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icroRNAs (miRNAs) are a class of approximately 22 nucleotide noncoding RNAs that mediate posttranscriptional
gene regulation by binding to and repressing speciﬁc messenger
RNA targets. We and others previously demonstrated that
miRNAs are present in the human circulation in a cell-free form
and that altered plasma and serum miRNA proﬁles are observed
in cancer and other diseases (1–9). This, along with the ﬁnding
that miRNAs are remarkably stable in plasma despite high circulating RNase activity (1), suggests that miRNAs may be developed into a powerful new class of blood-based biomarkers.
The mechanism underlying the unexpected stability of cell-free
miRNAs in the RNase-rich environment of blood has not been
systematically investigated, although it has important implications
for miRNA biomarker development and for potential biological
functions of circulating miRNAs (10). Currently, the dominant
model for circulating miRNA stability is that miRNAs are released from cells in membrane-bound vesicles, which protect
them from blood RNase activity. Vesicles proposed as carriers of
www.pnas.org/cgi/doi/10.1073/pnas.1019055108

circulating miRNAs include exosomes, which are 50- to 90-nm
vesicles arising from multivesicular bodies and released by exocytosis (11), as well as larger membrane-bound particles including
microvesicles that range in size to as large as 1 μm (12, 13). This
model is supported by the observation that cells growing in culture release exosomes that are associated with miRNA (6, 14–16)
and by the detection of miRNAs associated with exosomes and
microvesicles isolated from plasma and serum (7, 13, 17, 18).
However, a systematic investigation of the physiologic state of
circulating miRNAs in plasma has not yet been reported to our
knowledge, and it is not known if vesicle encapsulation is the only
mechanism for circulating miRNA stability or if other potentially
more predominant mechanisms exist.
We report here a systematic investigation of the physical state
of miRNAs in plasma and serum, which provides insight into
mechanisms accounting for circulating miRNA stability. We show
that vesicle-encapsulated miRNAs represent only a minor portion
of circulating miRNAs. In particular, we report that a signiﬁcant
portion of circulating miRNA is associated with Argonaute2
(Ago2), the effector component of the miRNA-induced silencing
complex that directly binds miRNAs and mediates messenger
RNA repression in cells (19–22). These results substantially revise
the current understanding of the physiological state and basis
for stability of circulating miRNAs, and we discuss the implications for future studies of miRNA biomarkers and extracellular
miRNA function.
Results
Circulating miRNAs Are Not Intrinsically Resistant to Plasma RNases.

In taking a systematic approach to identify mechanisms that
protect circulating miRNAs, the ﬁrst hypothesis we examined
was that circulating miRNAs are intrinsically resistant to RNase
activity in blood. If plasma-derived miRNAs are intrinsically
resistant, the addition of puriﬁed plasma miRNA to fresh plasma
samples is expected to yield an increase in miRNA abundance.
However, we observed that puriﬁed plasma miRNA was rapidly
degraded when incubated with plasma, whereas previous inhibition of plasma RNase activity blocked this degradation
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MicroRNAs (miRNAs) circulate in the bloodstream in a highly
stable, extracellular form and are being developed as blood-based
biomarkers for cancer and other diseases. However, the mechanism underlying their remarkable stability in the RNase-rich
environment of blood is not well understood. The current model
in the literature posits that circulating miRNAs are protected by
encapsulation in membrane-bound vesicles such as exosomes, but
this has not been systematically studied. We used differential
centrifugation and size-exclusion chromatography as orthogonal
approaches to characterize circulating miRNA complexes in human
plasma and serum. We found, surprisingly, that the majority of
circulating miRNAs cofractionated with protein complexes rather
than with vesicles. miRNAs were also sensitive to protease
treatment of plasma, indicating that protein complexes protect
circulating miRNAs from plasma RNases. Further characterization
revealed that Argonaute2 (Ago2), the key effector protein of
miRNA-mediated silencing, was present in human plasma and
eluted with plasma miRNAs in size-exclusion chromatography.
Furthermore, immunoprecipitation of Ago2 from plasma readily
recovered non–vesicle-associated plasma miRNAs. The majority of
miRNAs studied copuriﬁed with the Ago2 ribonucleoprotein complex, but a minority of speciﬁc miRNAs associated predominantly
with vesicles. Our results reveal two populations of circulating
miRNAs and suggest that circulating Ago2 complexes are a mechanism responsible for the stability of plasma miRNAs. Our study
has important implications for the development of biomarker
approaches based on capture and analysis of circulating miRNAs.
In addition, identiﬁcation of extracellular Ago2–miRNA complexes
in plasma raises the possibility that cells release a functional
miRNA-induced silencing complex into the circulation.

(Fig. S1). Therefore, we concluded that circulating miRNAs are
not intrinsically resistant to endogenous RNase activity.
Circulating miRNAs Are Not Restricted to Vesicles. We next tested
the hypothesis that circulating miRNAs are primarily encapsulated in membrane-bound vesicles. Studies that used differential ultracentrifugation to purify vesicles have proposed that microvesicles and exosomes serve as the carriers of circulating
miRNAs and protect them from RNase activity (6, 7, 13, 17).
However, a quantitative analysis of the proportion of circulating
miRNAs that are in fact vesicle-associated has not been reported
to our knowledge.
To determine the extent to which circulating miRNAs are
associated with microvesicles and/or exosomes, we used differential ultracentrifugation to purify circulating vesicles from cellfree, platelet-poor plasma prepared from three healthy individuals (Fig. S2A). Platelet-poor plasma was chosen to minimize
residual platelets that occur with standard plasma protocols.
Platelet-poor plasma was prepared by centrifugation of anticoagulated blood twice, which reduces platelet levels more than
100 fold compared with normal whole blood (23) to 1,000 to
2,000 platelets/μL, as measured by automated complete blood
cell counts. Platelet-poor plasma was processed within 1 h of
blood draw and used fresh (never frozen) for ultracentrifugation
within 4 h of draw. We conﬁrmed recovery of vesicles consistent
in size and morphology with exosomes and microvesicles by
EM (Fig. 1A). By using quantitative RT-PCR (qRT-PCR), we
assayed the vesicle pellets and the vesicle-poor supernatants for
three well characterized circulating miRNAs: miR-16, miR-92a,
and let-7a (1, 8, 24). We determined miRNA copies by absolute
quantiﬁcation and normalized between samples using synthetic
Caenorhabditis elegans miRNA oligonucleotides that were spiked
into each sample after RNase inactivation (1, 25). We observed
that approximately 95% of the circulating miR-16 and miR-92a
did not pellet with vesicles (Fig. 1B). In contrast, we detected
40% to 75% of circulating let-7a in the vesicle pellet. Thus, the
results from differential ultracentrifugation suggested at least
two populations of circulating miRNAs exist in plasma: those
that are strongly associated with the vesicle-rich pellet and those
that are not.
Although ultracentrifugation successfully recovered vesicles
from plasma, it is possible that miRNA remained in the supernatant as a result of incomplete vesicle recovery or vesicle rupture under the high force conditions of ultracentrifugation. To
address these caveats, we applied size-exclusion chromatography
as an orthogonal approach to characterize circulating miRNAs
(Fig. S2B). We fractionated miRNA-containing particles under
gentle conditions with Sephacryl S-500 resin. Based on vesicle
and protein standards, we determined that our column resolves
particles from approximately 1 to 120 nm in diameter, with
particles 120 nm and larger eluting near fraction 8 and particles
1 nm or smaller eluting near fraction 20 (Fig. 2D and Fig. S3).
Plasma was prepared freshly from three healthy donors within
1 h of blood draw, and the never-frozen plasma samples were
applied to the column within 4 h of blood draw. The copies of
miR-16, miR-92a, and let-7a were quantiﬁed in each fraction by
qRT-PCR and normalized to spiked-in synthetic C. elegans

miRNAs to correct for fraction-to-fraction technical differences
in miRNA extraction efﬁciency. Protein abundance of each
fraction was measured by absorbance at 280 nm.
We observed that two populations of circulating miRNAs
separated based on the size of their associated particles. In all
three plasma samples, miR-16 and miR-92a cofractionated with
the relatively small protein components of plasma in fractions
15 to 21 (Fig. 2 A–C). In contrast, the majority of let-7a eluted
earlier in fractions 8 to 10 that are expected to contain large
complexes and vesicles, and only low levels of let-7a were detectable in the late fractions. We also analyzed serum prepared
in parallel from the same donors (SI Results). We observed
similar serum miRNA distributions, although miR-16 and miR92a were detected in early serum fractions (Fig. S4 A–C). As with
our ultracentrifugation experiment, the results for miR-16 and
miR-92a indicate that these miRNAs are not vesicle-associated.
Instead, our data suggest that speciﬁc circulating miRNAs exist
within a ribonucleoprotein complex.
To examine whether the early-eluting miRNA population was
likely to represent a size range corresponding to vesicles, we
determined the elution proﬁle of synthetic lipid vesicles with
a nominal average diameter of 100 nm (Fig. 2D). We also analyzed the elution of BSA and tyrosine as protein and smallmolecule standards, respectively. When we compared the elution
of the standards versus the distribution of miRNAs in plasma, we
observed that let-7a eluted in fractions consistent with an association with vesicles (fractions 8–10). In contrast, our vesicle
standard was not present in the late fractions that contain the
majority of miR-16 and miR-92a. These results are consistent
with the conclusion that there are vesicle-associated and non–
vesicle-associated populations of circulating miRNAs. Our data
strongly support the hypothesis that at least two circulating
miRNAs—miR-16 and miR-92a—are predominantly contained
within a ribonucleoprotein complex in plasma and are not signiﬁcantly associated with exosomes.
A Protease-Sensitive Complex Speciﬁcally Stabilizes Circulating
miRNAs Present in Late Chromatography Fractions. Because our

fractionation analysis suggested that miR-16 and miR-92a were
in a ribonucleoprotein complex, we examined whether such a
complex was responsible for the stability of these miRNAs in
plasma. We hypothesized that, if a protein complex stabilized
circulating miRNAs, proteolytic digestion of that complex would
release the miRNAs and render them sensitive to degradation by
plasma RNase activity. However, miRNAs stabilized through
a vesicle mechanism would not be expected to show sensitivity to
proteolysis. We incubated untreated plasma and plasma treated
with DNase/RNase-free proteinase K at 55 °C, as these were the
conditions required for proteinase K treatment. We observed
that miR-16 and miR-92a were rapidly destabilized and degraded in the presence of proteinase K but were stable in the
untreated control (Fig. 3 A and B). The early-eluting miRNA let7a was not sensitive to proteinase K treatment, exhibiting no
substantial difference between untreated and treated samples
(Fig. 3C). Interestingly, let-7a showed a slow time-dependent
decline in the untreated and treated plasma samples, which we
speculate might have resulted from loss of vesicle integrity
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Fig. 2. Two populations of circulating miRNAs are identiﬁed by sizeexclusion chromatography. (A–C) Plasma samples from the indicated donors
were fractionated on a Sephacryl S-500 column. Fractions were assayed for
miR-16 (blue diamond), miR-92a (orange triangle), and let-7a (red square) by
using absolute quantiﬁcation by TaqMan qRT-PCR. Protein abundance was
determined by absorbance at 280 nm (A280; black circle). For miRNAs, the
y-axis values indicate relative copies of miRNA in each fraction. For protein,
the same y-axis values indicate A280 reading. (D) Elution proﬁles of vesicles
(100 nm mean diameter), BSA, and tyrosine standards were determined by
A280. Points represent the mean ± SD of duplicate independent analyses.

caused by incubation at 55 °C. The results demonstrate that
a protease-sensitive complex speciﬁcally stabilizes late-eluting
but not early-eluting circulating miRNAs and further support the
model of a ribonucleoprotein complex that is responsible for the
stability of nonvesicular circulating miRNAs.
Majority of Circulating miRNAs Have a Size-Exclusion Chromatography Proﬁle Consistent with Non–Vesicle-Associated Ribonucleoprotein Complexes. Although we detected two populations of

circulating miRNAs, our initial experiments focused on only
three miRNAs. We therefore sought to determine how other
circulating miRNAs distribute into these populations. We used
qRT-PCR miRNA proﬁling arrays to measure the abundance of
375 miRNAs in the plasma and serum fractions from a single
donor, H1-7. To increase the amount of RNA that could be
used, adjacent pairs of fractions were pooled at the RNA level
before the analysis.
miRNA proﬁling platforms have assay-speciﬁc limits of linear
quantiﬁcation, and many circulating miRNAs are present at low
levels that may be near or below such limits. To ensure the reliability of our proﬁling data, we performed dilution analysis of
circulating miRNAs puriﬁed from unfractionated plasma or serum from the same donor to empirically determine the limits of
linear quantiﬁcation and detection and the PCR efﬁciency for
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Fig. 3. A protease-sensitive complex protects late-eluting miRNAs from plasma RNase activity. Plasma was untreated (closed symbols) or treated with proteinase K
(5 mg/mL; open symbols) at 55 °C. At times indicated, aliquots were removed and assayed for miR-16 (A), miR-92a (B), and let-7a (C) by qRT-PCR. Points represent
miRNA copies detected at each time relative to the corresponding 0-min sample.
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the 375 miRNAs analyzed. Based on dilution analysis, we removed nonlinear assays from further analysis and performed
nonspeciﬁc ﬁltering to remove unreliable CT values beyond the
assay-speciﬁc detection limits. We reliably detected 128 and 136
miRNAs in unfractionated plasma and serum, respectively
(Tables S1 and S2), which was comparable to our proﬁling
analysis in a previous study (1). After chromatography was performed and its associated diluting effect occurred, 88 plasma and
66 serum miRNAs were reliably quantiﬁable in at least one
fraction. For these miRNAs, we calculated relative quantiﬁcation (RQ) across all fraction pools, based on assay-speciﬁc PCR
efﬁciency. Hierarchical clustering was performed independently
on the plasma and serum proﬁling datasets (Fig. 4A and Fig.
S4D). This analysis revealed three broad classes of circulating
miRNAs: those enriched in large particle fractions 6 to 11, those
enriched in small particle fractions 14 to 21, and those distributed between both peaks. Approximately 15% of the detected
circulating miRNAs in plasma and serum were enriched in early
fractions, consistent with vesicles. However, the majority of circulating miRNAs were detected in the smaller particle fractions.
We observed that 66% (plasma) and 68% (serum) of the detectable miRNAs were enriched in late fractions, consistent with
a ribonucleoprotein complex, and the remaining miRNAs were
present at similar levels in early and late peaks. Moreover, 43%
(plasma) and 27% (serum) of the detectable miRNAs were
detected in only the late fractions.
To validate the results of our proﬁling experiment, we compared the proﬁling data for let-7a, miR-16, and miR-92a (Fig. 4A
and Fig. S4D) with our previous analysis of the same donor by
individual qRT-PCR assays (Fig. 2C and Fig. S4C). Overall, the
RQ of these miRNAs determined by miRNA proﬁling was
concordant with the relative copy numbers measured by TaqMan
qRT-PCR in plasma and serum fractions. The only exception
was let-7a in the plasma proﬁling, which failed to pass our
nonspeciﬁc ﬁltering in the qRT-PCR array and was excluded
from the plasma proﬁling analysis. This may be explained by the
lower sensitivity of the qRT-PCR array platform (as a result of
a smaller RNA input amount per assay) compared with the individual miRNA qRT-PCR assays used in our earlier analysis.
To further conﬁrm the miRNA distributions identiﬁed by
proﬁling, we chose three additional miRNAs from the proﬁling
data to validate by individual TaqMan qRT-PCR assays. miRNAs
were chosen to represent each class of circulating miRNA deﬁned
by clustering: miR-142–3p (early-eluting), miR-122 (late-eluting),
and miR-150 (distributed in both peaks). The copy number of
these miRNAs was assayed in each fraction from the same proﬁled donor. Consistent with our proﬁling results, we observed that
miR-142–3p was predominantly localized in early fractions 8
and 9 in plasma and serum (Fig. 4B). The TaqMan assay was more
sensitive than the proﬁling platform and also detected a low level
of miR-142–3p in later fractions. The distribution of miR-150 and
miR-122 as detected by TaqMan also matched the proﬁling in
both plasma and serum, conﬁrming that miR-150 was evenly
distributed whereas miR-122 was restricted to the late fractions
(Fig. 4 C and D). We observed similar distributions of these
miRNAs in our other two donors, although miR-142–3p dem-
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Circulating miRNAs Are Associated with Circulating Ago2 Complexes.

In mammalian cells, mature miRNAs are loaded into Argonaute
(Ago) complexes that mediate messenger RNA silencing activity
(26). However, cell-free Ago complexes in the circulation have
not been previously reported. Based on our observation that the
majority of circulating miRNAs fractionate in a manner consistent with a ribonucleoprotein complex, we hypothesized that
these miRNAs are present within circulating Ago complexes.
Four Ago proteins have been identiﬁed in mammals, of which
Ago2 is the best characterized. To determine if Ago proteins are
present in plasma, we performed immunoprecipitation followed
by immunoblotting with antibodies against each of the four
known human Ago proteins. Detergent was not added during
immunoprecipitation to avoid potential lysis of plasma vesicles.
Although we were unable to detect Ago1, Ago3, or Ago4 with
the available antibodies, we observed Ago2 in human plasma
(Fig. 5A). Without immunoprecipitation, Ago2 levels in plasma
were below the limit of detection by immunoblotting. The absence
of Ago2 in negative control IgG immunoprecipitates demonstrated that Ago2 was speciﬁcally precipitated from plasma.
To determine whether circulating miRNAs are associated with
Ago2, the Ago2 and control IgG immunoprecipitates were
assayed for miR-16, miR-92a, and let-7a. Compared with the
abundance of these miRNAs in total plasma, 17% to 26% of the
miR-16 and 11% to 22% of the miR-92a was present in the Ago2
immunoprecipitates, depending on the donor (Fig. 5B, Upper).
This recovery may underestimate the Ago2-associated miRNA
because Ago2 immunoprecipitation efﬁciency is likely less than
100%. Although we were unable to determine the Ago2 immunoprecipitation efﬁciency from plasma as a result of the technical
limitations of direct Ago2 immunoblotting of plasma input, we
observed that the efﬁciency from cell lysates using the same
antibody is, at most, 60% (Fig. S6). On average, the levels of
miR-16 and miR-92a detected in Ago2 immunoprecipitates were
55- and 30-fold greater, respectively, than in negative control
IgG immunoprecipitates, indicating that these miRNAs were
speciﬁcally associated with Ago2-containing complexes. In con-
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onstrated individual variability (SI Results and Fig. S5). Thus, by
using multiple miRNA assays, we demonstrated that the distributions of circulating miRNAs detected by proﬁling were valid
and reproducible within the limits of detection for the platform.
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Discussion
Recent studies have found that extracellular miRNAs are associated with microvesicles and exosomes, leading to the current
model that miRNAs in the circulation are protected from RNases
via encapsulation in vesicles. By using a systematic approach to
characterize circulating miRNAs, we discovered that there are at
least two populations of circulating miRNAs. Although we conﬁrmed some plasma miRNAs to be vesicle-associated, these
represented the minority, whereas potentially 90% of miRNAs
in the circulation are present in a non–membrane-bound form
consistent with a ribonucleoprotein complex. These non–vesicleassociated miRNAs were speciﬁcally destabilized by proteinase
K digestion of plasma, further supporting protection by a protein
complex as a mechanism for their stability in the RNase-rich
circulation. We established the existence of such a complex by
immunoprecipitation and identiﬁed a circulating Ago2–miRNA
Arroyo et al.
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Points represent the mean ± SD of the three donors. Ago2 immunoprecipitated from the same plasma fractions of the indicated donors was detected by immunoblotting (Lower). 293T cell lysate (lane marked “+”) was
a positive control for immunoblotting. Fraction numbers refer to both
panels. (B) Plasma fraction Ago2 immunoprecipitates in A were assayed for
the indicated miRNAs. The y axes correspond to the proportion of each
miRNA recovered in the Ago2 immunoprecipitate of a given fraction relative
to the total of that miRNA detected across all plasma fractions for the respective donor. Points represent the mean ± SD from three donors. (C) For
each donor, the cumulative miRNA detected in Ago2 immunoprecipitates of
all plasma fractions relative to the total miRNA detected in all plasma fractions was calculated. Bars represent the mean ± SD for three donors.

complex distinct from vesicles. For the miRNAs we studied in
depth, every miRNA present in late chromatography fractions
was also detected in immunoprecipitated circulating Ago2 ribonucleoprotein complexes. Thus, our study reveals an extracellular localization of Ago2–miRNA complexes in the human circulation and provides a model for the stability of nonvesicular
circulating miRNAs.
It is notable that we observed miRNAs that are exclusively associated with vesicles, as well as miRNAs that were exclusively
recovered in the ribonucleoprotein complex fractions. Although
several interpretations are possible, we hypothesize that vesicleassociated versus Ago2 complex-associated miRNAs originate
from different cell types and reﬂect cell type-speciﬁc miRNA expression and/or release mechanisms. For example, the liver-speciﬁc
miRNA miR-122 (27) was detected only in the protein-associated
fractions, suggesting that hepatocytes may release miR-122 through
a protein carrier pathway. In contrast, miRNAs that were predominantly vesicle-associated, such as let-7a, might originate from
cell types known to generate vesicles, including reticulocytes releasing exosomes during maturation to erythrocytes (28) or platelets shedding microvesicles upon activation (12, 13).
The identiﬁcation of distinct circulating miRNA populations
may impact the development of speciﬁc miRNAs as biomarkers.
For biomarker miRNAs found to segregate to speciﬁc comPNAS | March 22, 2011 | vol. 108 | no. 12 | 5007
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trast, both Ago2 and control IgG antibodies precipitated similar,
minimal levels of let-7a in each donor, consistent with our hypothesis that early-eluting miRNAs are present within vesicles.
We also assayed the immunoprecipitates for the three additional
miRNAs identiﬁed by proﬁling (Fig. 5B, Lower). All three
donors showed signiﬁcant enrichment (>20 fold) of miR-122 and
miR-150 in the Ago2 immunoprecipitates versus IgG controls.
Donor H1-7, who lacked late-eluting miR-142–3p (Fig. 4B), also
showed little or no speciﬁc coprecipitation of miR-142–3p with
Ago2 (Fig. 5B). However, donors H1-5 and H1-6 had early and
late miR-142–3p (Fig. S5) and subsequently showed speciﬁc
coprecipitation of miR-142–3p with Ago2 compared with the
IgG control (Fig. 5B). Overall, each late-eluting miRNA we
examined showed speciﬁc association with plasma-derived Ago2
complexes, but miRNAs restricted to early fractions were not
accessible to Ago2 immunoprecipitation.
To further test our hypothesis that late-eluting circulating
miRNAs are associated with Ago2, we determined the elution
proﬁle of Ago2 on our column. With the same plasma fractions
described previously, we performed Ago2 immunoprecipitation/
immunoblotting. Fractions were not frozen before immunoprecipitation and no detergent was used to avoid potential lysis
of vesicles present in early fractions. We detected Ago2 in the
fractionated plasma of all three donors (Fig. 6A, Lower). Ago2
was broadly distributed in a single peak across fractions 13 to 21
and was not detected in early fractions. This distribution is
consistent with a non–vesicle-associated Ago2 complex in the
circulation. We compared the elution proﬁle of Ago2 to the
average relative abundance of miR-16, miR-92a, and let-7a
previously determined for each fraction and found that Ago2
cofractionated with miR-16 and miR-92a but not let-7a (Fig.
6A). Thus, Ago2 cofractionates with late-eluting miRNAs, as
expected for a ribonucleoprotein complex, rather than with
early-eluting miRNAs that may be associated with vesicles.
To conﬁrm that the Ago2 observed in the plasma fractions
was bound to the cofractionating miRNA, we assayed the Ago2
immunoprecipitates of each plasma fraction for miRNA. We
consistently detected miR-16, miR-92a, and miR-122, which were
all strongly enriched in late fractions, in these Ago2 immunoprecipitates from fractionated human plasma across all donors
(Fig. 6B). miR-150 and miR-142–3p were also detected but at
lower levels, consistent with their presence in early and late
fractions. In contrast, very low levels of the early eluting miRNA
let-7a were present in Ago2 immunoprecipitates. Notably, Ago2
immunoprecipitation from plasma fractions appeared to more
efﬁciently recover miRNAs compared with the immunoprecipitation from unfractionated plasma described earlier. Combining
the Ago2-associated miRNA present across fractions indicated
that, on average, 27% of miR-92a, 25% of miR-16 and miR-122,
and 16% of miR-150 and miR-142–3p was associated with Ago2
(Fig. 6C). Taken together, our results indicate that these circulating miRNAs are present within nonvesicular Ago2 ribonucleoprotein complexes and support these complexes as a mechanism for circulating miRNA stability.

Materials and Methods

plexes, puriﬁcation strategies may serve to enrich those miRNAs
and increase biomarker sensitivity. Strategies for miRNA biomarker analysis based on exosome puriﬁcation have already
been proposed (6, 7, 18). Our ﬁndings would suggest that such
strategies may be ineffective for miRNA biomarkers that circulate as nonexosomal Ago2 complexes, and that immunoafﬁnity
enrichment of Ago2 complexes may be an effective strategy for
improving sensitivity and miRNA biomarker performance in
many cases.
Although miRNAs were consistently detected in Ago2 complexes, we found that a fraction of each assayed miRNA
remained in the supernatant following Ago2 immunoprecipitation. Given that immunoprecipitation efﬁciency from cell lysates
was, at most, 60% and could be even lower from plasma, it is
conceivable that Ago2 as a miRNA carrier could account for all
circulating miRNAs not encapsulated in vesicles. However, other
miRNA complexes may also exist in plasma and remain to be
discovered. The reagents currently available did not allow for
a deﬁnitive analysis of the other three Ago proteins encoded by
the human genome, and these additional Ago proteins may also
serve as carriers of circulating miRNA. In addition, cultured
ﬁbroblasts secrete nucleophosmin 1, which is able to protect
miRNA from degradation in vitro (29). It remains to be seen
whether nucleophosmin 1 is present in the cell-free circulation
and binds to miRNAs in vivo.
Our results strongly support the hypothesis that circulating
Ago2 complexes serve as a signiﬁcant carrier of miRNAs in
plasma. In addition to the utility of circulating miRNAs as biomarkers of disease, the potential function of extracellular miRNAs has been an area of active investigation. Extracellular
miRNAs have been proposed as a means of intercellular communication (6, 14, 16), and exosome-mediated transfer of
miRNA between cells has been reported in cell culture (15) and
from plasma-derived microvesicles to endothelial cells in the
experimental setting (17). There is also a precedent for a protein
carrier-based RNA communication mechanism in plants, in
which PSRP1 is secreted into the phloem and mediates systemic
cell-to-cell trafﬁcking of small RNAs (30). Our ﬁnding of Ago2–
miRNA complexes in the circulation raises the interesting
possibility that, as the core catalytic component of the miRNAinduced silencing complex (22), these complexes may be poised
to regulate gene expression in recipient cells.
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Plasma and Serum Samples. Human plasma and serum samples from healthy
donors were obtained after written informed consent was obtained, in accordance with the Declaration of Helsinki guidelines, and with ethical approval from the local institutional review boards.
Vesicle Preparation and Visualization. Vesicles were prepared by ultracentrifugation of fresh platelet-poor plasma at 120,000 × g for 70 min at 4 °C.
Vesicles were ﬁxed, contrasted with uranyl oxalate, and visualized by
transmission EM.
Size-Exclusion Chromatography. A Sephacryl S-500 column (GE Healthcare)
was injected with 0.5 mL of platelet-poor plasma or serum and eluted with
PBS solution (pH 7.4) at room temperature. Fractions were stored at 4 °C
before use.
RNA Isolation, qRT-PCR, and miRNA Proﬁling. RNA was isolated using the
miRNeasy kit (Qiagen). Modiﬁcations to the manufacturer’s protocol are
provided in SI Materials and Methods. Individual miRNAs were detected by
TaqMan qRT-PCR assays as described (25). Samples were proﬁled for 375
miRNAs by using miRNA Ready-to-Use PCR, Human Panel I, V2.M qRT-PCR
arrays (Exiqon).
Immunoprecipitation and Immunoblotting. Mouse monoclonal anti-Ago2
(ab57113; Abcam) or mouse normal IgG (Santa Cruz Biotechnology) antibodies were preincubated with Magna Bind goat anti-mouse IgG Magnetic
Bead slurry (Thermo Scientiﬁc) and used for immunoprecipitation of plasma
and plasma fractions. Rabbit polyclonal anti-Ago2 antibody (ab32381;
Abcam) was used for immunoblotting.
Details of sample processing, experimental procedures, and data analysis
are provided in SI Materials and Methods.
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