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Figure 3. Platelet miRNA levels. Relative
abundance of miRNAs in platelets was
reported in 8 studies (indicated by first
author and year of publication). The 50
highest ranking on average are presented
here, indicating marked variation between
different studies for the miRNAs beyond
the top-10.

Findings by other investigators and our group suggest that
platelet miRNAs might not only reflect but also affect platelet
function.

miR-96 and Vesicle-Associated Membrane Protein 8
In 2010, Kondkar et al”® reported a role for miR-96 in platelet re-
activity. They showed that miR-96 may act through regulation of

vesicle-associated membrane protein 8§ (VAMPS), an important
SNARE protein involved in platelet degranulation. Healthy vol-
unteers’ platelets were categorized as either hyper- or hyporeac-
tive. mRNA profiling revealed differential expression of a range
of scripts, including VAMP8 mRNA (4.8-fold decrease in the
hyporeactive versus hyper-reactive platelets). This translated to
a 2.5-fold lower VAMPS protein expression in the hyporeactive



/102 ‘9 Arenige- uo 1s9nb Aq /Bio'sfeulno feye’salolio//:dny wouj papeoumod

424 Circulation Research January 20, 2017

platelets. miR-96 levels were upregulated in the hyporeactive
platelets (2.6-fold higher). Transfection of VAMP8-expressing
human colorectal cancer cells with miR-96 was associated with
dose-dependent reductions in VAMP8 mRNA and protein lev-
els; a similar finding was reported in cells of a megakaryocyte
lineage. miR-96 was predicted to bind the 3'UTR of VAMPS.
In contrast with this study, Shi et al” reported no association
between platelet response to clopidogrel and miR-96 expression,
and miR-96 was not among the most highly expressed miRNAs
found in human platelets. Although this does not discredit a role
for miR-96 in regulating platelet reactivity, these findings need
to be validated and explained in a larger study.

MiR-376¢c, miR-599, and Platelet
Phosphatidylcholine Transfer Protein

There is a racial disparity in survival in coronary heart disease
between patients with Caucasian and Afro-Caribbean back-
ground, even after adjusting for all known factors. Edelstein et
al®® investigated whether racial differences in platelet function
underpin an increased thrombotic risk. One hundred and fifty-
four healthy black and white volunteers were recruited, and
platelet reactivity to thrombin was measured. Higher aggre-
gation and platelet calcium responses to PAR4-AP (thrombin
receptor 4 activating peptide) in Afro-Caribbean individuals
were found. PCTP (phosphatidylcholine transfer protein)—
encoding mRNA was found to be upregulated in Afro-
Caribbeans. After profiling platelet miRNA signatures, 178
miRNAs, including miR-376¢, were predicted to target PCTP
mRNA. miR-376¢ levels inversely correlated with PCTP
mRNA levels, PCTP protein levels, and PAR4 reactivity. miR-
376c is part of a cluster of miRNAs differentially expressed
by ethnic origin, which may underpin differences in platelet
function. Interestingly, a statistical cluster of 24 miRNAs all
mapped to chromosome 14q32.2. Among other differentially
expressed miRNAs were some of the most abundant platelet
miRNAs: miR-223, miR-21, miR-23b, miR-107, and let-7c.
PI€ et al*' also found evidence of miRNA regulation of PCTP.
Their analysis predicted miR-599 targeting of the 3’'UTR of
PCTP mRNA and showed downregulation of a reporter gene
containing the PCTP 3’UTR in HEK293 (human embryonic
kidney) cells transfected with pre-miR-599.

miR-223 and P2Y , Receptor Expression
miR-223 is highly expressed in platelets and megakaryocytes,
where it is thought to regulate thrombopoiesis. One of the
most interesting features of miR-223 is its ability to bind to the
3’UTR of human P2Y , receptor mRNA.° The P2Y , receptor
mediates important platelet functions, including aggregation
and granule secretion, and is activated by ADP, the physio-
logical agonist of this Gi, protein-coupled receptor. Landry et
al® showed that platelet P2Y , receptor mRNA coprecipitates
with Ago2, suggesting that miR-223 could regulate receptor
levels and, thereby, platelet function. Platelet response to ADP
antagonists is clinically relevant given the widespread use
of drugs such as clopidogrel, prasugrel, and ticagrelor in the
treatment of myocardial infarction and ischemic stroke.
Because of the proposed regulation of P2Y | receptor func-
tion, miR-223 has been the focus of many clinically orien-
tated studies. In particular, there is great interest in relation to

platelet responsiveness to clopidogrel, a prodrug that requires
hepatic cytochrome P450 enzymes to become active. Shi et al”
reported decreased levels of platelet miR-223 in association
with high platelet reactivity, despite treatment with clopidogrel.
They looked at patients presenting with non—ST-elevation acute
coronary syndrome, in terms of their platelet reactivity index,
who were treated with aspirin and clopidogrel. In patients who
had a reduced response to clopidogrel, platelet miR-223 was
significantly downregulated, whereas miR-96 was unchanged.
Platelet miR-223 also inversely correlated with the platelet re-
activity index. Of note, neither miR-223 nor miR-96 were sig-
nificantly different between normal and low responders when
ADP-induced platelet aggregometry was used. These results
suggest that platelet miR-223 may be a predictor of normal and
low responders to clopidogrel. This is supported by the fact that
P2Y,, mRNA can be found in Ago2 immunoprecipitates.®

In a preliminary report including 21 males presenting with
non-ST-elevation acute coronary syndrome, Chyrchel et al®
studied miR-223 plasma levels. Patients were treated with aspirin
plus either clopidogrel, prasugrel, or ticagrelor. Although there
were no differences in plasma miR-223 levels between drug
types, when all the data were pooled, miR-223 positively corre-
lated with the level of platelet inhibition.®? These results seem in
line with those of Shi et al”” who found that high platelet miR-223
levels predicted efficacious platelet inhibition with clopidogrel.
Similarly, Zhang et al® report decreased plasma miR-223 to be
associated with clopidogrel low responders. In this study of 62
patients with unstable angina, miR-223 was found to be the only
independent predictor of low responders to clopidogrel and was
higher with greater degrees of platelet inhibition.

miR-223 is also expressed in mouse platelets. In response
to high agonist concentrations, miR-223 knockout mice do not
show any detectable alteration in aggregation, speed of clot re-
traction, platelet adhesion, or bleeding time. P2Y , mRNA ex-
pression levels are also unchanged.® This is probably because of
mouse P2Y , mRNA lacking the specific binding site for miR-
223, rendering mouse models difficult to interpret in this context.
Nonetheless, Elgheznawy et al® subsequently demonstrated that
miR-223 deletion in mice did result in modestly higher platelet
activation at lower agonist concentrations. Proteomic analysis
revealed differential expression of kindlin-3 and coagulation fac-
tor XIII-A in platelets from miR-223-deficient mice.

Zampetaki et al”® found that serum miR-223 levels are in-
versely associated with risk of future myocardial infarction and
showed a stronger association with fatal than nonfatal events.
Badrnya et al® showed reduced platelet microvesicle miR-223
in smokers. These findings are potentially complementary to
those relating low platelet miR-223 level to increased P2Y ,
activity in humans and to those showing higher platelet re-
activity in response to miR-223 deletion in mice. Subsequent
clinical studies have investigated platelet miR-223, including
in a small cohort of patients who suffered an ischemic stroke.
Duan et al® report that platelet miR-223 and miR-146a were
lower in stroke patients with diabetes mellitus versus controls.
Platelet miR-223 and miR-146a levels significantly correlated
with platelet reactivity as measured by P-selectin expression
and also correlated to plasma levels, suggesting that platelets
are a major source of circulating miR-223.
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In summary, miR-223 targets the 3'UTR of the human
P2Y | platelet receptor mRNA. The P2Y , receptor is impor-
tant in platelet activation and is the target of many drugs used
to inhibit platelet function. Lower levels of platelet miR-223,
therefore, may result in more P2Y , receptor activity and,
thus, higher platelet reactivity. In this way, lower platelet
miR-223 levels may increase the risk of thrombotic disease,
such as myocardial infarction. This also may underpin the
observation that lower platelet miR-223 levels are associated
with reduced efficacy of P2Y , receptor antagonists, such as
clopidogrel. Mice lack the specific miR-223-binding site on
the P2Y , mRNA, and so comparisons to human data is dif-
ficult. Nonetheless, miR-223-deficient mice do seem to have
altered platelet function, perhaps through regulation of other
proteins.

miR-126 and ADAM9 (A Disintegrin and
Metalloproteinase Domain-Containing Protein 9)
Early studies, including one from our group,” stated that miR-
126 is endothelial specific. Although miR-126 is enriched in
endothelial cells and supports endothelial integrity, its circu-
lating levels cannot be attributed solely to endothelial cells. In
fact, megakaryocytes and endothelial cells both express miR-
126, and circulating miR-126 levels seem to be predominantly
platelet derived.**”’

de Boer et al¥’ investigated the effects of aspirin on the
platelet contribution of circulating miR-126 in patients with
type 2 diabetes mellitus. PRP from subjects was treated with
either arachidonic acid (a platelet activator) or arachidonic
acid plus aspirin. Once the PRP had been treated, it was cen-
trifuged to separate the platelets from the now PPP. Platelet
activation resulted in a considerable transfer of miR-126 to
the PPP fraction, and this could be rescued with the addition
of aspirin. miR-223, miR-16, and miR-423 showed a similar
pattern, suggesting that they are all released from platelets on
activation and that aspirin attenuates this release. miR-126
levels also correlated with platelet activation as measured by
soluble P-selectin. As part of another clinical trial involving
patients with type 2 diabetes mellitus, the platelet activation
state (measured via P-selectin expression) was assessed in
40 patients treated with increasing doses of aspirin. Platelet
activation positively correlated with plasma miR-126 and
aspirin reduced circulating levels of miRNA-126. Arguing
against an endothelial origin of miR-126, the authors point
out that aspirin primarily inhibits platelet-enriched COX-1,
whereas the endothelium predominantly expresses COX-
2. They also demonstrated no change in circulating von
Willebrand factor.’” Taken together, these findings suggest
that aspirin has the potential to significantly alter the miR-
NA signature of plasma, and careful consideration should
be given when designing clinical studies in pursuit of novel
biomarkers.

In our experiments, we demonstrated that plasma miR-
126 levels (1) correlate to platelet MPs, (2) are reduced
on platelet inhibition, and (3) are associated with markers
of platelet activation in the general population.’> These as-
sociations were further substantiated by genetic evidence.
The single nucleotide polymorphism rs4636297 is located
in the primary transcript-encoding region of miR-126 and
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affects its processing to mature miR-126. The minor al-
lele is associated with increased processing of the primary
miRNA to mature miR-126. In a population-based study,
carriers of the minor allele had higher levels of miR-126 in
plasma and in serum.* The increase in circulating miR-126
was associated with a rise in platelet activation markers,
such as platelet factor 4 and proplatelet basic protein. The
genetic data on miR-126 and platelet function were in line
with findings in the Bruneck cohort, in which miR-126 se-
rum levels were positively associated with risk of myocar-
dial infarction after adjustment for miR-223 and miR-197,
again with platelets being identified as the most probable
source.” A study by Yu et al®*® showed that higher plasma
miR-126 predicted major adverse cardiac events in 491 pa-
tients after a percutaneous coronary intervention, while on
dual antiplatelet therapy.

In mice, inhibition of miR-126 by antagomiRs (synthetic
inhibitors of miRNAs) decreased thromboxane A2-dependent
platelet aggregation. This effect is likely because of mega-
karyocyte miR-126, but because antagomiRs are adminis-
tered systemically, the contribution of other cell types, in
particular endothelial cells, cannot be excluded. However,
inhibition of miR-126 expression in endothelial cells would
be expected to result in endothelial dysfunction and increased
platelet activation. Similarly, if the effects of the single nucle-
otide polymorphism rs4636297 were limited to endothelial
cells, one might expect that higher miR-126 levels are pro-
tective for endothelial cells and, thus, reduce platelet activ-
ity. The opposite was observed in mice and men. In MEG-01
cells, ADAMO was confirmed as a direct miR-126 target that
attenuates the adhesion of platelets to collagen. Inhibition of
miR-126 by antagomiRs also had indirect effects on P2Y ,
expression levels, at least in mice. Thus, in addition to en-
dothelial cells, miR-126 affects megakaryocytes. It remains
to be seen whether platelet-specific deletion of miR-126 can
recapitulate the accelerated atherosclerosis phenotype seen in
miR-126-deficient mice.¥

In summary, higher plasma or serum levels of miR-126
are associated with an increased risk of myocardial infarction
and other major adverse cardiac events. This may, at least in
part, occur via increased platelet activation. Inhibition of miR-
126 with antagomiR-126 reduces platelet activation in mice,
which may be explained by blocking of ADAMO’s negative
effect on platelet:collagen adhesion or via indirectly affecting
platelet P2Y , expression levels.

Cellular Crosstalk Via miRNAs?
Several studies suggest that secreted miRNAs may act as para-
crine mediators. The concept is appealing, but most evidence
is currently limited to in vitro studies. By overexpressing a
miRNA in one cell type, harvesting microvesicles from the
conditioned media, and adding these microvesicles to re-
cipient cells, miRNA transfer and downregulation of miRNA
targets is detectable, suggesting that the miRNA uptake has
biological function. There are several caveats to these in vitro
studies:
1. MiRNAs are not abundant in the circulation, and
preamplification is usually required for all but the
most abundant miRNAs for reliable detection by
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gPCR. It is difficult to envisage how the few copies
of miRNAs would have a potent effect on target gene
expression. The amount of circulating miRNAs is several
orders of magnitude below the cellular miRNA content,
and exogenous miRNAs would have to compete with the
endogenous miRNAs in the recipient cells for loading
into the RNA-induced silencing complex. Unless there
is a receptor that recognizes miRNAs and initiates a
downstream signaling cascade, it is difficult to envisage
how uptake of exogenous miRNAs could mediate bio-
logical effects.

2. MPs and exosomes are rich in proteins. The protein con-
tent of microvesicles may be functionally more impor-
tant than their miRNA load. RNase treatment does not
unambiguously prove that the observed biological effect
is because of miRNAs. Protein degradation may also oc-
cur during the RNase digestion step.

3. In situ hybridization studies for a particular miRNA tend
to reveal a characteristic staining pattern. For example,
staining for miR-126 is confined to endothelial cells,
whereas staining for miR-143 and miR-145 is observed
in vascular smooth muscle cells. If miRNA transfer was
a common phenomenon, such specificity would not be
detected, and a more homogenous staining pattern would
be expected.

4. Importantly, the tissue architecture, including basement
membranes and extracellular matrix, should act as a
physical barrier for the exchange of microvesicles.

5. Routine cell culture uses fetal calf serum, which is a
source of bovine microvesicles.

Thus, we currently lack convincing evidence that the ex-
change of miRNAs is more than an in vitro phenomenon. In
uninjured tissues, cellular miRNA exchange might be low. It
is conceivable that miRNA transfer could occur under patho-
logical conditions, such as platelet activation and clearance
by inflammatory cells. Several experiments shed light on the
role of platelet miRNA as a putative paracrine regulator of
cellular function via regulation of other cells’ mRNA and
protein expression. For abundant platelet miRNAs, such as
miR-223, target genes have been described, many of which
are associated with inflammation. This miRNA is also ex-
pressed in leukocytes, further indicating a potential role.
Given that platelets are already heavily implicated in several
disease processes with an inflammatory basis, an interplay
between endothelial cells, leukocytes, monocytes, and oth-
er cell types by endogenous and transferred miRNA seems
plausible and an important area for further investigation.

Jansen et al*® sought to define the miRNA content of cir-
culating microvesicles and vesicle-free plasma in 176 patients
with stable coronary artery disease undergoing coronary angi-
ography. Over 6 years follow-up, microvesicle miR-126 and
miR-199a levels above the median were associated with sig-
nificantly fewer major adverse cardiac events and percutane-
ous coronary interventions. There was no association between
miRNAs from PPP and cardiovascular events. Microvesicle
miR-126 was significantly reduced, and miR-199a trended
toward reduction, in coronary artery disease patients versus
age-matched controls. Again, no such difference was found
in the PPP. Through microvesicle typing of surface markers,
they established that miR-126 expression is highest in CD31*/

CD42b™ microvesicles (ie, endothelial), consistent with known
expression patterns in endothelial cells, and miR-199a is
highest in CD31*/CD42b* microvesicles (ie, megakaryocyte-
derived). These results are in contrast to results for circulating
miR-126 levels. However, this study by Jansen et al®® looked
specifically at the microvesicular compartment, making cross-
study comparisons difficult.

Laffont et al'” showed that activated platelets can deliver
regulatory Ago2-miRNA complexes to endothelial cells and
that this occurs via MPs. First, they confirmed that activat-
ed platelets release substantially more MPs than quiescent
platelets. Profiling the miRNA content of the MPs showed
that the miR-223 content was greatly increased after plate-
let activation, suggesting selective packaging of miRNAs
into platelet MPs. They then showed that the MPs contain
functional Ago2:miR-223 complexes, which could cleave a
complementary miR-223 RNA sensor, suggesting that these
complexes are functionally relevant. Next, they used fluores-
cently labeled MPs to demonstrate internalization by human
umbilical vein endothelial cells. Endothelial miR-223 levels
increased 22-fold after incubation with MPs for 1 hour, an
effect that persisted for 48 hours. Again addressing function-
al relevance, endothelial cells demonstrated a 44% reduction
in a transfected reporter gene under miR-223 control when
incubated with MPs. Significant downregulation of endog-
enous RNA levels occurred within 6 hours of exposure to
platelet MPs, an effect that was rescued with the addition of
an miR-223-neutralizing sponge.'’

Pan et al’! also showed increased MP release and MP miR-
NA enrichment after platelet activation. In the apolipoprotein
E-null mouse model of atherosclerosis, MP miR-223 content
was higher than in controls. This finding was also tested in
a small selection of humans, in whom miR-223 expression
was found to be higher in platelets and MPs of patients with
inflammatory diseases compared with healthy controls. The
authors demonstrated that endothelial cells take up MPs in an
ATP-dependent manner, and endothelial miR-223 levels in-
crease without an increase in pre-miR-223, suggesting that
the increase was not because of de novo synthesis in recipient
cells. Both an miR-223 mimic and incubation with MPs were
shown to reduce insulin-like growth factor 1 receptor protein
levels. This effect was blocked by anti-miR-223. miR-223
delivery increased advanced glycation end products—induced
apoptosis, potentially via reduced levels of the insulin-like
growth factor 1 receptor.’!

Finally, Gidlof et al®” showed that patients with ST-
segment—elevation myocardial infarction had reduced levels
of miR-22, miR-185, miR-320b, and miR-423-5p in platelets
compared with controls and an even greater reduction in as-
pirated coronary artery thrombus. The authors concluded that
this is because of platelet activation and miRNA release. In
vitro, they demonstrated miR-22, miR-185, miR-320b, and
miR-423-5p release into the supernatant after thrombin-in-
duced platelet activation. Using platelets transfected with a
scrambled, fluorescently labeled miRNA, they showed effec-
tive transfer to endothelial cells when incubated with activated
platelets. Furthermore, this was shown to be MP-dependent
because the addition of brefeldin A (a vesicle formation
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inhibitor) prevented miRNA transfer. Overexpression of miR-
22 and miR-320b in endothelial cells suggested that these
miRNAs were involved in the regulation of intercellular adhe-
sion molecule 1. When endothelial cells were incubated with
platelet releasate, intercellular adhesion molecule 1 expres-
sion was downregulated by 30%. Knockdown of endogenous
endothelial miR-22 and miR-320b caused an increase in inter-
cellular adhesion molecule 1 expression, confirming that the
effect was because of MP miR-22 or miR-320b. Interestingly,
this could be rescued by incubating the cells with platelet
releasate.

In summary, there is now good evidence that (1) platelets
transfer miRNAs and (2) that this is mediated by MPs.”>%
However, it is less certain whether this transfer is functionally
relevant at physiological concentrations in vivo and to what
extent the observed effects are mediated by the miRNA con-
tent rather than the protein content of the platelet MP mate-
rial. Although most studies have focused on platelet transfer of
miRNA to endothelial cells, Risitano et al’' showed that RNA
transfer can occur between circulating platelets and monocytes.

Guidance on How to Measure Circulating
miRNAs

Research on circulating miRNAs is attracting increasing at-
tention because noncoding RNAs may constitute an entirely
new entity of biomarkers. A prerequisite for advances in this
area is the generation of comparative data by independent
groups. To help this, we have suggested a set of minimum-
reporting standards and recommended methods for circulating
miRNA data (Table).

Plasma or Serum?

A fundamental question is the choice of plasma or serum
for measuring miRNAs (Figure 4). The origin of miRNAs in
plasma and serum may not be the same because platelets are
activated during clotting and may contribute a larger propor-
tion of miRNAs to serum compared with plasma. In plasma,
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the cells are removed by centrifugation in the presence of an
anticoagulant. Citrate and EDTA are the preferred anticoagu-
lants. Heparin plasma, for the reasons outlined below, is less
suitable for miRNA measurements. Platelet activation during
plasma centrifugation is another concern. Serum, on the other
hand, is obtained by clotting blood at room temperature for 30
minutes to 1 hour. The clotting process involves the activation
of thrombin, which cleaves fibrinogen to fibrin. Thrombin is a
protease and its substrate specificity is not restricted to fibrino-
gen. The coagulation cascade involves a series of proteases,
which may degrade carrier proteins of miRNAs. This might
result in a loss of miRNAs, which can be mitigated by adding
RNase inhibitors.* If platelets release miRNAs on activation,
then findings in plasma and serum might give opposite results:
plasma miRNAs may reflect the platelet release prior to blood
sampling, whereas serum miRNAs may reflect the extracel-
lular and platelet miRNA content combined—the more the
release, the less the content. Thus, for our most recent studies,
we used PPP to link miRNAs to in vivo platelet activation.*>**

Platelets, Microvesicles, and Exosomes

An understanding of which specific fraction of the circulation
is being measured is of the utmost importance for reproduc-
ibility and adequate interstudy comparison. Ideally, one would
be able to easily separate different circulating compartments:
the cellular compartments (erythrocytes, leukocytes, and
platelets), the microvesicle compartment, the exosome com-
partment, and the particle-free compartment devoid of mem-
brane-bound vesicles or cells. Although isolating erythrocytes
and leukocytes is relatively easy based on their size and den-
sity, isolating the smaller and less dense compartments poses
a greater challenge. Isolating platelets from PRP is done rou-
tinely but requires care to avoid activating the platelets during
the early centrifugation steps. As platelets release microvesi-
cles on activation, this could affect the measured miRNAs in
platelets, as well as plasma.

Table. Minimum Reporting Standards and Methodological Recommendations for the Analysis of Circulating miRNAs

Minimum Reporting Standards

Recommendations

1.Phlebotomy protocol
fasting, smoking, exercise).

Sample venous blood using butterfly or regular blood collection needle; standardize relevant preanalytical variables (eg,

2.Anticoagulant used

Use citrate or EDTA; avoid heparin because of interference with qPCR.

3.Time until processing

Start sample processing immediately or soon after sampling to minimize variability and degradation.

4.Sample processing

Perform an initial soft spin to collect plasma, followed by a faster platelet depletion spin with added inhibitors of platelet
activation, standardize clotting time for serum.

5.Sample storage

Store samples at —80°C, avoiding freeze-thaw cycles prior to analysis.

6.RNA protocol

Use a validated miRNA or total RNA extraction kit; use a carrier (MS2 RNA or glycogen); avoid potential batch effects by
coisolating RNA from across compared groups.

7.miRNA measurement platform

Avoid batch effects of different technical lots for used laboratory material and equipment.

8.Average Ct levels for each assay

Assays with an average Ct value >32 (when using a 40-cycle protocol) should be avoided. Report average Ct values to
facilitate adequate interpretation of presented fold changes.

9.Variability of the normalization
reference

Across-sample variability of quality control markers such as an exogenous spike-in miRNA should not exceed 1 PCR cycle.

10.Normalization method(s)

Normalize to the average Ct value of multiple assays or to an exogenous spike-in control.

Ct indicates cycle threshold; miRNA, microRNA; and qPCR, quantitative polymerase chain reaction.
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Figure 4. Choice of samples. A, Workflow
for the preparation of platelet-poor
plasma (PPP) from platelet-rich plasma
(PRP). Addition of prostacyclin inhibits
platelet activation during centrifugation.
B, Concerns with regards to miRNA
measurements in the different samples
range from a contamination with
leukocytes in PRP, proteolytic activity in
serum to residual platelets in plasma. PRP
and serum should reflect platelet miRNA
content; PPP platelet miRNA release;
plasma samples will reflect extracellular
miRNA content but may additionally reflect
either, platelet miRNA content or release.
This depends on the amount of residual
platelets in the plasma samples or platelet
U activation during plasma preparation, in
particular during centrifugation.

PPP

Residual Platelets

Platelets contain a substantial amount of miRNAs and are
likely to be major contributors to the circulating miRNA
pool, as discussed earlier.** This further complicates sample
preparation for miRNA analysis: differences in plasma prep-
aration, centrifugation speed, duration of coagulation, and
the residual platelet content will have an impact on multiple
miRNAs.”>% In RNA extracts from plasma samples, the de-
tection of the platelet- and megakaryocyte-specific transcript
integrin o-IIb can be used to assess platelet content. Notably,
the expression of integrin a-1Ib correlates with the expression
of abundant platelet-derived plasma miRNAs (miR-24, miR-
126, miR-191, and miR-223). If plasma samples have a high
residual platelet content, their miRNA profile may be more
similar to that of serum and reflect predominantly platelet
miRNA content rather than platelet miRNA release. Plasma
platelet content must be uniform to allow comparisons be-
tween samples because residual platelets may introduce con-
founding. When plasma samples have already been collected,
an additional centrifugation prior to RNA extraction may re-
duce the platelet content.”> However, centrifugation of plas-
ma after freezing is still subject to the risk of contamination
from platelets lysed during the freeze/thaw cycle. Ideally, a
method for the preparation of PPP prior to storage should be
used to minimize the effect of residual platelets on miRNA
measurements.

Hemolysis

Erythrocytes are the most abundant cell type in blood. The
rupture of erythrocytes can occur because of high shear forces
in the needle during blood collection or improper handling
during sample processing. Because hemolytic samples con-
tain a high amount of red blood cell-derived miRNAs, the
levels of multiple miRNAs are altered in hemolytic samples.”’
Hemolysis can be assessed in plasma and serum by measuring

hemoglobin spectrophotometrically or in the respective RNA
extracts by analyzing miRNAs known to be affected by hemo-
lysis, such as miR-451.% It is advisable to exclude hemolytic
samples from further analyses. Alternatively, such compro-
mised samples can only be used for miRNAs of interest that
are unaffected by hemolysis.”

Leukocyte Contamination

Cells shed miRNAs via MPs and exosomes into the extracel-
lular space. The miRNA content of the MPs and exosomes
differs depending on the stimulus of the parent cells. However,
the intracellular concentration of miRNAs is much higher than
that in plasma or serum. Considering the low concentration of
extracellular, circulating miRNAs, any contamination of plas-
ma or serum samples with cellular material, for example, leu-
kocytes, will greatly affect the miRNA profile. Thus, studies
reporting a surprisingly large number of circulating miRNAs
compared with other publications may have analyzed samples
that were contaminated with cellular material.

Batch Effects

Batch effects can occur when analyzing the expression of
miRNAs on multiple qPCR plates. To minimize their effect,
several precautions should be taken to obtain reliable data: (1)
to correct for variability between plates, a calibrator sample
should be included across all plates. (2) The same batch of
plasticware and reagents, such as PCR Mastermix, primers,
and probes should be used for the entire study cohort. We
have previously observed lot-to-lot-variability for miRNA re-
agents, even from leading manufacturers. (3) Reagents should
be aliquoted because freeze-thaw cycles affect their quality
and performance. (4) Samples from different groups should
be distributed equally across all batches. These precautions
minimize the effect of batch effects and help to obtain more
reliable data.
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Endogenous Normalization Controls

Normalization procedures should eliminate technical and ex-
perimental variation across samples to more reliably identify
biological differences. In qPCR analysis, normalization con-
trols are used to correct for variability in RNA extraction, re-
verse transcription, and PCR. Ideally, a normalization control
is stably expressed and not affected by experimental condi-
tions or clinical parameters. For the analysis of miRNAs in
cells or tissue, small nucleolar RNAs are routinely used to
normalize data. In general, they accurately reflect the small
RNA content of a sample, although there are limitations and
drawbacks. For example, small nucleolar RNAs can corre-
late with cancer pathology and prognosis, which can intro-
duce bias when they are used as normalization controls for
cancer samples.'®” For circulating miRNAs, however, there
is no generally accepted endogenous control. Small nucleo-
lar RNAs are intracellular RNA molecules, and their levels
in the circulation are very low. U6 RNA has been used as a
normalization control in plasma and serum samples but cir-
culating levels of U6 display interindividual variability and
are affected by inflammatory processes, reducing its reli-
ability.!”" Single miRNAs or panels of miRNAs have been
used or suggested as endogenous controls: miRNAs that have
been used as normalizers include miR-16, miR-21, miR-93,
miR-103, miR-191, miR-192, miR-423, and miR-425. These
miRNAs, however, may well be affected by other uninvesti-
gated diseases or medications. Antiplatelet therapy, for exam-
ple, has been demonstrated to lower the circulating levels of
plasma-derived miRNAsS, including miR-21 and miR-191.%
Alternatively, data can be normalized to the average Ct of
multiple or all analyzed miRNAs.!? Generally, combinations
of miRNAs may be a more robust approach, based on the
assumption that overall miRNA expression is stable and not
affected by disease to the same degree as individual miRNAs.
The more miRNAs that are combined, the more robust the
control should be. However, this normalization method can
be problematic when several of the miRNAs used to normal-
ize are dysregulated in a similar direction, potentially causing
false-positive or false-negative findings. Nonetheless, accept-
ing that no better alternatives exist, a combination of miR-
NAs represents the most stringent endogenous normalization
control.

Exogenous Normalization Controls

The most commonly used exogenous normalization method
for circulating miRNA analysis is the use of a spike-in control.
For this purpose, synthetic oligonucleotides of miRNA se-
quences from other species are used, typically from the nema-
tode Caenorhabditis elegans (eg, cel-miR-39). Such spike-in
controls are added in equal amounts to each sample during
RNA extraction or reverse transcription. A spike-in control
added at the RNA extraction step can normalize for differ-
ences in extraction efficiency, reverse transcription, or gPCR
efficiency, which may be caused by the presence of inhibitors
in the sample or pipetting errors. Spike-in controls generally
reflect miRNA quantities in different samples, but we have
observed that RNA samples display a lower quantity of cel-
miR-39 when they were stored at —80°C for a longer period of
time, impairing analysis in older samples. Moreover, heparin
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medication can affect cel-miR-39, as well as the measurement
of miRNAs, depending on their origin.'”*!* The cel-miR-39
measurements across samples must be stable. Variability ex-
ceeding 0.5 to 1 Ct values should be cause for concern.

MiRNA Measurements

The gold standard for miRNA measurements is qPCR. It pro-
vides independent and robust amplification and quantitative
detection of minute RNA amounts across the wide dynamic
range of miRNA expression levels. Among the drawbacks of
the technology is the fact that its high-throughput capabili-
ties are limited. We have previously compared commercial
gPCR assays and obtained good agreement between assays
from 2 suppliers, for individual Tagman miRNA assays and
customized qPCR plates from Exiqon. For customized qPCR
plates, however, there is the possibility that variations in the
manufacturing process remain undetected. This is less likely
to occur in standard miRNA assays because multiple users
will rapidly detect manufacturing problems. Thus, it is impor-
tant to know the expected measurement range for miRNAs of
interest when using customized qPCR plates and to compare
the results from each batch of customized qPCR plates with
individual qPCR assays.

We and others have noted difficulties comparing miRNA
measurements from different technologies. In particular, there
is poor agreement between microarrays and qPCRs when as-
sessing quantitative changes. Microarray-based technologies
use hybridization and are suitable for detecting the presence
of miRNA species, but have limited quantitative accuracy and
dynamic range. Similarly, NGS has several drawbacks, in
particular, requiring much larger sample volumes than qPCR
analysis and the introduction of amplification bias for certain
miRNASs during library preparation. For example, in our study,
we obtained most reads for miR-486, a miRNA that is present
in the circulation but has a relatively high Ct value by qPCR,
suggesting that it is much less abundant than other circulating
miRNAs. Thus, miRNAs with more sequencing reads are not
necessarily more abundant (Figure 5). Quantitative compari-
son must only be made by comparing sequencing reads for the
same miRNAs.

Freedman et al used high-throughput microfluidic quanti-
tative PCR to analyze the miRNA signature in blood (whole
blood, platelets, mononuclear cells, plasma, and serum) col-
lected from 5 healthy individuals. They screened for 852
miRNAs in 83 patients undergoing diagnostic coronary an-
giography and categorized their patients into 2 groups: with
coronary artery stenosis =270% (n=34) and without (n=49).
Increased plasma levels of miR-494, miR-769-3p, and miR-
490-3p were associated with >70% coronary stenosis, and
logistic regression analysis found that antihypertensive ther-
apy, smoking, and miR-769-3p were significantly associated
with coronary status.'® In this study, few of the commonly
reported highly expressed miRNAs were amongst the top 10
ranking miRNAs in platelets (Figure 3). It is likely that there
are similar discrepancies with plasma and serum miRNA
measurements. One cause for this difference may be the high-
throughput BioMark Real-Time Fluidigm PCR system used
in this study to increase the number of miRNA measurements
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that can be performed simultaneously; no direct comparison
with conventional gPCR was provided.

Potential for Clinical Translation

The miRNA biomarker field is currently nascent. Although
there is much to link the expression of miRNAs to various dis-
eases, the clinical utility or validity of miRNA detection has
not been demonstrated. Currently, miRNAs are manually ex-
tracted, presenting the largest obstacle to increasing through-
put. If new technological platforms provide the opportunity
for faster miRNA extraction or direct analysis of miRNAs
without the need for miRNA extraction, they will signifi-
cantly improve the ease-of-use in clinical settings. Increasing
throughput, however, must not compromise the quantitative
accuracy of the analysis for both low- and high-abundance
miRNAs. Ideally, miRNA measurements need to be able to
outperform current diagnostic methods to reach the clinical
mainstream.

In addition to current practical limitations, miRNA bio-
markers will also need to be presented in the context of related
miRNAs to be adequately interpreted. There are relatively few
tissue-specific miRNAs, with miR-122 being an exception
given its exquisite liver specificity.!® We have recently shown
that high circulating miR-122 levels are associated with an
adverse lipid profile and predict development of metabolic

syndrome and diabetes mellitus type 2.7 However, most cir-
culating miRNAs are ubiquitously expressed, and numerous
cell types can release miRNAs. This complicates the clinical
application because levels of individual miRNAs can greatly
vary between patients, without any pathological significance.
Therefore, it is crucial to represent relative expression levels
of a miRNA in relation to a network of several other miRNAs.
The use of a so-called miRNA signature can greatly strength-
en the predictive and diagnostic value.

Because the origin of many plasma miRNAs is unknown,
De Rosa et al'® investigated transcoronary gradients of various
miRNAS in patients with acute coronary syndrome in a bid to
define coronary-specific changes in the setting of myocardial
damage. Samples were taken from the aorta and coronary si-
nus. They found an upregulation of the muscle-enriched miR-
499, miR-133a, and miR-208a in acute coronary syndrome
patients, of which miR-499 correlated with troponin levels, an
established clinical marker of myocardial damage. Contrary
to their predictions, miR-126 decreased across the coronary
circulation, despite its high expression in endothelial cells.
They also described a negative trend for miR-223 across the
coronary circulation in the acute coronary syndrome group but
not in the stable coronary artery disease group; however, this
did not reach statistical significance.'® An alternative expla-
nation for the reduction in miR-126 and miR-223 across the

°
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Figure 5. Discrepancy between miRNA quantification by reverse transcriptase quantitative polymerase chain reaction (RT-gPCR)
and RNA sequencing. Average expression of 92 miRNAs was assessed in platelet-poor plasma (PPP) from healthy subjects (n=12),
using custom-made Exigon locked nucleic acid (LNA) gPCR plates. Cycle-to-threshold (Ct) values are shown as 40-Ct (x axis). Small RNA
sequencing was performed with PPP from healthy subjects (n=2). miR-486-5p is highlighted, showing high sequencing reads (y axis),
despite inferred midrange abundance by gPCR. Cl indicates confidence interval.
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coronary circulation is the retention of platelets and platelet
MPs in the affected myocardium or differential activation of
platelets in venous and arterial settings.

Pharmacological inhibitors can be used to identify the
cellular origins of miRNAs. By comparing plasma miRNA
levels in the same individuals before and after initiation of
antiplatelet therapy, we identified a set of plasma miRNAs that
is responsive to antiplatelet therapy.** The miRNA candidates
were abundant in platelets, but they were not platelet-specific.
Moreover, not every abundant platelet miRNA was equally
affected by antiplatelet medication. Some miRNAs, despite
their abundance in platelets, may be expressed at higher lev-
els in other cell types. Consequently, their plasma levels may
be less dependent on platelets. Given the platelet origin of
many abundant circulating miRNAs, it is not surprising that
the same miRNAs are dysregulated in multiple diseases. The
question, however, remains whether the circulating miRNA
changes are cause or consequence. In cancer, for example,
many of the circulating miRNA alterations may be because of
platelet activation or inflammation, rather than the release of
miRNAs from tumor tissue.

Early studies compared platelet samples from different
individuals. Longitudinal sampling eliminates interindividual
variability. For example, using serial measurements before
and after antiplatelet medication, we investigated the effect
of 10 mg prasugrel followed by the addition of an escalating
aspirin dose regimen (75 mg daily in week 2 and 300 mg daily
in week 3) on the PPP miRNA signature of healthy young vol-
unteers. Using custom-made miRNA qPCR plates, 92 targets
were measured at 4 different time points. Antiplatelet therapy
was associated with a reduction in plasma miR-223, miR-126,
miR-15, miR-191, miR-20b, miR-21, and miR-24. The find-
ings were replicated in plasma of patients with recent symp-
tomatic carotid atherosclerosis who had begun treatment with
dipyridamole or clopidogrel, in addition to aspirin. These pa-
tients showed a reduction in miR-223, miR-126, miR-150, and
miR-191.% The effect was less pronounced, presumably be-
cause the symptomatic patients were on aspirin medication at
baseline and the follow-up measurement was only taken after
48 hours. The reduction in platelet miRNAs on platelet inhibi-
tion complements previous findings by Zampetaki et al” in an
ischemia/reperfusion injury model by thigh cuff inflation, in
which plasma miRNAs increased on platelet activation.

The clinical use of platelet function tests is limited at pres-
ent, despite clear differences in response to pharmacological
platelet inhibition. In the case of clopidogrel, a prodrug, a
large percentage of this variation can be attributed to differ-
ent cytochrome P450 isoforms involved in its bioactivation.'”
However, this in itself does not explain all of the variation in
efficacy. Measurements of platelet activity by light transmis-
sion aggregometry are considered the gold standard, but this
test is performed ex vivo and not well standardized between
laboratories. Vasodilator-stimulated phosphoprotein (VASP)
phosphorylation and VerifyNow P2Y , assays measure plate-
let activation in full blood but only in response to a single
pathway, ADP stimulation. Platelet miRNAs may offer an
opportunity to obtain an alternative read-out for platelet ac-
tivation in vivo that integrates activation by multiple agonists
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rather than just ADP (Figure 6). Platelet miRNA measure-
ments, however, will only be useful if they provide diagnostic
advantages. They also must be easy to perform and capable
of discriminating the degree of interindividual variability in
platelet inhibition or platelet turnover.

Conclusions

Initially, circulating miRNAs were thought to originate from
tissue injury. This is indeed the case for cardiac miRNAs that
are released after myocardial infarction akin to troponins. For
basal miRNA levels, however, the importance of circulating
cells is now apparent, and the contribution from anucleate
cells such as erythrocytes and platelets must not be underesti-
mated. Several challenges face the accurate detection and use
of plasma and serum miRNAs:

1. Variability in samples’ cell composition affect miRNA
profiles. This includes anuclear cells such as erythro-
cytes and residual platelets. Preanalytic variation in sam-
ple preparation or handling must be minimized to avoid
alterations of results. Given the platelet origin of many
abundant circulating miRNAs, the use of PPP would
seem to be an appropriate substrate for miRNA mea-
surements. In conventional plasma samples, the number
of residual platelets can vary. Also, without inhibitors,
platelet activation may occur during centrifugation. In
serum, the stability of miRNAs may be affected, and
miRNAs may get trapped in the clot. This could intro-
duce bias that affects results, in particular, if the clotting
time varies between sampling.

2. The concentration of extracellularly circulating miRNAs
is low, and the miRNA yield of plasma and serum is in-
sufficient for conventional quality control methods, such
as optical densitometry or Bioanalyzer. Generally, equal
volumes of plasma or serum are used for extraction. No
correction is performed for RNA content. This approach
of normalizing by volume is, however, analogous to
protein measurements. In both cases, the total RNA or
total protein amount of plasma or serum would not be a
suitable normalization control for the miRNA or protein
biomarker of interest.

3. Currently, there is no endogenous control for the nor-
malization of circulating miRNAs. Instead, exogenous
spike-in controls are used for normalizing the extraction
procedure. The values of spike-in controls such as cel-
miR-39 relate entirely to the consistency of the isolation
procedure, not to the starting RNA quantity. By measur-
ing a broader panel of unrelated miRNAs, the mean Ct
value can be used for normalization.

4. Circulating miRNAs are highly correlated. Assessing
individual miRNAs without integration into a wider
miRNA network is of limited utility. Relative changes
in miRNAs to one another (so-called miRNA signatures)
can be more informative than the changes of individual
miRNAs.

These points will need to be addressed in future publications
on miRNA biomarkers to facilitate comparability between stud-
ies, something that has been difficult with variations between
measurement platforms and lack of guidelines for standardiza-
tion. Standardized miRNA measurement platforms are currently
under development, which could reduce measurement variability,
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while facilitating cross-study comparisons. In addition to the need
for consensus on sample preparation and analytic procedures, fu-
ture research will need to move on from reporting on single miR-
NAs and focus more on miRNA signatures and integration with
predicted target genes.”!”11° These issues are not insurmount-
able, and once addressed, future studies can further evaluate the
potential of miRNA biomarkers for clinical use and whether
miRNA assays will outperform existing clinical measurements.
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