'.) Check for updates

Regular Article

THROMBOSIS AND HEMOSTASIS

Anti-miR-148a regulates platelet FcyRIIA signaling and decreases
thrombosis in vivo in mice
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Fc receptor for IgG llA (FcyRIIA)-mediated platelet activation is essential in heparin-induced
thrombocytopenia (HIT) and other immune-mediated thrombocytopenia and thrombosis

e TULA-2 negatively regulates | disorders. There is considerable interindividual variation in platelet FcyRIIA activation, the
platelet FC'le 1A signaling reasons for which remain unclear. We hypothesized that genetic variations between FcyRIIA
by dephosphorylating Syk. hyper- and hyporesponders regulate FcyRIIA-mediated platelet reactivity and influence HIT

» miR-148a targets TULA-2 susceptibility. Using unbiased genome-wide expression profiling, we observed that human
and inhibition of miR-148a hyporesponders to FcyRIIA activation showed higher platelet T-cell ubiquitin ligand-2 (TULA-
decreases FcyRIIA-mediated 2) mRNA expression than hyperresponders. Silent interfering RNA-mediated knockdown
Lo of TULA-2 resulted in hyperphosphorylation of spleen tyrosine kinase following FcyRIIA

platelet a‘,:t"_’at"?” and activation in HEL cells. Significantly, we found miR-148a-3p targeted and inhibited both
thrombosis in vivo. human and mouse TULA-2 mRNA. Inhibition of miR-148a in FcyRIIA transgenic mice
upregulated the TULA-2 level and reduced FcyRIIA- and glycoprotein VI-mediated platelet
oypB3 activation and calcium mobilization. Anti-miR-148a also reduced thrombus formation following intravascular platelet activation via
FcyRIIA. These results show that TULA-2 is a target of miR-148a-3p, and TULA-2 serves as a negative regulator of FcyRIIA-mediated
platelet activation. This is also the first study to show the effects of in vivo miRNA inhibition on platelet reactivity. Our work suggests that

modulating miR-148a expression is a potential therapeutic approach for thrombosis. (Blood. 2015;126(26):2871-2881)

Introduction

Heparin is one of the most effective and widely used anticoagulants
in hospitalized patients with cardiovascular diseases. During or after
exposure to heparin, 0.2% to 3% of patients develop heparin-induced
thrombocytopenia (HIT), a disorder characterized by low platelet count
and thrombosis." About 30% to 70% of untreated HIT patients develop
venous or arterial thrombi that are life-/limb-threatening.> HIT is a
paradigm of the family of immune-mediated thrombocytopenia and
thrombosis disorders® and caused by the formation of immunoglobulin
(Ig)G antibodies against the heparin-platelet factor 4 (PF4) complex.
Subsequently, this immune complex activates platelets via Fc receptor
for IgG IIA (FcyRIIA) receptors, resulting in thrombocytopenia and
thrombosis.*

Multiple Fcry receptors for IgG antibody are present in humans.
Among them, FcyRIIA, encoded by the FCGR2A gene, is the only
one present on human platelets.” We first demonstrated that platelet
FcyRIIA was necessary for HIT development in vivo with our human
FcyRIIA/PF4 transgenic mouse model.’ Binding of the Fc portion
of IgG in immune complexes or crosslinking FcyRIIA promotes
phosphorylation of tyrosine residues in the immunoreceptor tyrosine-
base activation motifs (ITAMs), which further provides binding sites
for the Src homology 2 (SH2) domains in spleen tyrosine kinase (Syk).
Multiple tyrosine phosphorylation events on Syk occur after FeyRIIA

ITAM phosphorylation and Syk becomes an activated protein kinase.
The observation that a Syk inhibitor is able to prevent HIT in our
FcyRIIA/PF4 transgenic mouse model demonstrated the central role
of Syk in the FeyRIIA pathway and HIT.® The signaling is further
transmitted by phosphorylation of phospholipase Cy2 (PLCvy2),
phosphatidylinositide 3-kinases (PI3Ks), and the linker for activation
of T cells (LAT), followed by calcium mobilization and protein kinase
C activation. These signals ultimately lead to platelet activation and
thrombus formation.” Recently, FcyRIIA was also identified as a key
regulator in platelet integrin outside-in signaling.®°

There is considerable interindividual variation in platelet activation
via FcyRIIA among healthy donors and patients. The genetic mecha-
nisms behind this phenotypic variation are incompletely understood.
A His131Arg polymorphism of FcyRIIA has been shown to associate
with receptor activity and further HIT pathophysiology.'® Rollin et al'!
linked single nucleotide polymorphisms (SNPs) in CD148 with platelet
reactivity. Another study correlated a combination of FcyRIIA SNP
and platelet endothelial cell adhesion molecule-1 SNP genotypes with
HIT thrombosis.'> Aiming to identify genetic variations that affect
FcyRIIA and HIT, our Platelet RNA and eXpression-1 (PRAX-1)
study'® was designed to find differentially expressed genes among
hypo- and hyperresponders to FcyRIIA activation.
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Although many recent studies'"*'*'> have focused on the molecular
mechanism by which FcyRIIA promotes platelet activation, less is
known about negative regulators of the signaling pathway. T-cell
ubiquitin ligand-2 (TULA-2), a protein tyrosine phosphatase iden-
tified as a negative effector of FcyRIIA in this study, is encoded
by the UBASH3B (ubiquitin associated and SH3 domain-containing
protein B) gene. It belongs to the TULA family of proteins, with
TULA-2 as the sole family member detectable in platelets.'® TULA-2
functions as a tyrosine phosphatase, and deficiency of TULA-2 results in
the hyperphosphorylation of Syk homolog {-chain-associated protein
kinase 70 (ZAP70) in T cells.!”"!” TULA-2 also associates with Syk
and negatively regulates murine platelet activation via glycoprotein
VI (GPVI)/Fc receptor y-chain (FcRvy), another ITAM-containing
receptor complex.?® GPVI/FcRy is the primary receptor for platelet-
collagen interaction.?' Patients with defective GPVI receptor show
loss of collagen binding and higher tendency to bleed.”> The
downstream signaling of GPVI is similar to the FcyRIIA-Syk
pathway.”* However, the role of TULA-2 in the FcyRIIA pathway
has not been reported.

MicroRNAs (miRNAs) have been found to inhibit protein expres-
sion by inhibiting translation or targeting mRNAs for degradation.
Anti-miRNAs, like locked nucleic acids (LNAs), are emerging tools for
delivering small, stable RNAs in vitro and in vivo.** LNAs are modified
nucleic acids containing 1 or more of the 2'-O,4'-C-methylene-3-p-
ribofuranosyl nucleosides. LNAs are physiologically stable, resistant
to nucleases, have low cytotoxicity, and have robust antisense efficacy
and specificity in vivo.?® In cardiovascular diseases, miRNA inhibition
has been used to regulate atherosclerosis, cardiac function, and vascular
biology in animal models.?*° Bhagat et al*' showed that anti-miR-21
treatment in mice elevated SMAD?7 expression and stimulated hema-
topoiesis. Garchow et al*> identified anti-miR-21 effects in a mouse
model of systemic lupus erythematosus. Janssen et al** used anti—miR-122
(Miravirsen) to treat human chronic hepatitis C virus infection in a
phase 2a clinical trial.**

The effect of in vivo inhibition of miRNAs on platelet reactivity
has not been reported. In this study, we identified miR-148a-3p
and TULA-2 as 2 mediators of the FcyRIIA pathway. Inhibition
of miR-148a in our FcyRIIA transgenic mouse model for HIT in-
creased TULA-2 expression and protected against thrombocytopenia
and thrombus formation.

Material and methods

Antibodies and reagents

Antibodies against human CD9 (Beckman Coulter; clone Alb6, mIgG, ), murine
CD9 (BD Pharmingen; clone KMCS, rat IgG,,), human FcyRIIA (clone IV.3;
StemCell Technologies), human total Syk (clone 4D10; Santa Cruz Biotech),
human phospho-Syk Y323 (Cell Signaling), human phospho-Syk Y525/526
(murine Y519/520; Cell Signaling), murine phospho-LAT Y191 (Millipore),
phycoerythrin (PE)-labeled anti-mouse integrin o35 (clone JON/A; Emfret),
goat anti-mouse IgG Fab’, (Santa Cruz Biotech), Fluo-4-AM (Life Technolo-
gies), thrombin (Chrono-PAR), and collagen-related peptide (CRP; from
Dr Richard Farndale) were purchased. Anti-TULA-2 antibody was described
previously. >

Cell lines

HEL 92.1.7 human erythroleukemia cells (ATCC, Manassas, VA) were grown
in RPMI-1640 (Gibco BRL, Rockville, MD) media supplemented with 10%
fetal calf serum (Atlanta Biologicals, Norcross, GA), 100 U/mL penicillin, and
100 p.g/mL streptomycin. HCT116-Dicer-KO 2 cells were previously described.*

BLOOD, 24 DECEMBER 2015 - VOLUME 126, NUMBER 26

Mouse model for HIT

FcyRIIA transgenic mice (B6IIA) were created as previously described.® All
mice are on the 100% C57BL/6 strain background. TULA-2 knockout (KO)
mice were described previously.'” All animals were maintained at Thomas
Jefferson University animal facility, which is approved by the Association
for Assessment and Accreditation of Laboratory Animal Care International.
All protocols for using experimental mice were approved by the Institutional
Animal Care and Use Committee of Thomas Jefferson University.

Human PRAX-1 study

Recruitment of the donors, whole blood collection, platelet isolation, aggregation
by anti-CD9 antibody, and platelet RNA profiling were done as previously
described.'*** Briefly, platelet-rich plasma aggregation assay via FcyRIIA was
conducted on 154 human healthy donors as part of the PRAX-1 study.

Murine platelet isolation

Murine platelet isolation was previously described.'*

Small interfering RNA and miRNA overexpression

The 200 nM TULA-2 small interfering (si)RNA, scrambled control siRNA
(GE Dharmacon), 60 nM hsa-miR-148a-3p mirVana Mimics, or control
scrambled microRNA mimics (Life Technologies) were transfected into
2 X 10%/mL HEL cells using the Amaxa Nucleofector II device (Lonza) and
Nucleofector Kit V (Lonza) following the company’s protocol. Protein or
RNA was extracted and analyzed 48 hours after transfection.

TULA-2 gene luciferase reporter assay

A region from TULA-2 3’ untranslated region (3"UTR) consisting of 113 bp
upstream and 93 bp downstream of the potential binding site of miR148a-3p was
cloned into the pMIR-REPORT luciferase construct (Life Technologies). The
mutant construct of TULA-2 3'UTR was created by using a QuikChange
Site-Directed Mutagenesis Kit (Agilent Technologies). In the TULA-2
3'UTR mutant, the nucleotide sequence of the seed region was mutated from
5'TGCACT3' to 5'CCGCCC3'. The reporter plasmids (60 ng), B-gal vector
(50 ng), and miRNA or scrambled control (Ambion; 60 nM final concentration)
were transfected into HCT-116-Dicer KO 2 cells in triplicates with Lipofect-
amine LTX and PLUS reagent. Data were obtained and normalized by
Luciferase Assay System and the [-galactosidase enzyme assay system
(Promega) using the LUMIstar OPTIMA luminescence microplate reader
(BMG Labtech).

Anti-miR-148a treatment in vivo

Custom-designed anti-miR-148a-3p LNA was purchased from Exiqon. Siblings
of FcyRITA transgenic mice at the same age were assigned into scrambled LNA
or anti-miR-148a LNA treatment groups. Mice were treated with 25 mg/kg LNA
in sterile saline on alternate days for 5 doses via intraperitoneal injection. Blood
counts were measured by the Hemavet HV950 (Drew Scientific, Dallas, TX).

Integrin oypB3 activation assay

Murine platelets were washed and resuspended in Tyrode’s buffer with 1 mM
CaCl, and 0.35% bovine serum albumin to 5 X 107 platelets/mL. Various
concentrations of CRP or IV.3 + goat anti-mouse Fab’, (GAM) were used to
activate platelets in the presence of 2 ug/mL JON/A-PE, an antibody that binds to
activated form of oy, 33. Fluorescent intensity was measured by a BD Accuri C6
flow cytometer after 10 minutes.

Calcium mobilization assay

Atotal of 1 X 10° washed murine platelets were labeled with 2.5 wg/mL Fluo-4-
AM for 10 minutes at 37°C. Platelets were analyzed for fluorescence intensity
with 1 mM CaCl, for 1 minute to establish a baseline. At 60 seconds, indicated
concentrations of CRP and IV.3 + GAM were added, and calcium mobilization
was measured over a period of 5 minutes by a BD Accuri C6 flow cytometer.
The calcium fold change data in the plot represent the calcium concentration
at every second divided by basal calcium concentration.
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FcyRIIA-mediated thrombosis model

Under anesthesia by inhaling isoflurane, mice were injected with the anti-mouse
CD?9 antibody into the retro-orbital sinus at a concentration of 2.5 mg/kg body
weight. Livers, spleens, and lungs were obtained by laparotomy and thoracotomy
and were stored immediately in RNAlater RNA stabilization reagent (Qiagen).
Bone marrow was collected from the tibias. Total RNA was isolated from tissues
by lysing with TRIzol reagent (Invitrogen) or by RNeasy mini RNA purification
kit (Qiagen). Reverse transcription-polymerase chain reaction (RT-PCR) was
performed, and target RNAs were quantified by quantitative RT-PCR.

Hematoxylin and eosin staining

Inflated lungs were extracted and fixed in 10% formalin for 24 hours.
Cryosection and hematoxylin and eosin staining were prepared by the
Veterinary Medical Diagnostic Laboratory at University of Missouri, College
of Veterinary Medicine. Images were captured with Carl Zeiss Axio Observer
Z1 microscope.

Statistics

Results were reported as mean * standard error of the mean. Statistical signif-
icance was determined by a 2-tailed Student ¢ test or 2-way analysis of variance.
P < .05 was considered significant.

Results

TULA-2 is differentially expressed between hypo- and
hyperresponders to platelet FcyRIIA stimulation

Three concentrations of an anti-CD9 antibody (mIgG, isotype) were
used in our PRAX-1 study as a model of FcyRIIA-mediated platelet
activation relevant to HIT.'® Platelet FcyRIIA surface protein ex-
pression level and the H/R131 SNV genotype (rs1801274) were
determined for each donor, because these variations have previously
been reported as contributing to variation in platelet activation
via FcyRIIA. %% We chose a mIgG, agonist specifically to see
if our work replicated the known dependence on the RH poly-
morphism. R/R131 homozygotes were highly responsive to the mIgG;
anti-CD9, and H/H homozygotes were weakly responsive (Figure 1),

as expected.*® We used linear regression to calculate the dependence
of the aggregation on the HR polymorphism and on the FcyRlla
level. Across all 154 donors, the HR polymorphism explains 47% of
the observed variance. In contrast, we observed a bimodal pattern of
platelet reactivity at the intermediate dose of anti-CD9 (750 ng/mL)
among the 79 individuals with the R/H 131 heterozygous genotype.
It is particularly striking then to see the wide variation in reactivity
among donors identical for the RH heterozygous genotype. These
individuals all had a platelet surface FcyRIIA expression level within 2
standard deviations of the mean for the PRAX-1 cohort. The FcyRIIA
level accounts for 12% of the observed variance. After controlling for
the previously recognized sources of variation in platelet FcyRIIA
reactivity, the expression level and the H/R131 genotype, we observed
a major, unexplained variation (88%) in reactivity.

To elucidate the molecular basis of the unexplained variation in
reactivity, we defined hyperresponders and hyporesponders among
the R/H131 heterozygotes as >75% final aggregation and <25%
final aggregation in response to 750 ng/mL anti-CD9, respectively
(Figure 1A). Gene expression profiling identified 76 differentially
expressed (DE) mRNAs between FcyRIIA hyper- and hyporespond-
ers, 54 up and 22 down in hyporesponders. We applied Gene Ontology
(www.geneontology.org) and Kyoto Encyclopedia of Genes and
Genomes analyses (www.genome.jp/kegg/) of the DE mRNAs, and
genes that are involved in protein tyrosine phosphorylation and in
ubiquitylation processes were enriched in these lists (data not shown),
including TULA-2, which was upregulated in hyporesponders. Notably,
TULA-2 was not DE with respect to adenosine 5’-diphosphate-,
protease-activated receptor 1- or protease-activated receptor 4-mediated
platelet reactivity (www.plateletomics.com'?). The top 10 hypores-
ponders to FcyRIIA activation showed significantly higher TULA-2
platelet mRNA expression than the bottom 10 hyperresponders
(Figure 1B). TULA-2 protein level measured by western blotting
correlates well with the mRNA level (Figure 1C-D).

Biological validation of the function of differentially
expressed TULA-2

We next tested the hypothesis that TULA-2 serves as a negative
regulator of FcyRIIA signaling by inactivating phospho-Syk. Syk is
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Figure 2. TULA-2 dephosphorylates Syk in FcyRIIA
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phosphorylated on activation at multiple tyrosine residues including
Y323, Y352, and Y525/526. TULA-2 KO mice have been reported
to have hyperphosphorylation of Syk at several sites, including Y323
and Y525/526 tyrosine residues.'®* In this study we used Y525/526
and Y323 as the readout for Syk activation in HEL cells for platelet
FcyRIIA signaling. Crosslinking FcyRIIA by an anti-FcyRIIA anti-
body (IV.3) and GAM induces receptor clustering and activation,
which leads to phosphorylation of Syk in HEL cells. In scrambled
control siRNA-transfected HEL cells, phosphorylation of Syk at
both Y525/526 and Y323 peaked at 30 seconds after receptor cross-
linking and slowly declined. In contrast, downregulation of TULA-2
showed a significantly higher level of phosphorylated Syk (P < .05;
Figure 2A-B), consistent with TULA-2 dephosphorylating Syk in
FcyRIIA signaling.

miR-148a targets TULA-2 mRNA and downregulates TULA-2
protein expression

To investigate the mechanism of differential expression of TULA-2,
we sought to identify regulators of TULA-2 in platelets that might
influence platelet reactivity. We used TargetScan (www.targetscan.
org) and RNA22*° programs to screen for microRNAs predicted to
target TULA-2. miR-148a-3p was selected for further study for 3
reasons: (1) miR-148a-3p was predicted by RNA22 and TargetScan
to bind at the seed position 1111-1118 of the TULA-2 3'UTR
(Figure 3A); (2) it is highly expressed in the megakaryocyte-platelet
lineage; and, (3) the miR-148a sequence and the potential binding site
on TULA-2 are conserved between human and mouse.

miR-148a-3p is the predominant form over miR-148a-5p (http://
www.mirbase.org/). To investigate whether miR-148a interacts
directly with the putative binding site on TULA-2, we first cotransfected
the luciferase reporter plasmid containing the 3'UTR of TULA-2
along with the miR-148a-3p in HCT cells. A mutant construct

S & P

Time(s) after IV.3 + GAM treatment

(TULA2_148MUT) was created as a control (Figure 3A). For the
luciferase reporter containing wild-type TULA-2 3'UTR, miR-148a-3p
overexpression significantly decreased luciferase activity compared
with control miRNA mimic. In contrast, miR-148a-3p overexpression
failed to downregulate the TULA-2_148MUT construct, suggesting
that the 7-nucleotide seed match is responsible for the miR-148a and
TULA-2 interaction (Figure 3B).

We then overexpressed miR-148a-3p in HEL cells and HCT cells
for 48 hours. Overexpression of miR-148a-3p significantly decreased
the TULA-2 mRNA level (Figure 3D). Consistent with the luciferase
assay and the mRNA results, miR-148a-3p overexpression led to
decreased TULA-2 protein expression (Figure 3C).

Downregulation of miR-148a led to de-repression of TULA-2
in vitro

The effect of endogenous miR-148a-3p on TULA-2 mRNA was
further tested by overexpressing an anti-miR-148a-3p in HEL cells.
Inhibition of endogenous miR-148a-3p led to increased TULA-2
mRNA expression (Figure 3D). The TULA-2 protein level was also
increased by the anti-miR-148a, whereas Syk, GPVI, and FcyRIIA
were unaffected by miR-148a inhibition (Figure 3E). Together these
results identified miR-148a-3p as a regulator of TULA-2.

Anti-miR-148a-3p LNA represses endogenous murine
mmu-miR-148a-3p, upregulates platelet TULA-2, and leads to
hypophosphorylation of Syk

Based on our observations, we hypothesized that the inhibition of
miR-148a would increase the TULA-2 protein level and attenuate
FcyRIIA-mediated thrombosis in vivo. Mice lack the FCGR2A gene
encoding the FcyRIIA receptor. We used mice transgenic for human
FcyRIIA as previously described.* Murine miR-148a-3p shares the
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Figure 3. miR-148a targets 3'UTR of TULA-2 mRNA and downregulates protein expression. (A) Schematic representation of miR-148a and 3'UTR of TULA-2 mRNA
interaction. TULA2_148MUT construct was made by mutating 5 of the 7 nucleotides in the miR-148a binding seed region on TULA-2 3'UTR. Mouse TULA-2 mRNA
(Ubash3b) varies by 2 nucleotides outside of the seed region from the human ortholog. (B) Luciferase reporter plasmids containing wild-type 3'UTR of TULA-2 or 148MUT
was cotransfected into HCT116-Dicer-KO cells with B-galactosidase expression vector and miR-148a-3p mimic or scrambled miRNA control for 24 hours. Bar graph was
plotted as normalized. (n = 3, *P < .05). (C) The 60 nM miR-148a-3p or control miRNAs were transfected into HCT-116-Dicer-KO cells or HEL cells by lipofectamine 2000 for
48 hours. TULA-2 protein level was blotted by western blotting. (D) HCT-116-Dicer-KO cells were transfected with 60 nM miR-148a-3p mimic, scrambled miRNA control, anti-
miR-148a-3p LNA, or scrambled LNA control by lipofectamine 2000. RNA was isolated 48 hours after transfection, and TULA-2 mRNA expression was determined by
quantitative RT-PCR (For miRNA overexpression, n = 3, *P < .05. for LNA transfection, n = 4, *P < .05). (E) HEL cells were transfected with 100 nM anti-miR-148a or
scrambled anti-miR for 48 hours. TULA-2, total Syk, GPVI, and FcyRIIA protein level was detected by immunoblotting.

same sequence with its human counterpart, and it is expressed in
murine platelets and megakaryocytes (data not shown). FcyRIIA
transgenic mice were treated with 25 mg/kg anti-miR-148a or
scrambled anti-miR control for 5 times total on alternative days. We
based our treatment on the protocol of Bhagat et al,*! who used this
approach in modulating mouse hematopoietic cell miRNA. The
sequence of the chosen 14-nucleotide anti-miR is complementary to
mmu/hsa-miR-148a-3p sequence (Figure 4A).

No mice showed any observable changes in behavior or gross
pathologic abnormalities during the 14-day period of administration
of either anti-miR. Platelet count, mean platelet volume, or other
blood cell counts were not changed by LNA treatment (supplemental
Figure 1B-D available on the Blood Web site). Compared with the
scrambled control group, anti-miR-148a-treated mice showed a
significant drop (97%) in miR-148a expression in mouse bone
marrow (Figure 4B). As a negative control, miR-25 level remained
unaffected (data not shown). TULA-2 mRNA level showed the
opposite trend: anti-miR-148a treatment significantly increased
TULA-2 expression level (Figure 4B). On the other hand, FCGR2A,
as well as GPVI mRNA, that do not contain potential miR-148a
binding sites, was not changed by anti-miR (Figure 4B). In platelets,
TULA-2 protein level was elevated by anti-miR-148a to more than
threefold, and phosphorylation of Syk after FcyRIIA activation was

subsequently reduced by 50% at 480 seconds under nonstirring
condition (Figure 4C; supplemental Figure 2B).

Inhibition of endogenous murine mmu-miR-148a-3p diminished
platelet reactivity via FcyRIIA and GPVI

We tested the effect of the anti-miR on 2 Syk-mediated platelet
functions: integrin activation and calcium mobilization. Murine
platelets from anti-miR-148a—treated mice or control mice were
washed and activated by different doses of IV.3 + GAM or CRP.
Integrin ayppP3 activation is crucial in platelet-fibrinogen and von
Willebrand factor binding, hemostasis, and thrombosis.*'** We found
that FcyRIIA activation by 2 pg/mL IV.3 and 8 pg/mL GAM in anti-
miR-148a-treated murine platelets showed 50% reduction in integrin
activation compared with the control group. CRP-induced integrin
activation was also diminished at a concentration of 2.5 p.g/mL by anti-
miR-148a treatment (Figure 4Di-Dv). As anon-ITAM agonist control,
thrombin did not induce differential integrin activation (Figure SD).
Increased cytoplasmic calcium plays a critical role in platelet
reactivity.** In miR-148a knockdown platelets, 70% decreased calcium
influx (area under the curve) was observed when induced by 2.5 pg/mL
CRP (Figure 5B). The 1 pg/mL1V.3 and 4 pg/mL GAM treatment also
showed impaired calcium influx in the anti-miR-148a—treated platelets
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Figure 4. Anti-miR-148a LNA de-represses TULA-2 expression and inhibits ITAM-Syk
inhibit mmu-miR-148a-3p in vivo. (B) RNA expression analysis of bone marrow from B6
RT-PCR. Plots represent 4 anti-miR-148a-treated mice and 4 scrambled LNA-treated

signaling in vivo. (A) Sequence of the 15-nucleotide anti-miR-148a-3p LNA used to
.IIA mice treated with anti-miR-148a LNA or scrambled LNA control by quantitative
mice. Fold change on the y-axis is plotted as log, value. miRNA expression was

normalized to mouse let-7 miRNA, and TULA-2, FcyRIIA, and GPVI mRNA was normalized to mouse B-actin. miR-148a was significantly decreased by LNA, whereas TULA-2

mRNA expression was upregulated significantly (n = 4, *P < .05 for TULA-2, **P < .005

for miR-148a). (C) P-Syk Y519/520, TULA-2, and mouse B-actin protein expression

in murine platelet lysates was detected by immunoblotting (representative of 3 experiments). Mice were treated with control or anti-miR-148a. (D) Washed anti-miR-148a or
control-treated platelets were incubated with JON/A alone or indicated concentration of agonists for 10 minutes followed by measurement of JON/A binding (integrin activation)

by flow cytometry. All traces are representative of =3 independent experiments. Varying

concentration of agonists include the following: (Di) 2 wg/mL IV.3 + 8 png/mL GAM;

(Dii) 2.5 wg/mL CRP; (Diii) 6.25 n.g/mL CRP; (Div) JON/A only or JON/A plus 0.1 U/mL thrombin; and (Dv) quantification of mean fluorescent intensity fold change (Student ¢ test,
n = 5). Mean fluorescent intensity of JON/A-PE and agonists were normalized to background signal of platelets with JON/A-PE alone.
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Figure 5. In vivo miR-148a inhibition diminished calcium mobilization via GPVI and FcyRIIA stimulation. A total of 1 X 10° platelets from anti-miR-148a— or control-
treated mice were labeled with Fluo-4-AM. Baseline intracellular calcium was assessed for 60 seconds, and indicated doses of agonists were added to the platelets: (Ai-Aii)
1 pg/mL IV.3 + 4 pg/mL GAM and 2 pg/mL IV.3 + 8 ng/mL GAM were added, respectively, at the indicated time. (Aiii) Quantification of peak calcium fold change (n = 3).
(Aiv) Quantification of area under the curve (AUC) for calcium mobilization curve (n = 3). AUC was calculated in Prism software. (Bi-Biii) 2.5 ng/mL CRP, 6.25 ng/mL
CRP, and 12.5 pg/mL CRP were used to induce calcium influx, respectively. (Biv-Bv) Quantification of peak calcium fold change and AUC were performed as discussed
above (n = 3).
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(Figure 5A). Taken together, miR-148a inhibition attenuated FcyRIIA-
and GPVI-mediated platelet reactivity.

Inhibition of miR-148a in vivo by an anti-miR protects FcyRIIA-
mediated thrombosis

To test the hypothesis that inhibition of miR-148a could protect mice
from thrombosis secondary to activation of platelets via FcyRIIA, we
used anti-mouse CD9 antibody to induce HIT-like symptoms. Anti-
CD9 Ab binds to platelet surface and lead to platelet activation by the
interaction between its Fc part and FeyRIIA.* Both the anti-miR-148a
and scrambled anti-miR-treated groups showed a drop in platelet
count 1 hour after anti-mCD9 antibody administration, due to
the combination of intravascular platelet activation and splenic
clearance.*> At3 and 24 hours, the platelet count recovered. miR-148a
inhibition resulted in significantly less severe thrombocytopenia in
comparison with the control group (supplemental Figure 1A).

At the gross pathologic level, pulmonary thrombosis and spleen
infarction are well-established features of this model.'* On exam-
ination, control anti-miR—treated mice showed more gross patho-
logic changes than the anti-miR-148a group. Specifically, 3 of 6
control mice had visibly evident thrombosis, whereas none of the
6 miR-148a—inhibited mice exhibited gross pathologic changes
(Figure 6A-B). Additionally, histologic changes of the lungs were
examined by light microscopy. Control anti-miR—treated mice
manifested diffuse thrombosis with platelet/fibrin deposition in the
lung vasculature. In comparison, anti—-miR-148a—treated mice displayed
significantly reduced thrombi, as measured by thrombus-per-200 X
field (Figure 6C-D). All together, these data points to a protective
effect of miR-148a inhibition on FcyRIIA-mediated thrombosis in
vivo. A possible mechanism of action of anti-miR-148a is indicated
(Figure 7).

Discussion

We identified anti-miR-148a as a negative regulator of platelet activa-
tion and thrombosis via FcyRIIA. Anti-miR-148a increases the levels

Il Both

[ Splenic Infarction

[ Pulmonary thrombosis
[ No gross changes

BLOOD, 24 DECEMBER 2015 - VOLUME 126, NUMBER 26

Figure 6. Inhibition of miR-148a in vivo is protective
against FcyRIIA-mediated thrombosis. (A) Compar-
ison of gross pathologic changes in mouse lungs and
spleens between 2 experimental groups showing
pulmonary thrombosis/hemorrhage, and splenic in-
farction. (B) Bar graph showing percentage of mice
with pathologic changes (n = 6 for each group). (C)
Microscopic examination of the mouse lungs after
induction of thrombosis by anti-CD9 antibody treat-
ment. (D) Quantification of total clotted vessels from
lung histology. Images were captured with Carl Zeiss
Axio Observer Z1 microscope and Leica Micro-
systems DFC 420 camera. Vessel count was con-
ducted under light microscopy. Numbers of clotted

& vessels was recorded per 200X field. Three separate
slides from each treatment group were analyzed (P < .01,
n = 12).
3 4
=
-]
&
g - i
o
W e
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of platelet TULA-2, a protein tyrosine phosphatase. TULA-2, which
has higher expression level in FcyRIIA hyporesponders, was pre-
viously shown to regulate T-cell signaling, bone remodeling, and the
GPVI pathway in murine platelets.'®***4” Our PRAX-1 project is
the first unbiased study to elucidate mRNA and miR determinants
of the FcyRIIA pathway in human platelets. The underlying causes of
differential expression of TULA-2 are unknown. Allelic variation of
TULA-2 in human studies has been reported in Behget disease,*® but
not in platelet-related diseases. Unidentified SNPs, epigenetic changes,
protein turnover, and miRNAs may impact the level of TULA-2 within
individuals. Measuring TULA-2 level in platelets may serve as a
biomarker to predict HIT susceptibility and severity.

LNA-based miRNA inhibition is proven to be safe, potent, and
applicable in human therapy.*>** We used a 14-nucleotide anti-miR-
148a-3p LNA for our in vivo experiments for optimum specificity
and uptake efficiency. Quantitative RT-PCR revealed that the anti-
miR was effectively taken up by murine bone marrow and spleen,
as demonstrated by >96% miR-148a inhibition (Figure 4B). In hu-
mans, miR-148a is highly expressed in megakaryocytes, platelets,
granulocytes, and erythrocytes, but less well expressed in other cells.®
miR-148a has been associated with gastrointestinal cancers,so’5 !
HIV infection,*'** and Thi-cell survival.> However, its role in
megakaryocyte/platelet function has not been reported. Our pro-
posed 2-week treatment regimen will not likely have significant
effects on tumorigenesis, giving that inhibition of miR-148a is
not permanent. We did not observe any abnormalities in our anti-
miR—treated mice. We also detect no effects of anti-miR-148a treatment
on HEL cell proliferation compared with scrambled control. However,
we cannot rule out the potential long-term effects of anti-miR-148a. Its
potential side effects in mouse and human would need to be carefully
investigated. Murine miR-148a KO model, which is currently unavail-
able, would be beneficial in answering some of these questions.

FcyRIIA and GPVI are the 2 ITAM-containing receptors in
platelets. Using CRP, we showed anti—-miR-148a attenuated platelet
integrin activation and calcium mobilization via GPVI, which is
consistent with the previous finding that TULA-2 KO mice showed
increased platelet reactivity through the same pathway.?® Further-
more, FcyRIIA agonists demonstrated a similar reduction of platelet
reactivity in anti-miR-148a—treated mice. Syk was demonstrated as
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Figure 7. Schematic representation of the mecha-
nism of the antithrombosis effect by miR-148a
inhibition. Depicted is the ITAM-Syk pathway and the
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Immune complex

proposed role of TULA-2, miR-148a, and anti-miR-148a. Collagen
Anti-miR-148a indirectly ameliorates ITAM-Syk—mediated
platelet activation by upregulating TULA-2 expression,
which further inactivates Syk and its downstream /
effectors. ‘ ‘ FcyRIIA GPVI/FcRy
A
= -P
P-@=0-P ZW-p
PES@-P —> Syk -~
Platelet activation
thrombosis
TULA-2

an important player in C-type lectin-like receptor 2 (CLEC-2)
signaling.>*>® CLEC-2, another tyrosine kinase pathway receptor
containing hemITAM on platelets, is important in separation of
the vascular system and lymphatic system®’->° and thrombotic
stability.®® Neither TULA-2 nor miR-148a was indicated to affect
CLEC-2 signaling by previous studies. Here we briefly investigated
the role of TULA-2 and anti-miR-148a in CLEC-2 signaling via
rhodocytin, a CLEC-2 ligand. First, anti-miR-148a treatment reduced
Syk phosphorylation at 480 seconds after CLEC-2 activation without
changing CLEC-2 protein level (supplemental figure 2A-B). Further-
more, platelets from TULA-2 double KO mice showed increased
integrin activation by 3 nM rhodocytin treatment compared with
wild-type mice (supplemental figure 2C). These data suggested that
TULA-2 and miR-148a also regulate CLEC-2 signaling. Further
comprehensive experiments on CLEC-2 signaling are needed in
the future.

In contrast, thrombin-mediated calcium influx did not show signif-
icant difference between the 2 experimental conditions. The ITAM-
specific differential activation indicates TULA-2 upregulation is the
specific mediator for reduced thrombosis by anti-miR-148a. Syk
plays a critical role in vascular injury response and thrombosis,
as demonstrated by strong antithrombotic effects in vivo by Syk
inhibitors.®®" Upregulation of TULA-2 by anti-miR-148a acts as a
Syk inhibitor. We speculate that with multiple phosphate groups to
be removed on active Syk, the amount of Syk phosphatase, TULA-2,
is rate limiting. Therefore, upregulation of TULA-2 by threefold
(Figure 4C; supplemental Figure 2B) is plausible to have significant
effects on platelet activation and thrombosis. However, it is also
possible that anti-miR-148a alters the expression of additional genes
beyond TULA-2 that could affect platelet function and thrombosis.
Understanding whether multiple genes cooperatively mediate the
antithrombotic effect of anti-miR-148a inhibition will be beneficial.

In conclusion, this is the first study to use the anti-miRNA approach
to regulate platelet reactivity in vivo. Because the sequence of miR-
148a and its binding site on TULA-2 are highly conserved between
mice and humans, this finding is potentially translatable to human
thrombotic diseases, such as HIT. Understanding the determinants
underlying the HIT pathophysiologic process will give insights into

miR-148a —— Anti-miR-148a

novel diagnostic tests and therapies. The role of Syk in arterial
thrombosis and as an adapter of outside-in integrin oIIb@3 signaling’
makes the anti-miR-148a regimen of potentially greater utility. Further
understanding of the comprehensive molecular and cellular mecha-
nism of the anti-miR-148a’s effects in murine platelet reactivity and
thrombosis would help to delineate platelet physiology and facilitate
the development of novel prophylaxis and treatment of human
thrombotic diseases.
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