformaldehyde
for fluorescence in situ hybridization and hematoxylin and eosin
(H&E) analysis.

For anti—IL-6 antibody administration experiments, mice
were randomly divided into 6 groups: (1) DVT+IgG1 group,
(2) DVT+anti—IL-6 antibody group, (3) DVT agomiR-338-
5p+IgG1 group, (4) DVT agomiR-338-bp+anti—IL-6 antibody
group, (5) DVT antagomiR-338-5p+IgG1 group, and (6) DVT
antagomiR-338-bp+anti—IL-6 antibody group. Each mouse
received 5 ug/g of mouse IL-6 antibody (R&D Systems,
Minneapolis, MN) via tail vein injection, freshly dissolved in 200
pL PBS. Control mice received an injection of nonspecific rat
IgG1 (R&D Systems) at the same dose. Anti—-IL-6 antibody or
ratIgG1 were given the treatments 30 minutes before agomiR-
338-5p or antagomiR-338-5p injection, as described in a pre-
vious study.?5-2" After 48 hours, euthanasia was performed, and
blood was collected by retro-orbital bleeding. Sections of the
specimens 2 mm below the IVC ligation were fixed with 4%
paraformaldehyde for H&E analysis.

Murine Doppler Ultrasound

Doppler ultrasound was performed as described previously.?82°
Mice were anesthetized with isoflurane-oxygen mixture and
placed in the supine position. The region of interest was shaved
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and covered with ultrasound gel. Images of the IVC and sur-
rounding structures and vessels were obtained using the
VisualSonics Vevo 2100 system with a cardiovascular scan.

Hematoxylin and Eosin

The fixed specimens were dehydrated and embedded in par-
affin. Serial cross sections (4 um) of the IVC with thrombus
were cut to analyze thrombus formation. Tissue sections were
stained with H&E following standard procedures. All histologi-
cal images were acquired using an optical microscope (E100;
Nikon, Japan) and analyzed by Image-ToupView software.

Statistical Analyses

Unless otherwise stated, all experiments were performed
at least 3 independent times. Values are presented as the
mean+SEM. The 2-tailed Student ¢ test was used to compare
the data between any 2 groups through the normality and
equal variance tests. If data for either normality or variance
tests failed, nonparametric Mann-Whitney U test was used. For
multiple comparisons, 1-way ANOVA on ranks with Bonferroni
post hoc test was used. If data did not pass either test, then
nonparametric Kruskal Wallis test with Dunn post hoc test was
used. Data were plotted using GraphPad Prism 6.0 software
(GraphPad Software, Inc, CA). Statistical analyses were per-
formed with SPSS software (version 16.0). Correlations were
analyzed by Pearson correlation. The diagnostic value was eval-
uated using the receiver operating characteristic curve. P<0.05
was considered significant.

RESULTS

IL-6 Was Upregulated and Negatively Correlated
With miR-338-5p in Patients With DVT

Quantitative real-time polymerase chain reaction results
showed that compared with healthy control group, /IL-6
mRNA expression in the PBMCs of patients with DVT
was robustly increased. Moreover, IL-6 protein expres-
sion was significantly upregulated in the plasma of
patients with DVT (Figure 1A), which was consistent with
a previous study.°

To further explore the miRNAs potentially involved in
DVT, we examined the global miRNA expression profiles
in the PBMCs of patients with DVT (n=6) compared with
that of healthy control subjects (n=6) by miRNA microar-
ray assay. The microarray analysis was performed by OE
Biotech, Co, Ltd (Shanghai, China). A total of 59 dys-
regulated miRNAs were detected by at least 2-fold with
F<0.05 in the patients with DVT, including 29 upregu-
lated and 30 downregulated, respectively (Figure 1B and
1C). Of interest, in silico prediction of the miRNA-target
gene interaction using TargetScan, miRDB database, and
Chip revealed a high probability of interaction between
miR-338-5p and IL-6 (Figure 1D). Quantitative real-time
polymerase chain reaction was performed to verify the
expression of miR-338-bp by samples for microarray
assay (Figure 1E) and expanded samples (Figure 1F),
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Figure 1. The expression of IL (interleukin)-6 and miR-338-5p in patients with deep venous thrombosis (DVT) and healthy
controls (Ctrls).

A, Relative expression levels of /L.-6 mRNA in the peripheral blood mononuclear cells (PBMCs) and IL-6 protein in the plasma from 30 DVT
patients and 30 Ctrls were determined by quantitative real-time polymerase chain reaction (QRT-PCR) and ELISA. (Continued)
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which showed that miR-338-bp expression was dra-
matically decreased in patients with DVT. Furthermore,
significantly negative correlation was found between
miR-338-5p and IL-6 expression (Figure 1G and 1H).
Receiver operating characteristic analysis revealed that
miR-338-bp in PBMCs could sensitively discriminate
DVT from healthy donor (Figure 11), with an area under
the curve of 0.797 (95% ClI, 0.685-0.908). These data
indicate that decreased miR-338-bp may inhibit I1L-6
expression in DVT and encourage us to verify the func-
tional relationship between miR-338-5p and IL-6 in
DVT formation.

miR-338-5p Influences Endothelial Function by
Regulating IL-6 In Vitro

To determine the effect of miR-338-bp on IL-6 expres-
sion, we altered miR-338-bp expression and detected
both the mRNA and protein levels of IL-6 in Hela cells,
HUVECs, and PBMCs in vitro. miR-338-5p mimics and
inhibitor were used to increase and reduce the expres-
sion of miR-338-bp, respectively. The miR-338-5p
mimics enhanced, while the inhibitor suppressed miR-
338-5p expression effectively in HelLa cells, HUVECs,
and PBMCs (Figure 2A; Figure II1A and 11B in the online-
only Data Supplement). Moreover, the mRNA and pro-
tein levels of IL-6 were decreased after miR-338-5p
mimics transfection compared with that of the NC (Fig-
ure 2B and 2C; Figure IIC and IIE in the online-only
Data Supplement). On the contrary, miR-338-5p knock-
down by inhibitor transfection increased |L-6 mRNA and
protein levels (Figure 2B and 2C; Figure IID and IIF in
the online-only Data Supplement). In addition, immuno-
fluorescence analysis revealed that overexpression of
miR-338-bp markedly decreased the IL-6 expression
of HUVECs, whereas knockdown of miR-338-bp dis-
played an opposite effect (Figure 1IG in the online-only
Data Supplement).

It was well known that adhesion molecules such as
ICAM-1, VCAM-1, as well as CCL2, CCL3, and SELPR,
which could be induced by IL-6, were markers of vas-
cular function®'=3 Interestingly, CCL2, CCL3, ICAM-1,
VCAM-1, and SELP protein expression was increased
in the plasma of patients with DVT. All of the upregu-
lation of these 5 molecules was positively correlated
with IL-6 protein level, which indicates that inflammatory
state mediated by elevated IL-6 was probably involved in

Role of miR-338-5p/IL-6 in Deep Vein Thrombosis

vascular dysfunction and thus contributes to DVT forma-
tion (Figure | in the online-only Data Supplement).

To directly check the regulatory effects of IL-6 on
these vascular functional markers, we knocked down /L-
6 mRNA expression with siRNA in HUVECs and found
that both the mRNA and protein levels of CCL2, CCL3,
ICAM-1, VCAM-1, and SELP were reduced (Figure Ill in
the online-only Data Supplement). To investigate whether
the influence of miR-338-bp on endothelial function
was potentially mediated by /L-6 targeting, the protein
expression of CCL2, CCL3, ICAM-1,VCAM-1, and SELP
was detected in HUVECs. We found that the overex-
pressed miR-338-bp inhibited CCL2, CCL3, ICAM-1,
VCAM-1, and SELP expression at both mRNA and pro-
tein level while vice versa (Figure 3A through 3D). All of
these results suggest that miR-338-b5p inhibits IL-6 and
thereby influences endothelial function.

IL-6 |s the Direct Target Gene of miR-338-5p

To validate the post-transcriptional suppressive effect of
miR-338-bp on IL-6, luciferase reporter assay was used
with cotransfection of miR-338-5p mimics/inhibitor and
plasmids encoding wild-type and mutant 3'UTR of /L-6
(Figure 4A). The miR-338-5p mimics markedly inhibited
the activity of the luciferase encoded with wild-type IL-6
mRNA 3’UTR. Conversely, this suppressive effect of miR-
338-5p was not observed for the luciferase reporter activ-
ity of mutant /L-6 mRNA 3’UTR (Figure 4B). Meanwhile,
miR-338-bp inhibitor significantly enhanced the lucifer-
ase reporter activity of wild-type /L-6 mRNA 3’'UTR but
not that with mutant /L-6 3'UTR (Figure 4C). To exclude
the possibility that except for IL-6, miR-338-5p might also
target on other inflammatory factors closely related to
DVT, such as TNFa, [L-17A, or vascular functional mark-
ers, we constructed plasmids of 3’'UTR for these genes
and performed luciferase reporter analysis. It was found
that miR-338-bp mimics could not inhibit the luciferase
activity of wild-type mRNA 3'UTR of CCLZ, CCL3, ICAM-
1, VCAM-1, SELP, TNFa, and IL-17A (Figures IVA, IVB,
and VIIG in the online-only Data Supplement). Besides,
agomir and antagomir of miR-338-bp did not affect the
mRNA expression of TNFa and IL-17A in the PBMCs of
mice (Figure IVC and IVD in the online-only Data Supple-
ment). Collectively, it was demonstrated that /L-6 was the
direct target of miR-338-bp and downregulation of miR-
338-bp attributed to IL-6 elevation in DVT.

Figure 1 Continued. B, The volcano plot was constructed using fold-change values and P. The vertical lines correspond to 2-fold up and

down, respectively, and the horizontal line represents a P of 0.05. The red point in the plot represents the significantly upregulated and the blue
point represents the significantly downregulated microRNAs (miRNAs). C, Heat map showing the profiling data of downregulated miRNAs in
the blood of 6 DVT patients compared with that of 6 Ctrls determined by microarray analysis. Red indicates increased relative expression, while
green indicates decreased relative expression. D, The Venn diagram shows miR-338-5p predicted by Targetscan, miRDB, and Chip. E and

F, Levels of miR-338-5p in PBMCs from 6 patients and 6 Ctrls by microarray return samples and DVT patients (n=80) compared with Ctrls
subjects (n=30) were measured by qRT-PCR. G and H, The correlation between miR-338-5p and IL-6 was analyzed using Pearson correlation
analysis (n=30). I, Diagnostic value of miR-338-5p for DVT was evaluated by receiver operating characteristic curve. AUC indicates area under
the curve. *<0.05, ***F<0.001.
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Figure 2. miR-338-5p negatively regulates IL (interleukin)-6 expression in human umbilical vein endothelial cells.

A, The expression level of miR-338-5p after negative control (NC), miR-338-5p mimics, inhibitor NC (INC), and miR-338-5p inhibitor
transfection as detected by quantitative real-time polymerase chain reaction (QRT-PCR). B, The expression level of /L.-6 mRNA after NC, miR-
338-5p mimics, INC, and miR-338-5p inhibitor transfection as detected by qRT-PCR. C, The expression level of IL-6 protein was detected by

ELISA. *A<0.05, **A<0.01, ***~<0.001.

Role of miR-338-5p in DVT

To examine the role of miR-338-5p in DVT formation,
we first performed fluorescence in situ hybridization to
detect the localization and expression of miR-338-bp
in mouse vascular tissues. The majority of miR-338-5p

mRNA (red) was found located in the cytoplasm, and
the expression of miR-338-5p in the DVT model was
significantly lower than that in normal control mice (Fig-

ure VA in the online-only Data Supplement). Specifically,
we found that miR-338-bp expression was decreased
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Figure 3. miR-338-5p is correlated with vascular markers of endothelial function.

A and B, CCL (C-C motif chemokine ligand) 2, CCL3, ICAM-1 (intercellular cell adhesion molecule-1), VCAM-1 (vascular cell adhesion molecule-1),
and SELP (p-selectin) mRNA expression in HUVECs from each treatment group was determined via quantitative real-time polymerase chain
reaction analysis. C and D, CCL2, CCL3, ICAM-1, VCAM-1, and SELP protein expression in HUVECs from each treatment group was
determined by ELISA. INC indicates inhibitor negative control; and NC, negative control. *A<0.05, **£<0.01, ***~<0.001.
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Figure 4. miR-338-5p targets IL (interleukin)-6 mRNA 3’ untranslated region (3’UTR) directly.

A, Schematic representation of /L-6 mRNA 3’UTR demonstrating putative microRNA target site, luciferase activities of WT (wild-type) and
MUT (mutant) constructs. B and C, The luciferase activity was determined by cotransfecting the vectors (/L-6 3'UTR-WT and MUT) combined
with negative control (NC), miR-338-5p mimics, inhibitor negative control (INC), or miR-338-5p inhibitor into 293T cells. *~<0.05, **~<0.01.

by 2.26- and 2.09-folds in vascular tissue and PBMCs,
respectively, in DVT mice compared with normal control
mice (Figure VIA in the online-only Data Supplement).
Meanwhile, the levels of IL-6 mRNA and protein in vas-
cular tissue and PBMCs of DVT mice were significantly
increased (Figure VIB and VIC in the online-only Data
Supplement). To directly check the regulatory effects of
DVT on these vascular functional markers, the expres-
sion of CCL2, CCL3, ICAM-1, VCAM-1, and SELPmRNA
in both vascular tissue and PBMCs of DVT mice was sig-
nificantly increased compared with that in normal control
mice (Figure VIIA in the online-only Data Supplement). In
addition, the expression of eNOS protein in the plasma
of DVT mice was significantly decreased, whereas the
expression of ET-1 protein was dramatically increased
(Figure VIIIA and VIIIB in the online-only Data Supple-
ment). All these data pointed that aberrantly decreased
miR-338-bp was involved in DVT formation.

Neutralizing IL-6 Reduced the Formation of DVT
In Vivo

To further identify the pathogenic role of IL-6 in the for-
mation and development of DVT, we injected anti—IL-6
antibody into mice to neutralize the function of IL-6.
We found that the thrombosis rate and the weight of
thrombus were significantly decreased after the treat-
ment of anti-IL-6 antibody (Figure 5B; Table IV in the
online-only Data Supplement, Figure IXA through IXC in
the online-only Data Supplement). Meanwhile, the levels
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of IL-6 protein in plasma of DVT mice were significantly
decreased after injection of IL-6 neutralizing antibody
(Figure IXD through IXF in the online-only Data Supple-
ment). Additionally, we found that inhibition of IL-6 alone
similarly affects the mRNA expression of CCLZ2, CCLS,
ICAM-1, VCAM-1, and SELP as miR-338-bp overexpres-
sion (Figure IXG in the online-only Data Supplement).
The results demonstrate that IL-6 plays a crucial role in
the formation and development of DVT.

Knockdown of miR-338-5p Is Associated With
Upregulation of IL-6 and Increase in DVT

To further investigate whether miR-338-bp affects
thrombus formation in vivo, antagomiR-338-bp or its
control vehicle were injected via tail vein before the DVT
operation. Indeed, compared with the DVT antagomir
NC group, the expression of miR-338-bp was signifi-
cantly decreased in vascular tissue and PBMCs of DVT
antagomiR-338-5p group (Figure VID in the online-only
Data Supplement). Meanwhile, we found that the levels
of IL-6 mRNA and protein increased in both vascular tis-
sue and PBMCs of mice treated with antagomiR-338-5p
(Figure VIE and VIF in the online-only Data Supplement).
The thrombus weight greatly increased in the DVT
antagomiR-338-bp group compared with those in the
DVT or DVT antagomir NC group (Figure bA). In addi-
tion, Doppler and H&E staining showed that compared
with DVT antagomir NC group, mice in the antagomiR-
338-5p group showed obvious thrombosis in IVC at
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48 hours after the ligation (Figure VB and VC in the
online-only Data Supplement). No thrombosis occurred
in the normal control or sham groups. There was no
significant difference between the DVT group and DVT
antagomir NC group. But if the mice were pretreated
with antagomiR-338-bp, which means the miR-338-bp
was preinhibited in vivo, more blood clots were observed
compared with the NC group.

Moreover, expressions of CCLZ, CCL3, ICAM-1,
VCAM-1, and SELP remarkably increased in both
the vascular tissue and PBMCs of mice treated with
antagomiR-338-5p (Figure VIIB through VIIF in the
online-only Data Supplement). Inhibition of miR-338-5p
dramatically decreased eNOS expression, whereas
increased ET-1 expression at protein level in the plasma
(Figure VIIIC and VIIID in the online-only Data Supple-
ment). The results demonstrate that inhibited expression
of miR-338-5p could promote thrombosis formation by
enhancing the expression of IL-6 and thereby leading to
the vascular endothelial dysfunction.

Overexpression of miR-338-5p Is Associated
With Decreased IL-6 Expression and DVT

To extend the study of the role of miR-338-bp in DVT
formation, we introduced agomiR-338-bp to imitate the
effect of miR-338-bp in vivo. As expected, the expres-
sion of miR-338-bp was significantly increased in both
vascular tissue and PBMCs of the DVT agomiR-338-5p
group compared with the DVT agomir NC group (Figure
VID in the online-only Data Supplement). Furthermore,
we found that IL-6 expression decreased synchronously
in mice treated with agomiR-338-5p (Figure VIE and VIF
in the online-only Data Supplement), indicating that miR-
338-bp could negatively regulate IL-6 expression. How-
ever, the thrombus weight greatly decreased in the DVT
agomiR-338-5p group compared with those in the DVT

Arterioscler Thromb Vasc Biol. 2020;40:323-334. DOI: 10.1161/ATVBAHA.119.313137

or DVT agomir NC group (Figure 5A). Similarly, Doppler
and H&E staining showed that alleviated blood clots
were observed compared with the DVT agomir NC group
(Figure VB and VC in the online-only Data Supplement).

Moreover, expressions of CCLZ, CCL3, ICAM-T,
VCAM-1, and SELP were decreased significantly in both
vascular tissue and PBMCs of mice treated with agomiR-
338-6p (Figure VIIB through VIIF in the online-only Data
Supplement). Overexpression of miR-338-bp markedly
increased eNOS expression while inhibited ET-1 expres-
sion at protein level (Figure VIIIC and VIIID in the online-
only Data Supplement). Taken together, these findings
suggest that enhanced miR-338-bp could inhibit IL-6
expression, thereby alleviating inflammation and protect-
ing the function of vascular endothelial cells.

DISCUSSION

Accumulating evidence suggests that the immune sys-
tem is closely linked to the formation of DVT. Studies
have demonstrated that the inflammatory injury of vascu-
lar endothelial cells caused by the imbalance of cytokine
expression is involved in the occurrence and development
of DVT30%* |L-6 is a soluble proinflammatory and immuno-
regulatory cytokine contributing to host defense through
the stimulation of acute phase responses, hematopoiesis,
and immune reactions. Although its expression is strictly
controlled by transcriptional and post-transcriptional mech-
anisms, dysregulated continual synthesis of IL-6 plays a
pathological effect on tissue injury and is involved in many
diseases.® Previous studies found increased IL-6 expres-
sion in both DVT patients and animal models.3*° How-
ever, the upstream regulatory factors leading to increased
IL-6 expression have not been fully elucidated. Consistent
with previous studies, we found that IL-6 was significantly
upregulated in both DVT patients and DVT mice. Although
blocking IL-6 in mice with the neutralizing antibody inhibited
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the formation and development of thrombosis, large sample
clinical studies of patients before and after the DVT forma-
tion are still needed to further verify the conclusions. Impor-
tantly, we provide the evidence that miR-338-5p plays an
important role as a suppressor of IL-6 by directly targeting
its 3’UTR. Furthermore, we showed that decreased miR-
338-bp increased IL-6 expression and promoted DVT for-
mation. Therefore, miR-338-bp may provide as a promising
therapeutic modulator for DVT.

miRNAs are small noncoding RNAs that regulate
gene expression by binding to the 3’"UTR of their target in
a sequence-specific manner, thereby decreasing expres-
sion of the target gene.*™*? miRNAs have been shown
to play crucial roles in most physiological and pathologi-
cal processes, including cell growth and differentiation,
metabolism, immunity, vascular development, cancer, and
autoimmune disorders.***¢ Because of their tremendous
potential as physiological and pathological regulators,
miRNAs are in the limelight as promising markers for
diagnosis and targets for therapeutics. Recently, stud-
ies reported that the expression and degradation of
IL-6 is regulated by several miRNAs such as let-7a-bp,
miRNA-223, and miRNA-146.-*° Meanwhile, altered
miRNA expression has been reported to be involved in
DVT. For instance, it was identified that let-7e-bp was
downregulated in DVT patients and demonstrated that
let-7e-5p could inhibit the migration and tube formation
via targeting Fas ligand.*® Moreover, a study reported that
the expression of miR-5682, miR-195, and miR-532 was
significantly increased in patients with DVT.5'*? Besides,
miR-150 expression was found to be downregulated in
patients with DVT, while upregulation of miR-150 pro-
moted angiogenesis and proliferation of endothelial pro-
genitor cells by targeting SRCIN1 (SRC kinase signaling
inhibitor 1) in vitro and thrombus resolution in a DVT rat
model.?2 Moreover, it was demonstrated that miR-126
was decreased in the DVT rat model and its expression
was negatively correlated to the apoptosis of HUVECs
through targeting PI3K (phosphatidylinositol 3-kinase)/
Akt (AKT serine/threonine kinase 1) signaling path-
way.2° However, the role of miRNA in DVT by regulating
the expression of IL-6 remains largely unclear.

miR-338-5p is a new 22-nucleotide member of
endogenous noncoding single-stranded RNAs, which
is transcribed from human chromosome 17 and mouse
chromosome 11554 |ncreased miR-338-5p was ini-
tially identified in patients with colorectal tumors and
subsequently characterized in other cancers such as
hepatocellular carcinoma.5®®¢ Moreover, downregulated
miR-338-bp was reported in lung tissues from mice with
bleomycin-induced pulmonary fibrosis.>® Recently, stud-
ies demonstrated that miR-338-bp was upregulated
in patients with rheumatoid arthritis and identified that
miR-338-5p could promote the viability, proliferation, and
migration of rheumatoid arthritis fibroblast-like synovio-
cytes via targeting NFATS (nuclear factor of activated T
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cells ), suggesting a potential role of miR-338-5p in
immunoregulation.®”

Here, we demonstrated the downregulated miR-
338-bp in DVT patients, which was negatively related
to the expression of IL-6. Moreover, in silico bioinfor-
matics analysis predicted that there were complemen-
tary binding sites between miR-338-bp and /L-6 mRNA
3’UTR. Therefore, based on these findings above, we
proposed that decreased miR-338-5p may be one of
the critical triggers for the enhanced IL-6 expression
in DVT. However, we are aware that the sample size in
this study is not large enough, and well-designed inves-
tigations with larger sample size are required for future
validation of our findings.

Specifically, we investigated the regulatory effect of
miR-338-bp on IL-6 and the interaction mode between
them. Interestingly, it was found that overexpression
of miR-338-5p effectively inhibited IL-6 expression
at both mRNA and protein level, while suppression of
miR-338-bp functioned oppositely. Moreover, dual-
luciferase assay confirmed the direct binding between
miR-338-bp and /L-6 mRNA 3’UTR and the inhibitory
effect of miR-338-bp on IL-6. Furthermore, our study
demonstrated that overexpressed miR-338-5p could
inhibit IL-6 expression and reduced thrombus size and
weight effectively in mice. On the contrary, downregu-
lated miR-338-5p could promote DVT formation by
enhancing IL-6 expression.

In summary, our results suggest that miR-338-5p
downregulated [L-6 expression by directly targeting its
mRNA 3’UTR. We first demonstrated that the aberrant
downregulation of miR-338-bp contributes to DVT by
enhancing the expression of IL-6. The regulatory net-
work involving miR-338-bp/IL-6 axis might highlight a
better understanding for potential mechanism of patho-
genesis and progression of DVT.
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