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at the Trizol extraction step, thus allowing a direct measurement
of depletion and recovery (Materials and Methods). We observed
that essentially all of the miRNAs detected by RNA sequencing were
at least partially depleted from plasma by AGO2 immunoprecipitation

compared with control IgG immunoprecipitation (Fig. 3A), sug-
gesting that many plasma miRNAs are associated with antibody-
accessible AGO2. Many of the depleted miRNAs seem to be effi-
ciently recovered from the anti-AGO2 beads, with some exceptions,

Fig. 2. Immunoprecipitation of circulating miRNA from human blood plasma. (A) Schematic showing the immunoprecipitation (IP) protocol where bead-
conjugated mouse AGO2 antibodies are incubated overnight at 4 °C in blood plasma under native conditions (absence of detergent or any other additive).
The beads are removed by magnetizing, and RNA extracted from the supernatant is subjected to qRT-PCR and/or small-RNA sequencing to detect the miRNAs
depleted by AGO2 immunoprecipitation. The magnetized beads are processed either for RNA extraction followed by qRT-PCR and/or small-RNA sequencing
to assess miRNA recovery, or for protein extraction and subsequent Western blotting using a rabbit anti-AGO2 antibody (orthogonal to the immunopre-
cipitation antibody). (B) Western blot probed with anti-AGO2 antibody to assess AGO2 associated with the captured beads following AGO2 immunopre-
cipitation. The red arrow shows that an AGO2 band at ∼97 kDa is detected in the anti-AGO2 immunoprecipitate but absent from the control IgG
immunoprecipitate. (C) Coomassie staining following SDS/PAGE shows the sections that were sliced according to ranges of molecular weight and subjected to
mass spectrometry (Dataset S1). (D) Summary of AGO2 peptide spectral counts as determined by tandem mass spectrometry. AGO2 was only detected in slice
C (75 to 100 kDa) in immunoprecipitation using anti-AGO2. (E) qRT-PCR analysis of miR-16 levels in the plasma supernatant and beads to display depletion
and recovery following immunoprecipitation of control IgG and AGO2. Relative miRNA levels are normalized to the mean miRNA levels of control IgG su-
pernatant samples following normalization of all samples to the cel-miR-39 spike-in. Error bars represent SE of mean (SEM) derived from three or more
experiments. Statistical significances were determined by Student t tests (P ≤ 0.05).
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especially among the less abundant miRNAs (Fig. 3B). Across all
miRNAs detectable in human blood plasma samples (n = 2) by our
small RNA sequencing, we observed an average depletion of 78%
(Fig. 3C). We identified 304 miRNAs that were depleted at least
50% by anti-AGO2 immunoprecipitation and 19 miRNAs that
were less than 50% depleted by AGO2 immunoprecipitation
(Fig. 3C). Of the 130 miRNAs that we detected by small RNA
sequencing in 5 biological replicates, 114 were depleted more than
50% in a statistically significant manner (P ≤ 0.05), while 11
miRNAs were depleted less than 50% in a statistically significant
manner, and the remaining 5 miRNAs showed an average de-
pletion of less than 50% but did not meet statistical significance
(SI Appendix, Fig. S2, and Dataset S2).
These depletion and recovery data suggest that most circulating

miRNAs in our human plasma samples are predominantly associ-
ated with AGO2 complexes that are free to interact with anti-
AGO2 antibodies under the conditions of our immunoprecipita-
tion experiments. The poorly immunoprecipitated miRNAs could
be associated with AGO2 complexes that have their anti-AGO2
binding epitopes masked by other proteins, or they could be asso-
ciated with other RNA-binding proteins, such as AGO1/3/4, or they
could be enclosed within vesicles (Fig. 1). It should be noted that
our immunoprecipitation experiments are conducted using essen-
tially native plasma, and, in particular, the immunoprecipitation
conditions do not include any detergent and hence should maintain
any extracellular membranous vesicles in their intact state.

Most of the miRNAs in Normal Human CSF Can Be Depleted by AGO2
Immunoprecipitation. We conducted AGO2 immunoprecipitation
using 250 μL of human CSF samples from a cohort of healthy
individuals (n = 3) and assessed miRNA depletion using small
RNA sequencing (Fig. 4A). For the 203 miRNAs represented in
our sequencing data, the average depletion was 62% (Fig. 4D).
Out of the 155 miRNAs that were at least 50% depleted from CSF
by anti-AGO2 antibodies, 126 miRNAs showed statistical signifi-
cance, and, out of the 48 miRNAs that exhibited less than 50%
depletion, 22 miRNAs showed statistical significance (Dataset S3).
This suggested that the majority of the miRNAs in CSF samples
from healthy individuals are associated with antibody-accessible
AGO2 complexes.
The results reported above, showing immunoprecipitation of

miRNAs from plasma and CSF using anti-AGO2 antibodies,
suggest that a major portion of circulating miRNAs in blood
plasma and CSF are associated with AGO2 that is accessible to
bind anti-AGO2 antibody. However, mere recovery of miRNA
from anti-AGO2 IP does not in itself confirm that the miRNAs
are loaded into Argonaute in the standard manner, or even di-
rectly associated with Argonaute. If the miRNAs are loaded into
AGO2, then there are two predictions: (i) circulating miRNAs
should exhibit the capacity to bind to a target via seed-mediated
base pairing and (ii) miRNAs and their AGO2 partner proteins
should be present in an ∼1:1 ratio in plasma or CSF. In the
following two sections, we test these predictions.

Fig. 3. Plasma miRNAs can be depleted by AGO2 immunoprecipitation. (A) Small-RNA sequencing of RNAs extracted from plasma supernatant following
control IgG (x-axis; n = 2) and AGO2 (y-axis; n = 2) immunoprecipitation. A cel-miR-39 spike-in was included to normalize the data to the original sample
volume, allowing a direct comparison of the yields of miRNAs from control and experimental samples. Essentially all of the miRNAs detected in the se-
quencing dataset are below the diagonal line, indicating a general depletion of miRNAs from plasma by AGO2 immunoprecipitation. (B) Small RNA se-
quencing analysis of depletion vs. recovery in plasma. Depletion was calculated by subtracting AGO2 immunoprecipitated supernatant miRNA counts from
control IgG immunoprecipitated supernatant miRNA counts, and recovery was calculated by subtracting control IgG-immunoprecipitated miRNA counts from
the AGO2-immunoprecipitated miRNA counts. (C) Distribution of the percent depletions by anti-AGO2 immunoprecipitation for 323 miRNAs (n = 2 samples).
Average depletion was ∼78% (gray dashed line); 19 of the 323 miRNAs were depleted less than 50% (blue dashed line). The positions of miR-16 and let-7a
are labeled.
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Circulating miRNAs Can Base-Pair Sequence-Specifically to a Target Mimic
Oligonucleotide. In order to assess whether AGO2-associated plasma
miRNAs are accessible for base-pairing with a target, we incu-
bated 5 pmol of biotinylated 2′-O-methyl RNA oligonucleotides
(conjugated to streptavidin beads) that were fully complemen-
tary to either miR-16 or let-7a in plasma for 15 min at room
temperature (Fig. 5 A and B, SI Appendix, Fig. S3, and Materials
and Methods).
qRT-PCR data showed that a target oligonucleotide comple-

mentary to miR-16 depleted ∼90% of miR-16 from plasma,
whereas let-7a was not depleted by the miR-16 target oligo
(Fig. 5C). Conversely, using a target oligo complementary to let-
7a, we observed depletion (∼50% via qRT-PCR) of let-7a from
plasma and essentially no depletion of miR-16 (Fig. 5C). These
results indicate that the miR-16 and let-7a complementary targets
specifically depleted their cognate miRNAs from human blood
plasma. Consistent with sequence-specific capture, miR-16 (but
not let-7a) was recovered from miR-16 target oligonucleotide-
conjugated beads (Fig. 5D and SI Appendix, Fig. S4; recovery
protocol described in Materials and Methods).
If the miR-16 target oligonucleotides were capturing miR-16

miRISC through Argonaute-facilitated (seed sequence-medi-
ated) base pairing, then we expect that the miR-16 target should
also deplete other members of the miR-16 seed family from
plasma. We conducted qRT-PCR assays on RNA from plasma

incubated with miR-16 target oligonucleotide or scrambled oligo
to measure the specific depletion of a selected set of miRNAs,
including the miR-16 family members miR-16, miR-15a, and
miR-195 and other non–miR-16 family miRNAs, miR-451, miR-
92, miR-223, miR-1249, miR-22, miR-126, miR-142-3p, miR-
4454, and miR-191. We observed that the target oligonucleo-
tides complementary to miR-16 depleted the miR-16 family, but
did not appreciably deplete the non–miR-16 family miRNAs
tested, with the exception of miR-191 (SI Appendix, Fig. S5; see
additional discussion below regarding this partial depletion of
miR-191 by miR-16 target oligo).
In order to comprehensively evaluate the sequence specificity

of binding of circulating miRNAs with a defined target sequence,
we conducted small RNA sequencing from the plasma super-
natant (to assess depletion) and the bead-bound miRNAs (to
assess recovery) after incubation of the beads containing the
miR-16 target oligo. Small RNA sequencing analysis showed
statistically significant depletion of miR-16 and the miR-16 seed
family members miR-15a, miR-15b, and miR-195. Interestingly,
we also observed depletion of members of another seed family of
miRNAs, miR-103 and miR-107 (Fig. 6 A and B). Depletion of
the miR-103/107 family can be accounted for by the fact that the
miR-103/107 seed (GCAGCAU) is similar enough to the miR-16
seed (AGCAGCA) such that miR-16 target oligonucleotide
contains a nucleotide 2–7 hexamer seed match to miR-103/107

Fig. 4. The profiles of miRNAs depleted by AGO2 immunoprecipitation from healthy CSF samples and CSF from patients with ALS or ICP. (A) Small-RNA
sequencing of supernatant following control IgG (x-axis; n = 3) and AGO2 (y-axis; n = 3) immunoprecipitation in CSF from healthy individuals. Almost all
miRNAs are below the diagonal line, indicating a general depletion of almost all miRNAs in CSF from healthy individuals. (B) Small-RNA sequencing of su-
pernatant following control IgG (x-axis; n = 3) and AGO2 (y-axis; n = 3) immunoprecipitation in CSF from ALS patients. Fewer miRNAs (than in A) are below
the diagonal line for the ALS samples, indicating an increase in miRNAs refractory to immunoprecipitation in the CSF from ALS patients compared with
healthy individuals. (C) Small-RNA sequencing of supernatant following control IgG (x-axis; n = 2) and AGO2 (y-axis; n = 2) immunoprecipitation in CSF from
patients with ICP. Again, fewer miRNAs (than in A) are below the diagonal line for the ICP samples, indicating an increase in miRNAs refractory to immu-
noprecipitation in the CSF from ICP patients compared with healthy individuals. For A–C, the red dots represent the miRNAs that are refractory to depletion
(P ≤ 0.05) in ALS CSF (B) but are efficiently depleted from control CSF (P ≤ 0.05 or P ≤ 0.1; A); the turquoise dots represent the miRNAs that are efficiently
depleted (P ≤ 0.05) in healthy control CSF (A) but refractory to depletion (P ≤ 0.05) by AGO2 immunoprecipitation in CSF from ICP patients (C). miR-203b-5p is
refractory to depletion in both ALS and ICP CSF samples compared with CSF samples from healthy individuals, and thus represented in an underlined (tur-
quoise) red dot in A. (D–F) Distribution of miRNA depletion by AGO2 immunoprecipitation in healthy control CSF (D), ALS CSF (E), and ICP CSF (F). The average
depletions (dashed gray lines) are ∼62%, ∼45%, and 48%, respectively. The UMI count for each sample is normalized to the spike-in cel-miR-39.
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(SI Appendix, Fig. S6). Similar to the qRT-PCR data reported
above, our small RNA sequencing data also indicated a partial
depletion (albeit not statistically significant by Deseq2 analysis)
of miR-191 with the target oligo complementary to miR-16 (SI
Appendix, Fig. S6J). We note that miR-191 has partial comple-
mentarity in its seed region and 3′ supplementary region to the
miR-16 target/capture oligo, which perhaps could account for
the partial depletion of miR-191 by this miR-16 target oligonu-
cleotide. Only the recovery (from beads) of miR-16 was statis-
tically significant (Deseq2 analysis) compared to the incubation
of a scrambled oligo (SI Appendix, Fig. S6 A and B) that did not
have a specific target. We were unable to recover all of the miR-
16 that was depleted, perhaps due to degradation during the
lengthy recovery protocol that includes a high-temperature in-
cubation (SI Appendix, Fig. S6).

Similarly, small RNA sequencing showed that let-7a and its
family members, let-7b, let-7c, and let-7d, were depleted from
plasma when a target fully complementary to let-7a was used
(Fig. 6 C and D). let-7b, let-7c, and let-7d differ in sequence from
let-7a in their nonseed sequences, indicating that the target oli-
gonucleotide captures these miRNAs by seed-mediated base-
pairing, characteristic to miRISC target recognition (SI Appen-
dix, Fig. S7). qPCR assays indicated that let-7a was ∼50% de-
pleted from plasma by the let-7a complementary target mimic
oligonucleotide (Fig. 5C). However, small-RNA sequencing data
showed that let-7a was ∼80% depleted by the same let-7a target
mimic (SI Appendix, Fig. S7A). This apparent discrepancy be-
tween qPCR and small RNA sequencing could reflect a relaxed
specificity of the qRT-PCR assay for let-7a, such that other
(relatively less depleted) let-7 family members may have been

Fig. 5. Target mimic oligonucleotides can base-pair with plasma miRNAs, capturing the cognate miRNA, along with AGO2. (A) Sequence complementarity of
miR-16 and let-7a target mimic oligonucleotides to their cognate miRNAs. There are five extra nucleotide overhangs on the 5′ and 3′ ends of each of the
target mimic oligonucleotides. (B) Schematic showing the affinity matrix-linked target mimic assay where the biotinylated target mimic is conjugated to
streptavidin beads and incubated with native plasma, without detergent or additives, for 15 min at room temperature. The beads were removed by mag-
netizing, and the supernatant and the magnetized beads were processed for RNA extraction or protein gel electrophoresis and Western blotting using anti-
AGO2 antibody. (C) qRT-PCR analysis of the plasma supernatant following the incubation with a target mimic oligo against miR-16 or let-7a. miR-16 was
depleted from plasma with a target oligo against miR-16, whereas let-7a was not depleted.. Let-7a was depleted from plasma with a target oligo against let-
7a, while miR-16 was not depleted. (D) qRT-PCR analysis of the recovery of plasma miR-16 following incubation with a target mimic fully complementary to
miR-16 or a scrambled target mimic. Materials and Methods and SI Appendix, Fig. S4, describe the protocol for recovering miRNAs from the target mimic
capture beads. “No plasma control” represents incubation of bead-conjugated target mimics in PBS. Relative expression levels shown are normalized to the
spike-in cel-miR-39 and to the scrambled target mimic-incubated plasma supernatant. Error bars represent SE of mean (SEM) derived from three or more
experiments. Statistical significances were determined by Student t tests. (E) Western blot probed with anti-AGO2 antibody to assess the AGO recovered from
the miR-16 and scrambled target mimic-conjugated beads following incubation in plasma. The red arrow shows the AGO2-specific band at ∼97 kDa present in
the sample from the miR-16 target oligo beads and absent from the scrambled oligo beads.
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