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Venous thromboembolism (VTE), the third leading cardiovascular complication, requiresmore understanding at
molecular levels. Here, we have identified miR-145 as a key molecule for regulating thrombus formation in ve-
nous thrombosis (VT) employing network based bioinformatics approach and in vivo experiments. Levels of
miR-145 showed an inverse correlation with thrombus load determined by coagulation variables. MiRNA target
prediction tools and in vitro study identified tissue factor (TF) as a target gene for miR-145. The restoration of
miR-145 levels in thrombotic animals via in vivomiR-145 mimic delivery resulted in decreased TF level and ac-
tivity, accompanied by reduced thrombogenesis. MiR-145 levels were also reduced in VT patients and correlated
with increased TF levels in patients, thereby, confirming our preclinical findings. Our study identifies a previously
undescribed role of miRNA in VT by regulating TF expression. Therefore, restoration of miR-145 levels may serve
as a promising therapeutic strategy for management of VT.
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1. Introduction

Venous thromboembolism (VTE) is a leading cardiovascular compli-
cation affecting 100–200 individuals in a population of 100,000 per year
and emerging as a third largest cardiovascular disease (Malone and
Agutter, 2006). A combination of genetically manipulated animal
models and human epidemiological data has revealed that a variety of
genetic and acquired risk factors are associated with VTE, which con-
tribute to its multifactorial complex nature (Diaz et al., 2012; Heit
et al., 2002). These complexities might be the reason for the continua-
tion of antithrombotic drugs for decades in spite of the risk of bleeding
associated with their use. Despite the extensive clinical evidence about
VTE, better molecular understanding is required to explore further and
identify specific therapeutic targets.

MiRNAs are non-coding RNAs modulating gene expression, either
through mRNA degradation or translational repression of multitude of
targets (Bartel, 2004). Each miRNA has the potential to simultaneously
target multiple mRNAs, and repress genes found in similar pathways
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to alter biological networks (Bartel, 2009; Selbach et al., 2008). Till
date, various experimental reports have highlighted the functional
role of miRNAs in cardiovascular biology, physiology, and diseases
(Small et al., 2010). Several miRNAs including miR-155, miR-126,
miR-21 andmiR-146 have been reported to regulate pathogenic signal-
ing in the development and progression of vascular inflammation, neo-
intimal lesion formation, atherosclerosis and coronary artery disease (Ji
et al., 2007; Liu et al., 2009;Weber et al., 2010). However, to our knowl-
edge, the precise role of miRNAs in the etiopathology of VT has not been
shown yet. Keeping the essence of all these facts, the present study
aimed to identify themiRNA signatures that could be of paramount im-
portance in the understanding of the pathogenesis of thrombus forma-
tion in the venous milieu.

In the present study, using both network based bioinformatics ap-
proach and in vivo animal model system, we explored the possible
role of miRNAs in VT. Importantly, our results demonstrated that the re-
duced levels of miR-145 were associated with enhanced thrombus for-
mation. Furthermore, we also provided the experimental evidence for
identifying tissue factor (TF), as a direct target formiR-145with binding
sites at the 3′UTR of the gene. The restoration of miR-145 levels via
in vivo miRNA mimic delivery inhibited TF expression and attenuated
thrombus formation in the animal model of VT, thereby indicating its
-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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antithrombotic potential. Nonetheless, our preclinical findings were
also validated in human VT patients, supporting the potential transla-
tional significance of miR-145 against VT.

2. Experimental Procedures

2.1. Screening of miRNAs From Disease-miRNAs Network by Network To-
pology Analysis

We exploited the curated list of miRNAswith obvious importance in
related vascular diseases (flow chart shown in Fig. S1A) like atheroscle-
rosis, acute coronary syndrome, myocardial infarction as well as patho-
physiological states including inflammation, endothelial cell activation,
ischemia, and neoplasm. Briefly, validated miRNAs related to these dis-
eases and pathophysiological states were obtained frommiRWalk data-
base (list shown in Supplementary excel file 1). A network of diseases
and miRNAs was created. Further, the network was analyzed based on
complex centrality scoring algorithms (Fig. S1B-S1D, details in Supple-
mentary excel file 2) and a list of candidate miRNAs with higher scores
was generated. The detailed method applied for network based bioin-
formatics is further described in Supplementary methods.

2.2. Animal Studies

All experiments were conducted in accordance with Committee for
the Purpose of Control and Supervision of Experiments on Animals
(IAEC-03/DIPAS/2011), Government of India. Age matched 250–300 g
Sprague-Dawley rats were used. Stasis induced venous thrombosis ani-
mal model was implemented as previously described (Henke et al.,
2004; Downing et al., 1998). Briefly, rats were anesthetised with keta-
mine (100 mg/kg), xylazine (20 mg/kg) and placed in the supine posi-
tion. Following a midline laparotomy, the intestines were exteriorized
and placed to the left of the animal and the inferior vena cava (IVC)
was carefully separated from the surrounding tissues and then ligated
just below the renal veins along with ligation of side branches. After
6 h, 12 h and 48 h of ligation, ratswere euthanized, the IVCwas carefully
dissected. Thrombus was extracted, weight of the thrombus was mea-
sured in milligrams and length was determined in millimeters. The
IVC with thrombus was fixed immediately in formalin and later stained
with hematoxylin and eosin.

2.3. RNA Isolation and Quantitative RT-PCR Analysis

Total RNA was extracted from IVC tissue using TRIzol reagent
(Sigma) according to the manufacturer's suggested protocol. Isolation
of intimal and media RNA from IVC was modified from a previous
study (Sun et al., 2012). Briefly, IVC was cut out and transferred to a
dish containing ice-cold phosphate buffer saline (PBS). The tip of an in-
sulin syringe needlewas carefully inserted into one end of the IVC to fa-
cilitate a quick flush of QIAzol lysis buffer, and intima eluate was
collected. The IVC leftover (media + adventitia) was washed once
with PBS and snap-frozen in liquid nitrogen, for storage until total
RNA extraction by TRIzol. RNA from platelets and PBMCs were isolated
as previously described (Konieczna et al., 2015; Tyagi et al., 2014). The
detailed method is further described in Supplementary methods.
MiRNA qRT-PCR was performed with Stem-loop qRT-PCR method
(Chen et al., 2005). Briefly, 500 ng of total RNA was reverse-
transcribed via SuperScript-III reverse transcriptase (Invitrogen) using
miRNA specific RT primers. For mRNA qRT-PCR cDNA was synthesized
from 1 μg of total RNA using the Quantitect Reverse Transcription Kit
(Qiagen) in accordance with the manufacturer's instructions. QRT-PCR
was performed using a CFX 96 connect real-time PCR system (BioRad).
Expression was normalized to the housekeeping gene. Small RNA
housekeeping control was 5S ribosomal RNA for miRNA and 18S for
mRNA. Primer sequences are shown in Tables S2 and S3.
2.4. Analysis of Potential Targets of Differentially Expressed miRNAs

Potential targets of miRNAs were identified using online available
miRNA prediction tool miRWalk (http://www.umm.uni-heidelberg.
de/apps/zmf/mirwalk/) (Dweep et al., 2012). For accurate prediction,
targets predicted by at least three tools and conserved across rat,
mouse, and humanwere selected (Supplementary excel file 3). Selected
target genes were analyzed by GeneCodis (Tabas-Madrid et al., 2012;
Carmona-Saez et al., 2007; Nogales-Cadenas et al., 2009) to obtain
enriched pathways with adjusted p b 0.05 as the cut-off.

2.5. In vitro Luciferase Reporter Assay

A partial TF 3′UTR sequence of 434 base pairs containing miR-145
target sites was cloned into psiCHECK-2 Vector (Promega) downstream
of Renilla luciferase gene using the XhoI and NotI restriction sites. Muta-
genesis of miR-145 target sites was performed by PCR splicing method,
and mutated 3′UTR sequences were also cloned into psiCHECK-2 Vec-
tor. Primers used for plasmid construction (psiCHECK-2 and TF 3′UTR
or mutated TF 3′UTR) are listed in table S4. HEK293 cells were seeded
in 24-well plates in DMEM supplementedwith 10% FBS andmaintained
in 5% CO2 incubator at 37 °C. The transfection was done after 24 h using
Lipofectamine 3000 (Invitrogen) as per manufacturer's protocol. Cells
were transfected with 100 ng of psiCHECK-2 constructs and 40 nM of
Pre-miR™ miRNA precursor molecules-negative Control # 1 (non-spe-
cific/scr. mimic) and Rno-miR-145 Pre-miR™ miRNA precursor (miR-
145mimic, Ambion). Cells were harvested 24 h post transfection. Lucif-
erase assaywas performed by using Dual Luciferase Reporter Assay Sys-
tem (Promega) following the manufacturer's protocol. Firefly luciferase
activity was normalized to Renilla luciferase activity and expressed as
relative light units (RLU). The relative luciferase activity was reported
as the fold change between scr. mimic and miR-145 mimic transfected
cells.

2.6. In vivo miRNA Delivery

For in vivo application, miRNA mimics and inhibitors (in vivo grade,
Invitrogen) were suspended in invivofectamine (Invitrogen) according
to manufacturer's instructions. Invivofectamine 2.0 was used to form
nanoparticles suitable for in vivo applications. mirVana miRNA mimics
and inhibitors (Life Technologies) were complexed with
Invivofectamine 2.0 reagent. Each animal (n=5per group)was admin-
isteredwith 200 μl mixtures containing scr. mimic/inhibitor or miR-145
mimic/inhibitor (1 nmol–10 nmol) by tail vein injection before 1 h of
IVC ligation, as described in a previous study (Sun et al., 2012).

2.7. Histological Examination

After extraction IVC containing thrombus, liver, heart and kidney tis-
sue were collected in 10% buffered formalin and embedded in paraffin.
Serial cross sections (5 μm) of the IVC with thrombus were cut to ana-
lyze thrombus formation. Tissue sections were stained with hematoxy-
lin and eosin following standard procedures. Liver, heart, and kidney
tissue sections were analyzed to search for signs of any fibrosis, inflam-
mation or toxicity. All histological images were acquired using an
inverted microscope (Motic) and analyzed by Motic Images 2.0
software.

2.8. Western Blotting

Proteins from IVC tissues were extracted with RIPA lysis buffer
(150 mM NaCl, 50 mM Tris-HCl, pH 7.5, 1% NP40, 0.25% Na-
deoxycholate and 0.1% SDS) containing complete protease inhibitor
cocktail. 30–50 μg of protein was loaded on SDS–polyacrylamide gel
electrophoresis gel for separation, which was followed by blotting of
protein on polyvinylidene fluoride membrane in semi-dry trans-blot
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electrophoretic transfer system (BioRad). Afterward, proteins were de-
tected using following primary antibodies: Tissue Factor (1:1000;
Abcam) andActin (1:5000; Santacruz). HRP-conjugated secondary anti-
bodies and chemiluminescence substrate (Sigma) was used for detec-
tion of the specific bands. Intensities of the obtained bands were
quantified using ImageJ software (NIH).

2.9. Coagulation Assays and Hematology

For PT, 50 μl of plasmawas incubated for 2 min at 37 °C before addi-
tion of 100 μl PT reagent (NÉOPLASTINE® CI PLUS, Stago), a recombi-
nant TF. The clotting time, in seconds, were recorded by a semi-
automated coagulation analyzer (Labitec) as per manufacturer's
instruction.

For a bleeding time, animals were anesthetized, and the tail was
transacted 0.5 cm from the tip using a disposable surgical blade. The
tail was placed vertically in 10 ml isotonic saline at 37 °C immediately
after being cut, and the bleeding time measured from the moment of
transection until bleeding has stopped completely.

Blood clotting time was noted using test tube method as described
previously (Lee-White method) with some modification. Briefly non-
anticoagulated blood in the glass test tube was placed in a water bath
at 37 °C. Glass tube was tilted every 30 s. The clotting time was mea-
sured when the blood does not flow out of the test tubes when tilted
horizontally.

White blood cell (WBC), red blood cell (RBC), hemoglobin (Hb),
platelet count and hematocrit (HCT) were measured with Melet
Schloesing-MS4 hematology analyzer (MeletSchloesing Laboratories).

2.10. Biochemical Assays and Enzyme Immunoassay

Circulating biomarkers for liver and heart functionwere determined
in serum samples subsequently analyzed for alanine and aspartate ami-
notransferases (ALT & AST) using colorimetric measurement of
hydrazone formed with 2, 4 dinitrophenyl hydrazine (Reitman and
Frankel, 1957), alkaline phosphatase (ALP) and lactate dehydrogenase
(LDH) levels by the phenolphthalein monophosphate method (Babson
and Phillips, 1965).

For TF activity assay, IVC tissue homogenate were incubated with
factor VIIa, factor X, CaCl2 and spectrozyme FXa in TBS for 45 min at
37 °C. Optical density was measured at 405 nm. A standard curve was
constructed from recombinant human lipidated TF. Activity was
expressed in arbitrary units by reference to the standard curve.

IVC tissue homogenate supernatants were analyzed to determine
the presence of rat TF antigen using sandwich enzyme immunoassay
kit (Kinesis DX) according to the manufacturer's instructions. Circulat-
ing levels of rat plasma prothrombin fragment 1 + 2, TAT and D-
dimer were determined by the commercially available rat prothrombin
fragment 1 + 2 and D-dimer ELISA kit (Sincere Biotech).

2.11. Human Studies

Human studies were conducted in accordance with the ethical stan-
dards of Indian Council of Medical Research (01/IEC/DIPAS/12). Male
patientswith venous thrombosis fromArmyResearch and Referral Hos-
pital, Delhi, India (tertiary care hospitals), were approached for consent
to participate in the study and informed consent was obtained accord-
ing to the Declaration of Helsinki. Patients with pre-existing systemic
diseases, malignancy, any prior surgery, or vasculitis were excluded.

2.12. Clinical Examination and Blood Sample Collection

Male patients suggestive of VT were investigated for confirmatory
diagnosis. Cerebral venous sinus thrombosis (CVT) patients (n = 4)
with focal neurologic deficits had headache as the presenting symptom
were confirmed by magnetic resonance imaging (MRI) and magnetic
resonance venogram (MRV) of the brain. Deep vein thrombosis (DVT)
patients (n = 11) manifested with swelling of lower limb, confirmed
by a Doppler examination. DVT associated PTE was also found in three
patients. Echocardiography followed by CT pulmonary angiography
was the diagnostic modalities to detect PTE. The diagnosis of portal ve-
nous thrombosis (PVT) patients (n=2) presented with pain abdomen,
hepatosplenomegaly or evidence of gastrointestinal bleed was con-
firmed with a Doppler examination of the portal venous system. All pa-
tients were treated with low molecular weight heparin (LMWH) and
then switched over to oral anticoagulants. CVT patients were managed
conservatively with cerebral decongestive measures.

The blood sampling was done by venipuncture at earliest possible
time after admission to the hospitals. The hematology, biochemical
and coagulation screening were done along with clinical investigations.
Further, whole blood and plasma were aliquoted, immediately frozen
and transported to the laboratory for molecular and genetic studies.

2.13. Laboratory Investigations

For each patient (median age, 31.5 years), the clinical profile and lab-
oratory investigations (hemogram, PT, aPTT, Fibrinogen, D-dimer)were
performed along with the complete thrombophilia screening including
Protein C and S deficiency and Antithrombin-III deficiency. Protein C
and Protein S activities were determined by using commercially avail-
able STACLOT kit on an automated STA compact analyzer (Diagnostica
Stago). The quantification of AT III was done using STACHROM AT III
kit in STA analyzer. Activated protein C resistance (APCR) was carried
out using the Stago kit. PCR-RFLP method was used to perform muta-
tional analysis for Factor V Leiden (1691G/A, rs6025), prothrombin
(20210G/A, rs1799963), tissue factor plasmin inhibitor (-536C/T),
fibrinogen-β (148C/T), MTHFR (677C/T) and plasminogen activator
inhibitor-1 (16754G/5G) were performed by PCR-RFLP method. Total
RNA from whole blood and plasma were isolated using PAXgene
Blood RNA Isolation Kit (Qiagen) and TRIZOL reagent (Sigma) respec-
tively, according to the manufacturer's instructions. miRNA expression
and mRNA expression were analyzed as described earlier.
Microparticle-TF activity assay was performed in human plasma using
MP-TF assay kit (Aniara) according to the manufacturer's instructions.

2.14. Statistical Analysis

Data are presented asmean±SEM. P-valueswere obtained using the
Student t-test to compare two groups or one way ANOVA with
bonferroni post hoc for multiple groups. Statistical analyses were per-
formed with GraphPad Prism 6 software. Linear regression analysis was
used to find out the correlation between parameters. For all statistical
analysis, p-values are denoted as: ***p b 0.005, **p b 0.01 and *p b 0.05.

3. Results

3.1. Altered Pattern of miRNA Signatures is Associated With Progression of
VT

A network-based bioinformatics approach was used to identify
miRNAs that regulate multiple pathophysiological states and diseases
closely related to VT (Fig. 1A and Fig. S1). The validation of miRNAs pri-
oritized through in silico network analysis (viz.miR-1, miR-21,miR-34a,
miR-125b, miR-126, miR-145, miR-146, miR-150, miR-155, and miR-
210; Fig. 1B) was done using well characterized IVC ligation animal
model for VT. IVC and thrombus tissue samples were harvested from
animals after 24 h of IVC ligation, and expression levels for miRNAs
were measured by stem-loop qRT-PCR. Compared with the sham con-
trol group, among the selectedmiRNAs, onlymiR-145 expression exhib-
ited a significant (~2-fold) reduction, while other miRNAs did not show
significant alterations in expression levels (Fig. 1C). Guided by these ob-
servations, our subsequent investigations were focused on miR-145. To
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obtain an insight about the localization of miR-145 in thrombosed IVC,
analysis of miR-145 expression levels showed that miR-145 was signif-
icantly downregulated in platelets, PBMCs and the media layer of the
vessel wall (VSMCs). However, the levels of miR-145 expression in inti-
ma layer of the vessel wall, which include endothelial cells, remained
unaltered (Fig. S2).

To study the temporal effect of miR-145 in the progression of VT, we
analyzed pri-miR-145 and miR-145 expression levels at different time
points (6 h, 12 h, 24 h and 48 h post-IVC ligation). Levels of pri-miR-
145 and miR-145 gradually decreased with the thrombus progression
at 6 h, 12 h, and 24 h (Fig. 1D and E). An in situ inspection of gross
thrombus and thrombus weight (Fig. 1F and G) showed the protracted
time-dependent effect on the development of thrombi inside IVC, post
ligation. Thrombus weight and miR-145 expression at stipulated time
points showed significant inverse correlation (r2 = 0.8126, p b

0.0001; Fig. 1H). Moreover, prothrombin fragment 1 + 2, D-dimer
and TAT levels, known biomarkers for thrombus formation were also
found to be up surged till 24 h post ligation (Fig. 1I–K), suggesting
that the progression of VT is related to a proportional change in miR-
145 expression. Next, to extend these preclinical findings in the
human disease condition, we evaluated the expression levels of miR-
145 in clinically confirmed VT patients. Demographic as well as clinical
characteristics of the patients are summarized in Table S1.

The expression levels of miR-145 were significantly lower in VT pa-
tients compared with control (p b 0.0001; Fig. 1L). Furthermore, the re-
ceiver operator characteristics (ROC) curve analysis ofmiR-145 (AUC=
0.95; p b 0.0001) was able to discriminate between patients and con-
trols as compared to miR-1(used as control miR; AUC = 0.65; p =
0.11) depicting the association between miR-145 and disease (Fig.
1M). These data propose an association of miR-145 with thrombus for-
mation both in an animal model and human VT patients.

3.2. Identification of Target Genes for miR-145 and Their Role in Blood
Coagulation

To gain further insights into the mechanism of miR-145 mediated
regulation of venous thrombogenesis, target genes were predicted for
miR-145. The sequential scheme for target gene prediction and gene en-
richment pathway analysis is depicted as a flowchart in Fig. 2A. This
analysis showed blood coagulation as a significantly enriched pathway.
Subsequently, using Cytoscape, a network was generated to visualize
the target genes and enriched pathway interactions (Fig. 2B). Notably,
this analysis identified several genes associatedwith coagulation and fi-
brinolytic pathway including plasminogen activator inhibitor-1 (PAI-1),
TF, tissue factor pathway inhibitor (TFPI), kallikrein B plasma1 (KLKB1),
thrombomodulin (Thbd), factor-VIII (F-VIII), urokinase receptor
(uPAR), and plasminogen (PLG). Expression levels of these candidate
target genes were further evaluated in an animal model at different
time points (6 h, 12 h, 24 h, and 48 h) post-IVC ligation. Particularly,
the expression patterns for TF, PAI-1, and uPAR genes demonstrated
an inverse pattern with miR-145 expression till 24 h (Fig. 2C and Fig.
S3). Interestingly, increased TF expression in platelets, PBMCs, and
media layer of a blood vessel (Fig. S4) showed an inverse pattern with
miR-145 cellular expression pattern (Fig. S2). Nonetheless, a decrease
Fig. 1. Downregulation of miR-145 expression is correlated with thrombus progression in VT. (
was constructed and analyzedusing Cytoscape. (B) List of topmiRNAs selected from in silico ana
to quantify the endogenous expression of miR-1, miR-21, miR-34a, miR-125b, miR-126, miR-14
thrombotic animals after 24 h of IVC ligation (n=5). (D) Expression levels of Pri-miR-145 and (
points (6 h, 12 h, 24 h, and 48 h) post IVC ligation. Assayswere performed in triplicate, and the r
show relative expression to 5 s ribosomal RNA (n = 5). (F) Representative photographs for gr
(upper panel), with their respective heat map images representing thrombus density (lowe
time points showing an increase with time (n = 5). (H) Scatter plot analysis of the correlatio
12 h, 24 h and 48 h in the thrombotic group (n = 15). (I–K) The increase in prothrombin frag
compared with control animal group (n = 5). (L) Circulatory miR-145 expression levels in pla
is showing an association of miR-145 with VT and the distinguished difference in patient an
presented as mean ± SEM. *p b 0.05, **p b 0.01, ***p b 0.005. See also Figs. S1 and S2.
in miR-145 expression during thrombus formation also led to a con-
comitant increase in TF protein expression level as reflected byWestern
blot analysis (Fig. 2D) and ELISA (Fig. 2E) with a subsequent rise in TF
activity (Fig. 2F). To extend this miRNA – target gene association in
humans, we next analyzed the TF expression in the same cohort of pa-
tient and control. Consistent with animal studies, expression of TF
mRNAwas significantly higher in VT patients who have shown reduced
miR-145 levels (Fig. 2G and Fig. 1L). Since TF is released from circulating
microparticles during thrombosis,we also testedmicroparticle-TF activ-
ity in plasma samples of these patients. Increased microparticle-TF ac-
tivity in these samples also supported the increased TF mRNA
expression data (Fig. 2H). The correlation of TF mRNA expression and
microparticle-TF activity with miR-145 expression in VT patients (Fig.
2I and J) suggest a direct regulation of TF expression by miR-145.
Based on these results, we hypothesized that miR-145 could play a sig-
nificant role in thrombus formation, primarily by regulation of TF.

3.3. Target Validation of miR-145 in the TF 3′-UTR

To test our hypothesis, we focused our further investigation on TF,
which has a critical role in initiation and progression of thrombosis. On-
line available target prediction tools (RNAhybrid, PITA, and miRanda)
revealed that TF has miR-145 binding sites in its 3′UTR (Fig. 3A) that
is highly conserved across mammals (Fig. 3B). The “seed” sequence of
miR-145 has bases that are complementary to 3′UTR of TF mRNA tran-
script, extending from nucleotides 450 to 456 (binding site 1) and 535
to 540 (binding site 2) (Fig. 3C). To test whether miR-145 directly
binds to TF 3′UTR, we developed luciferase reporter gene constructs
with either a wild-type (WT) TF 3’UTR or a miR-145 binding mutated
(deleted; either with binding site 1 or binding site 1 + 2) TF 3′UTR.
Co-transfection of miR-145 mimic with the WT-TF 3′UTR construct re-
sulted in substantial inhibition of the luciferase activity, while luciferase
activity of mutated TF 3′UTR constructs was not repressed (Fig. 3D and
E). These results confirm a direct interaction of miR-145 with TF 3’UTR
(at both binding sites -1 and 2). Altogether, these observations suggest
that miR-145 plays a vital role in maintaining hemostasis by negatively
regulating TF expression via direct interaction.

3.4. In vivo Applicability and Dose Dependent Effect of miR-145

So far, the results have suggested that loss of miR-145 is associated
with VT, and the regulation of TF expression by miR-145 is compro-
mised under the diseased state. For investigating the functional role of
miR-145 in VT, we utilized gain of function approach using miR-145
mimic administration in in vivo animal model. To explore the in vivo ap-
plicability ofmiR-145mimic against VT, hematological parameters, tox-
icity assays, histology and bleeding time were investigated after
intravenous administration of miR-145. Importantly, all hematological
values and bleeding time were in normal range in miR-145 mimic ad-
ministered group (Fig. S5A and B). No significant difference in the levels
of liver and heart functionmarkers was found (Fig. S5C to F). Histopath-
ological examinations revealed the normal morphological architecture
of liver, heart and kidney with no indication of necrotic or other cell
death events observed (Fig. S5G). Therefore, it can be concluded that
A) Interaction network between Diseases/pathophysiological states and miRNAs involved
lysis ofmiRNAs-disease network based on a scoring algorithm. (C) qRT-PCRwas conducted
5, miR-146, miR-150, miR-155, miR-210, in RNA isolated from IVC of control animals and
E)miR-145were analyzed by qRT-PCR in control and thrombotic groups at indicated time
esults are presented as the fold-change in expression comparedwith control group. Graphs
oss IVC with thrombus obtained from a different group of animals at indicated time point
r panel). (G) Thrombus weight from control and thrombotic animal groups at indicated
n between the miR145 expression and thrombus weight (r2 = 0.812, p b 0.0001) at 6 h,
ment1 + 2, D-dimer and TAT plasma levels measured by ELISA in the thrombotic group
sma RNA isolated from patients (n = 20) and control subjects (n = 20). (M) ROC curve
d control. miR-1 did not show an association with VT similar to animal study. Data are



Fig. 2. Target gene prediction ofmiR-145 and gene enrichedpathway analysis shows enrichment of blood coagulation pathway genes. (A) Flowdiagram is depicting target gene prediction
and gene enriched pathway analysis. (B) Interaction network between miR-145 target genes and target genes enriched pathway was constructed using Cytoscape. (C) TF mRNA levels
were determined by qRT-PCR in RNA isolated from IVC of control and the thrombotic animal group at 6 h, 12 h, 24 h and 48 h (n = 5). (D) Representative western blot image and
quantification of TF protein levels. (E) TF protein levels were determined by ELISA in tissue lysate of IVC from control and thrombotic animal group (n = 5) at 6 h, 12 h, 24 h, and 48 h.
(F) TF activity in IVC of control and the thrombotic group at 6 h, 12 h, 24 h, and 48 h confirms the upregulation of TF expression (n = 5). (G) qRT-PCR analysis of target gene TF from
RNA isolated from patients (n = 20) and control subjects (n = 20). Results are presented as the fold-change in expression compared with control subjects. Expression of 18 s RNA for
mRNA was used as a normalization control. (H) Microparticle-TF activity in plasma from patients and control subjects (n = 20). (I) Scatter plot analysis of miR-145 expression and TF
mRNA expression correlation (r2 = 0.5212, p = 0.003) in patients. (J) Scatter plot analysis of miR-145 expression and microparticle-TF activity correlation (r2 = 0.5231, p = 0.0003)
in patients (n = 20). Data are shown as mean ± SEM and representative of three independent experiments. ns - Non-significant, *p b 0.05, **p b 0.01, and ***p b 0.005. See also Figs.
S3 and S4.
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administration of miR-145 mimic did not result in any detectable sub-
acute toxicity and was safe for intravenous administration in animals.
To determine the optimum dose of miR-145 for in vivo study, we con-
ducted a dose-response analysis (1 nmol–10 nmol) of miR-145 mimic
in a time-dependent manner. Animals were administered with either
the vehicle or with scrambled negative control mimic (Scr. mimic)/
miR-145mimic, prior to IVC ligation. Thrombusweight, plasmaTF activ-
ity and prothrombin time (PT) were assessed at 6 h, 12 h, and 24 h post
ligation. Thrombus weight and TF activity were significantly reduced
even at lower doses of 5 nmol (Fig. 4A and B), whereas PT a



Fig. 3. Tissue Factor is a direct target gene ofmiR-145. (A) Schematic representation of Rat TF as a target genepredicted by themiRWalk database. (B) Sequence alignment of evolutionarily
conserved potentialmiR-145 binding sites and potential complementary residues are shown inTF 3′UTR of different species. (C) Nucleotide locations of the twobinding sites andmutated
binding sites for miR-145 in Rat TF 3′ UTR are shown. (D and E) The effect of miR-145 mimic or a nonspecific control oligonucleotide (scramble) on luciferase activity in psiCHECK-2
transfected HEK293 cells expressing the wild-type or mutated 3′ UTR (binding site 1 or binding site 1 + 2) of TF. Luciferase activities were normalized to Renilla activities (n = 5. Data
are shown as mean ± SEM and representative of three independent experiments. ns – Non-significant, *p b 0.05, **p b 0.01, and ***p b 0.005.
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measurement of TF-mediated extrinsic pathway showed a statistically
significant change only at higher doses (Fig. 4C). Based on this observa-
tion, the submaximal dose of 5 nmol for miR-145 mimic was selected
for further in vivo studies. Interestingly, the effect of miRNA administra-
tion was found substantial from the initial time point of 6 h till 24 h at
5 nmol. It was also evident in correlation analysis between TF activity
and thrombus weight at all three time points. Spearman correlation
for 6 h post ligation was found significant with r = 0.96 and p =
0.0028, whereas, the respective figures for 12 h (r = 0.89; p =
0.0123) and 24 h (r = 0.89; p = 0.0125) was found comparable.
These datasets are consistent with earlier findings that perturbances
in miR-145 mediated TF regulation could activate coagulation cascade
towards thrombogenesis. Moreover, the main target of miR-145, TF is
involved in the initiation of thrombosis; therefore, all follow-up exper-
iments were conducted at the early point of 6 h.
3.5. SystemicDelivery ofmiR-145MimicDecreases Thrombus Formation by
Regulation of TF Expression

Finally, based upon our observations that the reduction of miR-145
function was linked to TF expression changes in VT patients and animal
models of VT, we investigated the role of overexpression of miR-145
in vivo in an attempt to reverse these changes. Delivery of miR-145
mimic to the in vivo animal model, with tissue uptake was confirmed
by qRT-PCR (Fig. S7). Pre-infusion of miR-145 mimic in thrombotic
group prior to ligation led to a significant reduction in both TF mRNA
levels as well as protein levels in IVC (Fig. 5A and B). TF levels in plasma
were also lower inmiR-145mimic injected animals (Fig. 5C). Moreover,
a reduction in TF activity after miR-145 mimic administration further
confirmed the decrease in TF activity (Fig. 5D). In line with the dataset
demonstrating the antithrombotic activity of miR-145, we also



Fig. 4.Optimization ofmiR-145mimic dose. For in vivo dose optimization study, animalswere administered withmiR-145mimic (1 nmol–10 nmol) by tail vein injection and IVC ligation
was performed. (A) Thrombus weight and (B) TF activity at 6 h, 12 h, and 24 h post ligation after miR-145 administration. (C) Increase in Prothrombin Time at 6 h, 12 h, and 24 h post
ligation. Data are presented as mean ± SEM. ns – Non-significant, *p b 0.05; **p b 0.01, ***p b 0.005. See also Figs. S5 and S6.
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observed a significant reduction in thrombus weight (Fig. 5E) and
length (data not shown). A delay in clotting time in the thrombotic an-
imal group administered with miR-145 mimic was also observed (Fig.
5H) Gross thrombus examination also showed a reduction in the
thrombus formation in miR-145 mimic injected animals (Fig. 5I). Fur-
ther histological analysis of IVC containing thrombus confirmed that an-
imals administered with miR-145 mimic had a less intact thrombus in
their IVC when compared with either thrombotic animals or animals
administered with scr. mimic (Fig. 5J). Additionally, intravenous injec-
tion of miR-145 significantly decreased the levels of prothrombin frag-
ments 1 + 2 and D-dimers in plasma (Fig. 5F and G) suggesting a
reduced thrombogenic potential among miR-145 treated animals.
3.6. Systemic Delivery of miR-145 Inhibitor has Procoagulant Effect

Next to further confirm the effect of miR-145 in VT; animals were
administered with miR-145 inhibitor or negative control inhibitor
prior to IVC ligation. Administration of miR-145 inhibitor in thrombotic
animals resulted in decreased miR-145 expression (Fig. S7). Further-
more, increased TF expression, TF activity inmiR-145 inhibitor adminis-
tered group also confirmed the regulation of TF expression by miR-145
(Fig. 6A and B). Decrease in thrombus formation, prothrombin time (PT)
and clotting time further reinforced the pro-coagulant effect ofmiR-145
inhibitor in thrombotic animals (Fig. 6C–F). A slight decrease in bleeding
time was found in miR-145 inhibitor administered group though
change was not significant (Fig. S8). Altogether, these observations
confirmed that miR-145 poses an antithrombotic potential by regulat-
ing TF expression.

4. Discussion

In this study, we blended the network-based bioinformatics ap-
proach together with in vivo animal model as well as human studies
and identified miR-145 as a critical regulatory factor for the develop-
ment of VT.More importantly, this regulationwas found to bemediated
by regulating the expression of TF, an important trigger for initiation of
the extrinsic pathway of the coagulation cascade. The present study ex-
plicitly demonstrated intravenous administration of miR-145 mimic
suppresses thrombosis.

We used in silico network theory to decipher the additional system-
level regulatory mechanisms of miRNAs in the complex disease-
miRNAs network. This approach provides support for the application
of network theory to understand the integrative origins of disease and
could be extended to other cardiovascular diseases. Our use of network
theory and experimental validation in an animal model as well as in
human predicted and confirmed miRNA-based disease network in VT.
Moreover, we also established the association between the miR-145
and thrombosis both in in vivo animal model and human diseased
state (Fig. 1). We used stasis animal model of VT that provides a total
stasis environment and results in the most severe vein wall reaction
to thrombosis as compared to the other models. IVC ligation model is
a combination of stasis-induced vein wall injury and enhanced TF ex-
pression in endothelial cells and leukocytes induce thrombosis (Zhou



Fig. 5.miR-145mimic administration reduces thrombus formation by regulating TF expression in an animalmodel of VT. Animalswere administeredwith scr. mimic ormiR-145mimic by
intravenous injection and divided into four groups- Control, thrombotic, thrombotic+ scr. mimic and thrombotic+miR-145mimic then sacrificed after 6 h post IVC ligation. (A–D) qRT-
PCR for TF mRNA expression, representative western blot with quantification of TF protein expression, TF ELISA and TF activity in IVC tissue showing restoration of miR-145 significantly
reduces the TF levels (n=5). (E) Thrombusweight decreases in the thrombotic group administeredwithmiR-145mimic compared to scr.mimic/thrombotic group (n=5). (F andG) The
decrease in prothrombin F1+2, D-dimer plasma levels in plasma samples of thrombotic animal group administeredwithmiR-145mimic comparedwith scr. mimic/thrombotic group (n
=5). (H) Increase in clotting time in the thrombotic animal group administeredwithmiR-145mimic comparedwith scr.mimic/thrombotic group (n=5). (I) Representative photographs
of gross IVCwith thrombus (upper panel) and representative heat map images of IVCwith thrombus (lower panel) presenting thrombus density. (J) Representative photomicrographs of
Hematoxylin-eosin-stained sections of thrombus with the vessel wall (200×). Data are presented as mean ± SEM. *p b 0.05; **p b 0.01, ***p b 0.005. See also Fig. S7.
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et al., 2009). Moreover, this model resemblesmorewith clinical VT con-
ditions as compared to other animal models e.g. flow models or partial
stasis model known as IVC stenosis model and ferric chloride injury
model. A significant disadvantage of these models is the large variation
in the size of the thrombus with even absence of thrombi in few
animals.

Although, dating back to the previous reports which showed that
miR-145 modulates the balance of VSMCs proliferation and contrac-
tion/differentiation in vascular diseases (Rangrez et al., 2011), in our
study, the assumed role of miR-145 was further investigated by predic-
tion of target genes. The predicted target genes, when subjected to gene
enrichment pathway analysis, identified genes with potential regulato-
ry roles in coagulation. Identification of TF, a key upstream regulator of
coagulation as a target of miR-145 could be an important step towards
elucidation of etiopathology of VT. Since a significant negative correla-
tion was observed between TF expression and miR-145 that generated
additional support to our findings and prompted further investigations
into the regulatory role of miR-145 in TF expression. Literature evi-
dences are available where different miRNAs have been shown to regu-
late TF expression. For instance, the down-regulation of miR-19b and
miR-20a have been observed in patients with systemic lupus erythema-
tosus and antiphospholipid syndrome, where increased TF expression



Fig. 6.miR-145 inhibitor administration increases thrombogenesis. Animals were administeredwithmiR-145 inhibitor by intravenous injection prior to IVC ligation then euthanized after
24 h. (A) qRT-PCR for TF mRNA expression. (B) TF activity showing inhibition of miR-145 significantly increases the TF levels (n= 5). (C) Thrombus weight increases in the thrombotic
group administered with miR-145 inhibitor compared to thrombotic group (n= 5). (D) Representative photographs of gross IVC with thrombus (Upper panel) and representative heat
map images of IVCwith thrombus (lower panel) showing thrombus density. Reduced (E) clotting time and (F) prothrombin time (PT) in the thrombotic animal group administeredwith
miR-145 inhibitor compared with a thrombotic group (n = 5). Data are presented as mean ± SEM. *p b 0.05; **p b 0.01, ***p b 0.005. See also Figs. S7 and S8.
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results in a hypercoagulable state (Teruel et al., 2011). Similarly, miR-
223 also suppresses TF expression in thrombogenesis during athero-
sclerotic plaque rupture (Li et al., 2014). However, these miRNAs
(miR-19b, miR-20a, and miR-223) were eliminated during the in silico
disease-network analysis for any association with VT. We did not em-
phasize to analyze expression of these miRNAs in our study. However,
their possible involvement in other vascular disorders cannot be
overlooked and could be exploited in future investigations. Neverthe-
less a recent study showed that circulatingmiR-126 exhibits antithrom-
botic properties via regulating post-transcriptional TF expression,
thereby impacting the hemostatic balance of the vasculature in diabetes
mellitus (Witkowski et al., 2016), however, in our study, we could not
find any significant change inmiR-126 expression in thrombosis. Differ-
ent disease conditions as well as inter species variation might be the
explanation for this variance. Since inflammation is a key pathological
feature of thrombosis therefore, it isworthwhile noting that enrichment
analysis using predicted target genes ofmiR-145 resulted in enrichment
of “inflammationmediated by chemokine and cytokine signalling path-
way”. This is in agreement with the previous study identifyingmiR-145
to negatively regulate pro-inflammatory cytokine release from airway
smooth muscle cells in chronic obstructive pulmonary disease by
targeting SMAD3 (O'Leary et al., 2016).

In our study, downregulation of miR-145 in VSMCs, PBMCs and
platelets and their associationwith TF expression were found in throm-
botic animals that dissected the cellular origin of miR-145. Though, the
previous report, related to atherosclerosis, demonstrated that secretion
ofmiR-145 by endothelial cells influences the function of VSMCs and re-
duces the progression of atherosclerosis (Hergenreider et al., 2012). It
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was also suggested that the transfer of miR-145 between vascular
cells within the atherosclerotic plaquesmight influence gene expres-
sion in the recipient cells. Complying with such reports, and looking
at miR-145 and TF expression in our model system, the potential
sources of both miR-145 and TF included the VSMCs in vessel wall,
along with circulating cells like platelets, and leukocytes as shown
by a previous study (Zhou et al., 2009), However, additional studies
might provide evidence into the transfer and secretion of miR-145
during thrombus formation.

Interestingly, we also observed decreased expression levels of miR-
145 in VT patients, with an inverse trend between miR-145 and TF ex-
pression levels (Fig. 2). The circulating or blood-borne TF in humans
has been studied in the recent past, and hematopoietic cell-derived mi-
croparticles with TF on their outer surface have been known for their
role in thrombosis (Zwicker et al., 2011). As microparticles are also
the major carrier of TF in circulation (Diehl et al., 2012) we measured
themicroparticle-associated TF activity in patients that exhibited a neg-
ative correlation with miR-145 expression whereas levels of TFPI
remained similar (data not shown). These data strongly implicate the
selective regulation of TF expression bymiR-145 could be an important
regulatory mechanism for maintaining hemostasis both in humans as
well as animals.

The administration of miRNA mimics to normal tissue is unlikely to
induce adverse events as no sign of inflammation (data not shown) or
any alterations in toxicitymarkers (Fig. S5)were observed. Nonetheless,
the reduced thrombus size (Fig. 5) in animals administered with miR-
145 mimic, further supported the notion that restoration of miR-145
levels might be used as an effective strategy to manage the burden of
VT and post-thrombotic syndrome. Our findings are also consistent
with previous studies, suggesting TF as a potential therapeutic target
for thrombosis, where anti-TF antibodies and small molecule inhibitors
of the TF: FVIIa complex have shown to reduce thrombus size in arterial
and venous models of thrombosis using rabbits and nonhuman pri-
mates (Pawashe et al., 1994; Szalony et al., 2003). In a previous study,
amonoclonal antibody directed against TF, known asALT836, has devel-
opedwhich binds to TF at its FX binding site. In patients with stable cor-
onary artery disease enrolled in the PROXIMATE-TIMI 27 trial, this
antibody had an interesting anticoagulant effect without any significant
side effect such as bleeding (Morrow et al., 2005). Likewise, in our
study; the antithrombotic effect was shown by inhibiting TF expression
through miRNA mimic administration. The current antithrombotic
strategies which involve targeting the coagulation factor-Xa and throm-
bin, although showed a remarkable success tomanage VT, yet it is high-
ly desirable to find a molecule lying upstream of the hemostatic
pathway for the designing of an efficient and safer anticoagulant. Our
dataset representing the role of miR-145 as an upstream regulator of
TF is a definite foot forward in this regard.

In summary, we demonstrate a regulatory mechanism consisting of
TF and miR-145 expression. Functional studies indicated that the mod-
ulation of miR-145 reduced thrombus formation via downregulation of
TF. This study also provides an insight into themolecular mechanism of
VT. Thus, our study highlights the role of miR-145 in the etiopathology
of VT and also underscores the use of miR-145mimic as a promising ad-
vancement to the field.
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