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ABSTRACT

Anti-miRNA (anti-miR) oligonucleotide drugs are be-
ing developed to inhibit overactive miRNAs linked to
disease. To help facilitate the transition from concept
to clinic, new research tools are required. Here we re-
port a novel method––miRNA Polysome Shift Assay
(miPSA)––for direct measurement of miRNA engage-
ment by anti-miR, which is more robust than conven-
tional pharmacodynamics using downstream target
gene derepression. The method takes advantage of
size differences between active and inhibited miRNA
complexes. Active miRNAs bind target mRNAs in
high molecular weight polysome complexes, while
inhibited miRNAs are sterically blocked by anti-miRs
from forming this interaction. These two states can
be assessed by fractionating tissue or cell lysates us-
ing differential ultracentrifugation through sucrose
gradients. Accordingly, anti-miR treatment causes a
specific shift of cognate miRNA from heavy to light
density fractions. The magnitude of this shift is dose-
responsive and maintains a linear relationship with
downstream target gene derepression while provid-
ing a substantially higher dynamic window for aid-
ing drug discovery. In contrast, we found that the
commonly used ‘RT-interference’ approach, which
assumes that inhibited miRNA is undetectable by RT-
qPCR, can yield unreliable results that poorly reflect
the binding stoichiometry of anti-miR to miRNA. We
also demonstrate that the miPSA has additional util-
ity in assessing anti-miR cross-reactivity with miR-
NAs sharing similar seed sequences.

INTRODUCTION

Numerous reports have implicated aberrant microRNA
(miRNA) activity in diseases such as inflammatory dis-
ease, fibrosis and cancer. In an attempt to antagonize over-
active miRNAs, chemically modified anti-miR oligonu-

cleotides have been designed to sterically inhibit miRNAs
via complementary base pairing (1–3). These anti-miRs
have been shown to improve disease outcome in a num-
ber of preclinical animal studies, including an anti-miR-
21 in surgically-induced kidney injury models of kidney fi-
brosis and genetic-engineered Alport nephropathy models
(4,5), as well as an anti-miR-103 in diabetic mice (6). Im-
portantly, two chemically unique anti-miR-122 compounds
have now been shown as proof of concept in Phase I/II clini-
cal trials to reduce Hepatitis C Virus viral titer (7,8). Collec-
tively, these results have reinforced miRNAs’ attractiveness
as drug targets, and have increased enthusiasm for future
anti-miR drug development.

Pharmacology studies are on the critical path toward
developing anti-miR medicines. A common approach for
drug-target engagement has been to assess the amount
of detectable miRNA remaining after anti-miR treatment
(Figure 1). High-affinity anti-miRs generally do not induce
miRNA degradation but rather sequester cognate miRNA
in a stable duplex (9–11). This duplex is, in theory, resistant
to hybridization by reverse transcription primers, therefore
measuring miRNA levels with and without anti-miR treat-
ment is expected to provide an estimate of percent inhi-
bition. Although this approach, referred to herein as RT-
interference, has frequently been reported in literature (12–
19), its accuracy has not been demonstrated and some have
questioned its validity (3,9).

A more functional, yet distal, measurement of anti-miR
drug activity can be made by assessing derepression of
downstream miRNA regulated genes. Currently, identify-
ing and validating miRNA targets as pharmacodynamic
(PD) biomarkers is non-trivial. Although developments in
computational prediction (20–23) and biochemical meth-
ods (24–26) are welcome advancements, the validation pro-
cess continues to present challenges in vivo. Additionally,
the small magnitude of target gene derepression observed
(1.1–2-fold) (27), especially when combined with biologi-
cal and technical variability, is often too narrow of a win-
dow for making confident drug discovery decisions such as
lead compound selection and early go/no-go determina-
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Figure 1. Schematic overview of available methods for measuring pharma-
codynamics (PD) of anti-miR drugs. Following in vivo dosing tissue is har-
vested and processed for total RNA using phenol/chloroform (Trizol) and
cartridge purification. RNA can be analyzed with RT-qPCR using gene
specific primers to measure functional changes in miRNA regulated gene
expression, or using miRNA primers to measure direct PD/drug-target en-
gagement (TE) by RT-interference. An alternative strategy for measuring
direct PD reported herein is the miRNA Polysome Shift Assay, which adds
a fractionation step before RNA processing and miRNA RT-qPCR. This
adds several benefits as described in the main text.

tion. Since target repression (and reciprocal derepression)
is generally positively correlated with miRNA levels rela-
tive to those of target mRNAs (12,21), this problem is ex-
acerbated in pharmacology studies using healthy animals
where basal levels of miRNA targets of interest are, often
by definition, low compared to disease models. Additional
mechanisms may also dampen miRNA activity in the ab-
sence of stress (28,29).

Here, we report the development and validation of the
miRNA Polysome Shift Assay (miPSA) as a new tool for as-
sessing anti-miR drug binding to the site of action. miPSA
serves as a complementary measure to functional PD (i.e.
target gene derepression) that provides comparably greater
dynamic range with defined upper and lower boundaries
that are independent of target miRNA expression level. The
readout is specific and requires only probes against the tar-
get and a reference miRNA. The ability to robustly and re-
liably measure drug-target engagement is expected to accel-
erate the discovery process and maximize the potential for
this exciting new class of drugs.

MATERIALS AND METHODS

Animal care and treatments

All animal experiments were conducted according to the
Institutional AAALAC Guidelines. Male C57BL/6 mice
(Jackson Laboratories) were housed 4–5 animals per cage
with a 12 h light/dark cycle. Anti-miR oligonucleotides
were dissolved in 1x PBS and administered to mice by sub-
cutaneous injection at doses and frequencies described in
the results section. At time of harvest, mice were humanely
sacrificed by exposure to CO2 or isoflurane (5% v/v), and
euthanasia was confirmed by cervical dislocation. Dissected
tissues were weighed and flash frozen in liquid nitrogen.

Cell culture

mIMCD-3 cells (ATCC, CRL-2123) were cultured in
DMEM:F12 medium supplemented with 10% fetal bovine
serum in 6-well culture plates. Anti-miRs were transfected
with RNAiMax (Life Technologies) as per manufacturer’s
protocol. In preparation for miPSA, cells were incubated
with cycloheximide (100 �g/ml) added to the growth me-
dia for 15–20 min at 37◦C. After, cells were washed twice
with ice-cold PBS with cycloheximide. 500 �l chilled Cell
Lysis Buffer (20 mM HEPES, 125 mM KCl, 5 mM MgCl2,
1X HALT R© Protease inhibitor, 100 �g/ml cycloheximide,
100 U/ml RNAse Out (Life Technologies), 2 mM DTT and
0.5% NP-40) was added to each well and the plate was set
on ice for 10 min with occasional shaking to lyse the cells.
Lysates were collected and cleared with a single bench top
centrifugation step at 16 000xg for 10 min at 4◦C. Super-
natants were loaded on sucrose gradients and processed for
miPSA as described below.

Measurement of target gene expression

Tissue samples, weighing ∼30 mg, were homogenized in
Qiazol and total RNA was extracted using RNeasy R© 96-
well spin-plates as instructed by the manufacturer (Qiagen).
RNA integrity was confirmed on an Agilent 2100 Bioana-
lyzer. Random cDNA was synthesized using a High Capac-
ity cDNA Reverse Transcription kit with 50–200 ng RNA
input (Life Technologies). After reverse transcription was
complete, cDNA was diluted 1:3 with ddH2O and a 2.0 �l
volume was used as input for each 10 �l qPCR reaction
prepared with Universal TaqMan Master Mix II without
UNG (Applied Biosystems) and TaqMan primer/probesets
(IDT).
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miRNA polysome shift assay (miPSA)

Frozen tissues, weighing 100–200 mg, were placed in Lysing
Matrix D Fast-Prep Tubes (MP Biomedicals) containing
500 �l ice cold detergent-free buffer (10 mM Tris pH 7.4,
100 mM NaCl, 2.5 mM MgCl2) supplemented with 100
�g/ml cycloheximide (EMD) and EDTA-free HALT R©
protease inhibitor cocktail (ThermoFisher). Samples were
homogenized in a tissue homogenizer, shaking at 2000
oscillations/min for 60–120 s. Resulting homogenates were
cleared by centrifugation at 1000xg for 10 min at 4◦C. Su-
pernatants were then centrifuged twice at 16 000xg for 10
min at 4◦C. Resulting S16 lysates were layered on top of
5–60% sucrose gradients and spun in an XL-90 ultracen-
trifuge at 40 000 rpm for 1.5 h using a SW41 rotor (Beckman
Coulter). Gradients were fractionated into 15 or 8 equal vol-
umes by either a piston gradient fractionater (BioComp In-
struments) or STAR-series liquid handling robot (Hamil-
ton). Polysome-containing fractions were confirmed by in-
line UV (254 nm) measurements or Quant-iT R© RiboGreen
RNA reagent (Life Technologies). Polysome-containing
fractions were then analyzed using miRNA TaqMan assays
(Life Technologies) to quantify relative levels of the miR-of-
interest (MOI; i.e. the miRNA being inhibited) and a ref-
erence (REF) miRNA. Relative displacement of the MOI
normalized to the REF was then calculated between treated
and control samples using the ��CT method. Displace-
ment values are reported in log2 scale such that positive val-
ues reflect loss of miRNA from polysome fractions (i.e. dis-
placement = ��CT).

RT-interference

RT-interference was assessed using Taqman miRNA assays
(Life Technology) with input of 30–100 ng total RNA ex-
tracted with RNeasy R© 96-well spin plates from intact liver
or kidney tissue or from S16 lysates prepared as described
above. For annealing experiments, synthetic guide strand
(IDT) miR-122 or miR-21 (sequences from www.mirbase.
org (30)) were annealed with anti-miR in PBS using a ther-
mal cycler with a programmed ramp down from 85◦C to
10◦C at a rate of 0.1◦C/s. Annealed miRNA solutions were
then diluted to 200 or 20 pM in a 200 �l volume containing
2 �g pre-purified total RNA isolated from kidneys of miR-
21 null mice that was confirmed to contain neither miR-21
nor miR-122, the latter of which is not endogenously ex-
pressed in kidney (Figure 2C, E, F). Samples then under-
went a second round of RNA purification before RT-qPCR
measurements. A parallel set of reactions was prepared us-
ing 3′-Cy3 conjugated guide strands that were then run on
pre-cast 20% Novex R© TBE polyacrylamide gels (Life Tech-
nologies). Annealing ratios were estimated based on relative
top and bottom band intensities quantified using ImageJ
software (NIH).

Quantification of anti-miR

All work was carried out using high-affinity anti-miRs con-
taining constrained ethyl (cET)-chemistries and phospho-
rothioate backbones. Anti-miR concentrations in sucrose
gradient fractions were determined by hybridization with

complementary fluorescent probes detected by high perfor-
mance liquid chromatography (HPLC-FL) using an Agilent
model G13321C fluorescence detector coupled to an Agi-
lent 1260 series HPLC pump. Analysis of HPLC-FL sig-
nals was performed using MassHunter Version 7.0 (Agilent
Technologies). HPLC-FL peaks were identified by compar-
ing retention times to that of standards prepared by spiking
known concentrations of anti-miR into sucrose solutions of
matching density. Anti-miR concentrations in plasma sam-
ples were determined using a hybridization-based enzyme-
linked immunosorbent assay (ELISA) (31). Briefly, a DNA
probe containing biotin at one end and digoxigenin at the
other was hybridized with analyte in plasma matrix and
subsequently immobilized in a streptavidin-coated plate.
Unhybridized probe was cleaved using a nuclease and then
removed via a buffer wash. The digoxigenin-labeled probe
was detected using anti-digoxigenin antibody conjugated
to alkaline phosphatase, which catalyzed the formation of
fluorescent AttoPhos R© (Promega). Fluorescence intensity
was determined using a fluorescence plate reader.

RESULTS

RT-interference method poorly reflects anti-miR binding

Measurement of miRNA inhibition by RT-interference is
convenient and simple (Figure 1). To test the validity of
the method for measuring anti-miR binding stoichiom-
etry, we annealed synthetic miRNAs with complemen-
tary high-affinity anti-miRs in increasing ratios from sub-
stoichiometric to up to 100 000-fold excess of anti-miR
(Figure 2A). Annealing efficiencies were confirmed using
non-denaturing PAGE (Figure 2B and D). We performed
this process for two miRNA plus anti-miR combinations:
one using miR-122 the other with miR-21. Annealed sam-
ples were then added back to purified total RNA depleted
of endogenous miR-122 and miR-21 (see Materials and
Methods). Samples then underwent a second round of
trizol/cartridge RNA purification to account for any loss
of miRNA:anti-miR duplex into the acidic organic phase
(9).

We then evaluated whether the fraction of miRNA de-
tectable by RT-qPCR reflected the expected annealed ra-
tio. For miR-122, we found that RT-qPCR measurements
grossly underestimated the ratio of miRNA bound to anti-
miR (Figure 2B–C). Approximately 50% of miR-122 was
still detectable at a 1:1 ratio (Figure 2C), where miR-122
was fully duplexed with an anti-miR-122 (Figure 2B). Only
at an excess of 1000-fold did the miRNA signal begin to ap-
proach the level of background. These results suggest that
RT primer can effectively compete off anti-miR for binding
to miRNA. We speculate this could be related to the stem-
loop structure of the RT primer (32) and/or due to enzy-
matic activity of the reverse transcriptase (33).

Results for miR-21 (Figure 2D–F) were even more sur-
prising. While great excesses of anti-miR (A:M > 10 000)
caused negative interference (Figure 2F), lower A:M ratios
(A:M ≤ 10 000) caused an unexpected gain in signal (Fig-
ure 2E–F). This positive interference effect amplified with
additional anti-miR-21 up to A:M = 10 000, which ap-
peared to be the tipping point where the amplified signal

http://www.mirbase.org
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Figure 2. RT-interference poorly reflects ratios of anti-miR inhibited miRNA. (A) An in vitro annealing experiment was used to assess the ability of RT-
interference to distinguish between free and anti-miR bound miRNA. Synthetic miRNA guide strand was annealed with cognate anti-miR in increasing
ratios. Polyacrylamide gel electrophoresis (PAGE) was used to confirm duplex formation as ground truth for bench marking RT-interference. (B) Annealing
efficiency of miR-122:anti-miR-122 as assessed by PAGE. A Cy3 version of miR-122 guide strand was used for detection. Duplex formation at each A:M
ratio was determined by relative densitometry of lower (single-stranded) and upper (double-stranded) bands. Dashed line shows fit by least-squares linear
regression (R2 = 0.972). (C) RT-interference results using miR-122 (1e7 copies/ng RNA) and anti-miR-122 combination. Grey dashed line represents
expected loss of miR-122 for each A:M ratio shown. NTC = no template control. Data are normalized to samples without anti-miR (A:M = 0). Error bars
represent s.d. for n = 3 replicates. (D) PAGE annealing assessment of miR-21 and anti-miR-21 combination (R2 = 0.970). (E-F) RT-interference results
with (E) low miR-21 copy number (1e6 copies/ng RNA) and (F) high miR-21 (1e7 copies/ng RNA).

either decreased back toward baseline or switched to a neg-
ative effect depending on the level of miR-21 included in the
sample (Figure 2E–F). While it is unclear exactly how pos-
itive interference occurs, we hypothesize that an anti-miR-
21, and perhaps others, can act as a template for PCR am-
plification.

Regardless, these results demonstrate that, despite its
convenience, the RT-interference approach in its most basic
form is a poor measure of miRNA inhibition by anti-miR
that can produce inaccurate and unexpected results.

miRNA polysome shift assay: validation with miR-122 in
mouse liver

Our group, among others, has previously reported on the
association of miRNAs and their targets in translationally
active polyribosome complexes (polysomes) (34–37). This
association is sensitive to translational inhibitors such as

puromycin and is dependent on RNA-RNA interactions
(34,35). We tested then whether disruption of miRNA-
target binding in polysomes by anti-miR could be used as a
quantitative readout for anti-miR activity.

miR-122 was used for the initial validation, as it repre-
sents the ideal miRNA drug target: its unique expression
in hepatocytes makes it easily accessible to anti-miRs that
favorably deliver to liver, and its abundance––by far the
highest among miRNAs in liver––provides unusually strong
repressive activity (2,38,39). As a result, several robust
miR-122 target gene PD biomarkers have been validated
(2,24,39), providing a good benchmark for the miPSA.

In untreated mouse liver, miR-122 was found to be well
associated with polysomes (Figure 3A–B). Upon treatment
with an anti-miR-122 compound, the percentage of miR-
122 in polysome fractions dropped in a dose-dependent
manner from ∼44% to 1.2% after 24 h (Figure 3B–C). This
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Figure 3. Measurement of miR-122 inhibition by miPSA (A) Representative UV absorbance trace of liver lysates fractionated by ultracentrifugation
through sucrose gradients. Fractions were collected from top (light) -to- bottom (dense) and are marked by their leading edge. For 15 fraction gradients,
fractions 7-15 were identified as containing polysomes. In all plots, grey bar along x-axis marks polysome fractions. (B-E) Anti-miR-122 causes a specific
dose-dependent shift of miR-122 out of polysome fractions. (B) RNA was isolated from each fraction and RT-qPCR was used to quantify miRNA levels.
Shown are the proportions of miR-122 (open shapes) and let-7d (filled shapes) in each fraction 24 hours after treatment with anti-miR-122 or saline.
For each miRNA, data were normalized to total miRNA detected across all fractions and are expressed as percent per fraction. (C) Cumulative percent
miR-122 (black bars) or let-7d (grey bars) in polysome fractions. (D) The same data shown in (B) now showing fold-change displacement of miR-122
per fraction for each dose level of anti-miR-122 or saline. Positive displacement values are interpreted as displacement or loss of miRNA and negative
values are interpreted as enrichment or gain of miRNA, relative to let-7d reference in log2 scale. (E) Final summary plot of average loss of miR-122 from
polysome fractions for each treatment at 24 hours. ** P < 0.01, *** P < 0.001, ns = non-significant by one-way ANOVA with Tukey’s post-hoc test.
(F) (Upper graph) Quantification by HPLC-FL of anti-miR-122 (black bars) or anti-miR-21 (grey bars) in the top 5 fractions of an 8 fraction gradient.
For both anti-miRs, the bulk of the oligo remained at the top of the gradient, consistent with its low molecular weight. For anti-miR-122, no anti-miR
was detectable in polysome fractions above the limit of detection (LOD, marked by dotted line for each anti-miR). For anti-miR-21, trace amounts were
detected in polysome fractions close to the LOD. ULOQ = upper limit of quantification. Error bars represent s.d. for n = 3 biological replicates. †One
of these samples was below the LOD. (Lower table; top row) Distribution of anti-miR-21 detected in the gradient represented as percent per fraction
measured. (Lower table; bottom row) Anti-miR-21 distribution in each measured fraction estimated as a percent of total anti-miR-21 in tissue based on
Supplementary Figure S3.

effect was specific to miR-122 and did not occur with let-
7d, a miRNA with similar basal polysome occupancy as
miR-122 (Figure 3C). To improve quantification and to
standardize effect size (supplementary discussion), let-7d
was used as a reference and displacement scores, analogous
to ��CT values obtained in the familiar 2−��CT method
for relative quantification of PCR, were calculated for each
fraction (Figure 3D). Closer inspection of these normalized
data revealed that for miR-122 lost in polysome fractions, a
reciprocal gain in miR-122 was observed in light fractions.

We note, however, that recovery of miR-122 mass balance
was incomplete, likely due to RT-interference effects from
anti-miR-122 present in light fractions (Figure 3F). Impor-
tantly, little-to-no anti-miR was detected in polysome frac-
tions, thus enabling artifact-free quantification in these re-
gions of the gradient (Figure 3F). Summary statistics were
then computed for each sample by taking the mean dis-
placement across all polysome fractions (Figure 3E). Alter-
natively, a subset of polysome fractions could be sampled
to sufficiently estimate the mean, thus decreasing processing
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time. Represented this way, these data clearly showed a steep
differential in shifts between 0.1 and 1.0 mg/kg body weight
(mpk) dose levels, with less significant differences observed
between the top doses of 1.0 and 5.0 mpk (Figure 3E).

Next, we tested the effects of anti-miR-122 as a func-
tion of time by comparing miPSA and target gene dere-
pression at 1 and 7 days post treatment. At both time
points, anti-miR induced dose-responsive derepression of
miR-122 target genes Aldoa and Cd320 (Figure 4A). Simi-
lar trends were observed in displacement of miR-122 from
polysomes, but with a larger dynamic window than either of
the genes readouts––approximately 4-fold (linear) greater
maximum response at the highest dose, where both mea-
surements approached saturation (Figure 4A). Overall dis-
placement scores strongly correlated with target gene dere-
pression (Figure 4C). Additionally, both readouts similarly
showed greater response at the day 7 time point compared
to day 1 (Figure 4A). Within 8 h after injection >99.5%
of the anti-miR-122 (relative to Cmax) was cleared from
plasma and quickly taken up into hepatocytes (Figure 4B).
This suggests that while anti-miR levels in liver tissue are
established shortly after treatment, additional time is re-
quired for anti-miR to reach the active site (40,41). That
target genes and miPSA both show this delayed PD re-
sponse strongly argues against miPSA displacement being
induced by post-lysis leakage of otherwise inactive anti-miR
oligonucleotides.

To measure RT-interference, miRNA levels were mea-
sured using TaqMan miRNA expression assays with in-
put from RNA extracted directly from treated tissue (Fig-
ure 1; Materials and Methods). Unlike the linear trend ob-
served with miPSA, RT-interference exhibited a hyperbolic
relationship with target gene derepression (Figure 4D): at
low doses of anti-miR, RT-interference underestimated PD
compared to target genes; while at high doses of anti-miR,
RT-interference exaggerated PD after target gene response
already saturated. These trends closely reflected those ob-
served with annealed miRNAs in vitro (Figure 2C).

Taken together, these results demonstrate that miPSA,
but not RT-interference, can be used as a surrogate PD mea-
sure for target gene derepression, with the advantage of hav-
ing a greater dynamic window than even the most robust
target genes.

Measuring anti-miR-21 pharmacology in unstressed tissue

miR-21 is an attractive drug target, especially for kidney
disease where its role has been validated through genetic
knockout models (4,5). Under healthy conditions, however,
miR-21 seemingly rests in an inactive state with minimal
target gene repression (5,34), thus making it challenging to
study anti-miR-21 pharmacology by conventional means.

We treated animals with an anti-miR-21 compound and
observed a dose-responsive and specific shift in miR-21
from liver polysomes (Figure 5A). Notably, the maximal
shift observed at day 7 was comparable in magnitude to
that of miR-122 (Figure 4A), despite that miR-122 is more
highly expressed and has greater polysome occupancy (34).
This finding supports that miRNA polysome shift has a
common upper limit related to maximal inhibition (supple-
mentary discussion); thus making the readout both easy to

interpret and universal between different miRNAs, sample-
types, and experiments.

Despite lack of a global transcriptomic signature (5,34),
in healthy liver tissue we were able to identify several tar-
get genes (all containing 3′ UTR miR-21 seed-match sites)
that reproducibly showed weak fold-change in response
to anti-miR-21 compounds but not a control mismatched
anti-miR (Supplementary Figure S1). Summing log2 fold-
changes across these genes generated a composite score that
was dose-responsive in liver (Figure 5A). Again, miPSA
provided an enhanced dynamic window while still correlat-
ing with target gene derepression (Figure 5B). The correla-
tion, however, was lower for miR-21 (r = 0.787; Figure 5B)
than for miR-122 (r = 0.9065; Figure 4C), which may be
attributed to additional noise in miR-21’s less robust target
genes. In agreement, higher correlation coefficients were ob-
served using the miR-21 composite score compared to using
any individual gene (Figure 5B).

In kidney with low doses of anti-miR-21 (≤3 mpk),
miPSA responses were similar to liver (Figure 5C; Supple-
mentary Figure S2). However, responses began to diverge at
higher doses (>3 mpk), where kidney PD appeared to satu-
rate at a lower maximal response (Figure 5C). This suggests
that full miR-21 inhibition is more difficult to achieve in to-
tal kidney tissue than it is in liver, consistent with known
limitations in the ability of certain nephron segments to
productively uptake oligo (42). Perhaps for the same rea-
son, or due to tissue-dependent activities, measurable dere-
pression of the miR-21 target gene signature was not reli-
ably observed in unstressed kidney (data not shown). While
this prevented a direct comparison, miR-21 shift in kidney
displayed similarly delayed kinetics as to what had been
previously observed for target genes (Figures 4A and 5D).
Therefore, miPSA is capable of measuring miRNA inhibi-
tion even where target gene response is weak due to lack of
stress and/or incomplete delivery.

We again evaluated RT-interference for comparison. As
described above, in vitro annealing experiments had shown
an unexpected gain in miR-21 amplification in the pres-
ence of an anti-miR-21 (Figure 2E–F). Using intact liver
tissue treated in vivo, this same effect was not observed (Fig-
ure 5E). Rather, RT-interference worked as one might hope:
increasing dosage of anti-miR-21 negatively interfered with
miR-21 detection, and loss of miR-21 signal was found to
linearly correlate with target gene derepression (Figure 5F).
Based on measurements of anti-miR tissue levels and miR-
21 copies in liver (34,43), we estimated ∼7500-to-1 ratio
of anti-miR-21 to miR-21 at the 45 mpk dose (supplemen-
tary discussion), approaching the upper limit tested in the
in vitro annealing experiments where positive interference
began to reverse (Figure 2E–F). The same in vivo samples
were again measured for RT-interference after first being
fractionated into S16 lysates. In this manner the near ma-
jority (∼50%) of miR-21 and other miRNAs were preserved
while anti-miR that excessively resides in non-productive
compartments (40,41) was depleted by >12-fold, reducing
the estimated anti-miR:miR ratio to ∼1000 at 45 mpk dose
(Supplementary Figure S3). Under these conditions, RT-
interference no longer correlated with target gene derepres-
sion (Figure 5F). Moreover, at 5 and 15 mpk doses positive
interference was again observed similar to in vitro annealed
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Figure 4. Comparison of miPSA with other PD methods. (A) Comparison of miPSA displacement (black triangle, dashed line) and mRNA expression
changes of miR-122 target genes Aldoa (black circle, solid line) and Cd320 (grey square, solid line) at 24 hours and 7 days post-injection of an anti-miR-
122. (B) Time course of plasma concentrations of anti-miR-122 measured by hybridization ELISA following injection at 0.3 mpk (light grey triangle), 1.0
mpk (grey square), and 3.0 mpk (black circle). LLOQ = lower limit of quantification. (C) Correlation of miPSA vs Aldoa (left; Pearson r = 0.947, P <

0.0001) or Cd320 (right; Pearson r = 0.952, P <0.0001). Line represents linear regression. (D) Relationship between negative RT-interference and target
gene derepression in log2 scale. Data shown fit with non-linear hyperbolic equation (R2 = 0.882 for Aldoa; R2 = 0.907 for Cd320), which fit better than
linear regression (R2 = 0.642 for Aldoa; R2 = 0.684 for Cd320). For all plots, error bars represent s.e.m. for n ≥ 3 replicates.

samples (Figure 5E). With increasing dosage the enhance-
ment in signal returned to neutral at 45 mpk, suggesting that
the additional anti-miR present in lysates above that of the
5 mpk dose level began to tip interference back toward a
negative effect.

In all, these data indicate that under some, but not all,
conditions RT-interference can indeed correlate with func-
tional readouts of miRNA inhibition; however, this out-
come is largely driven by excess non-productive anti-miR
and is not truly reflective of anti-miR:miRNA stoichiome-
try.

Assessing intra- and inter-miRNA family cross-reactivity

Lastly, we evaluated miPSA’s potential for assessing anti-
miR specificity for target miRNAs with similar sequence.
It is assumed that anti-miRs will cross-react with miRNA
family members sharing common seed motifs, since this
region of the miRNA is the determining factor for target
specificity (44). This has been shown to be true for short
seed-targeting anti-miRs using a luciferase reporter and
pre-miRNAs co-transfected in succession (45). We tested
whether miPSA could be used to directly and simultane-
ously measure inhibition of individual native miRNA fam-
ily members.

Cultured cells were transfected with increasing doses of
an anti-miR-17, and subsequently analyzed with miPSA
using primers to detect miR-17 and its seed-sharing fam-

ily members miR-20b and miR-106a (Figure 6A) along
with additional non-related miRNAs. Consistent with
intrafamily cross-reactivity, all of the miR-17 family mem-
bers were strongly displaced from polysomes in a consistent
dose responsive manner (Figure 6B). Non-miR-17 family
miRNAs, on the other hand, were unresponsive in com-
parison, with one exception: miR-18a unexpectedly showed
strong cross-reactivity at higher doses (Figure 6B).

Upon further inspection, we found a single nucleotide
A/G difference between miR-17 and miR-18 seed se-
quences (Figure 6A). It has previously been shown that a
single point mismatch in the seed region is sufficient to dis-
rupt anti-miR binding (10). However, this particular nu-
cleotide switch would form a G:U wobble pair, a common
RNA:RNA interaction (46). Although the tolerability of
G:U wobbles in miRNA targeting is unclear (47–49), these
non-Watson Crick base pairs are frequently found to be en-
riched in RNAs that co-immunoprecipitate with the central
miRNA factor Ago (50,51). Our data suggests that permis-
siveness for at least one G:U wobble pair in the seed extends
to chemically modified anti-miRs as well.

DISCUSSION

Each class of nucleic acid drug has its own unique chal-
lenges for development. For anti-miRs, one of these chal-
lenges is measuring drug action. Unlike anti-sense and
siRNA modalities that are designed to have a large effect
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Figure 5. Measurement of miR-21 inhibition by miPSA in non-stressed tissue. (A) Comparison of miR-21 miPSA displacement (black squares) and target
gene derepression (empty circles) in liver as a function of dose 7 days post injection. Target gene derepression represents a composite score of summed
log2 fold-changes for three miR-21 seed-matched genes: Spg20, Rnf167, and Taf7. Error bars represent s.e.m. for n = 4 animals per group. (B) Correlation
between miPSA and composite target gene score in liver across two independent experiments with a total n = 90 animals. Inset shows correlations for the
individual miR-21 target genes. For each plot, Pearson correlation coefficients are shown with linear regression fits (dotted black lines). (C) Comparison
of miR-21 displacement in liver (black squares) and kidney (empty circles) from the same animals. Error bars represent s.e.m. for n = 4-5 animals per
group. (D) Time course of miR-21 displacement in kidney in dose response at day 1 (empty squares, light grey dashed line), day 4 (dark grey filled squares,
solid line), day 7 (empty circles, black solid line), and day 10 (black filled circles, solid line). Error bars represent s.e.m. for n = 7 animals per group. (E)
RT-interference measured with RNA input isolated from intact liver pieces (black bars) or S16 liver lysates (grey bars). The same data are represented on
both graphs, with y-axes shown in log (left) and linear (right) scales. Data represent linear fold-changes in miR-122 normalized to let-7d and PBS samples.
Error bars represent s.d. for n = 3 per group. (F) Correlation between target gene composite score and negative RT-interference measured from intact liver
(left; black) and S16 lysates (right; grey).

on a single mRNA that is easily measured (52,53), the best
readout to date for anti-miRs are downstream target genes,
whose response can be both weak in magnitude and difficult
to differentiate from secondary or indirect effects. Making
the situation more difficult is that miRNA-mediated regula-
tion can be context and tissue specific (5,34,51,54,55). This
creates a circular problem when assessing compound deliv-
ery and activity: target genes are required to validate deliv-
ery; yet delivery is required to validate target genes.

In an effort to escape this circular logic, RT-interference
has been utilized as a direct measure of miRNA inhibition
(12–19). We tested the basic premise of this approach using
both simple samples prepared in vitro with defined ratios of

miRNA-to-anti-miR, as well as more complex samples us-
ing tissues from animals dosed with anti-miRs. Our results
suggest that, at best, RT-interference is a qualitative mea-
sure that should be utilized with caution. Although it was
able to produce relevant results in certain scenarios, we ob-
served stark contrasts depending on the miRNA:anti-miR
and the manner in which the samples were prepared. More
often than not we found this readout to be unreliable.

Oddly, we observed a positive interference effect with
anti-miR-21. A similar effect was previously observed in
anti-miR-21 treated xenograft models (18), where a time
course initially showed strong negative interference at 7 days
post treatment, followed by positive interference on day 14.
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Figure 6. Assessment of anti-miR cross-reactivity using miPSA. (A) Alignment of mature miRNA sequences showing a common seed between miR-17
and family members miR-20b and miR-106a. Although not part of the miR-17 family, miR-18a has a near identical seed sequence apart from a single
A to G change at position 4. This base could theoretically form a G:U wobble with anti-miR-17. (B) Heat map showing displacement of miR-17 family
members and other miRNAs in response to anti-miR-17 transfected into cultured cells in dose response at 1, 3, 10, 30, and 100 nM compared to mock
(PBS). Darker shades of blue represent greater mean miRNA displacement as depicted in the key.

The authors interpreted these data as anti-miR-21 having
a short duration of action in the tumor; however, our data
suggests that it is likely that miR-21 was still fully inhibited
at day 14 but the excess anti-miR had dropped below a cer-
tain threshold. This is one example of how RT-interference
data can be misleading.

As an alternative direct measure of miRNA inhibi-
tion, we developed the miPSA. Unlike RT-interference,
miPSA provided consistent results across inhibition of three
miRNAs in two tissues as well as cell culture. Moreover,
it was especially sensitive and enabled measurement of
miRNA inhibition in unstressed tissue with partial delivery,
where target gene response was weak. Based on these re-
sults, we expect miPSA to be a powerful tool in breaking the
delivery-target gene paradox. Once delivery and miRNA
inhibition are confirmed by miPSA, target genes can be
sought to understand drug mechanism of action.

Given that miRNAs are highly conserved, miPSA is likely
to be translatable from mouse to non-human primates and
man. This makes miPSA useful for both early and late
stages of drug development, including as a potential clinical
PD biomarker. In special cases interspecies cross-reactivity
may not be desirable. For instance, with tumor xenograft
models for oncology, it may be prudent to also measure tar-
get gene derepression using human specific primer/probe
sets in order to exclude signal from mouse-derived stromal
cells.

Currently, miPSA involves significant processing time,
primarily due to the need for differential rate-zonal ul-
tracentrifugation which is conventionally performed in a
swinging-bucket rotor. These rotor types are currently engi-
neered to hold only six samples per spin. We have improved
processing time by simultaneously using multiple ultracen-

trifuges, in addition to optimizing other steps: gradient frac-
tionation is accomplished with a robotic liquid handler and
qPCR is performed in 384-well format. With the current
setup, a typical in vivo study can be processed in 3–5 days.
In vitro, minimum sample size is ∼2e5 cells in 6-well format.
Future advancements in chromatography (56) and/or mi-
crofluidics could significantly improve the throughput and
minimize the required input of this assay, thus enabling cell-
type specific analysis of miRNA engagement in heteroge-
neous tissues like kidney.

We also demonstrated miPSA to be a useful tool for
quantifying anti-miR cross-reactivity. Given the ‘rules’ for
miRNA-mediated gene regulation (20), miRNA family
members with identical seed sequences are mostly expected
to have redundant repressive activities. miRNA families
can also be concordantly dysregulated in disease (57,58).
In these cases, high cross-reactivity of an anti-miR for all
target miRNA family members is expected to have the
greatest biological effect. Future studies should address
more closely how varying properties of anti-miRs, such as
length, affect the breadth of inhibition. In addition, we
also observed cross-reactivity between anti-miR-17 and an
unrelated miR-18a, likely due to a permissive G:U seed
wobble. Global profiling of miRNAs in polysome frac-
tions could uncover additional unexpected activities of anti-
miRs.

In summary, given its many uses and advantages, we ex-
pect the miRNA Polysome Shift Assay to be an important
addition to the researcher’s toolbox for investigating the
roles of miRNAs in disease and the potential therapeutic
benefits of anti-miRs.
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