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ABSTRACT

Even though microRNAs have been viewed as promising biomarkers for years, their clinical implementation is still lagging
far behind. This is in part due to the lack of RT-qPCR technologies that can differentiate between microRNA isoforms. For
example, A-to-I editing of microRNAs through adenosine deaminase acting on RNA (ADAR) enzymes can affect their ex-
pression levels and functional roles, but editing isoform-specific assays are not commercially available. Here, we describe
RT-qPCR assays that are specific for editing isoforms, using microRNA-379 (miR-379) as a model. The assays are based on
two-tailed RT-qPCR, and we show them to be compatible both with SYBR Green and hydrolysis-based chemistries, as well
as with both qPCR and digital PCR. The assays could readily detect different miR-379 editing isoforms in various human
tissues as well as changes of editing levels in ADAR-overexpressing cell lines.We found that themiR-379 editing frequency
was higher in prostate cancer samples compared to benign prostatic hyperplasia samples. Furthermore, decreased expres-
sion of uneditedmiR-379, but not editedmiR-379, was associated with treatment resistance, metastasis, and shorter over-
all survival. Taken together, this study presents the first RT-qPCR assays that were demonstrated to distinguish A-to-I-
editedmicroRNAs, and shows that they can be useful in the identification of biomarkers that previously have beenmasked
by other isoforms.
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INTRODUCTION

Ever since their discovery in 1993 (Lee et al. 1993;
Wightman et al. 1993), microRNAs (miRNAs) have been a
topic of interest in both basic research and in various dis-
ease contexts. These small non-coding RNAs act through
binding different mRNA targets based on imperfect se-
quence complementarity, and regulate both mRNA stabil-
ity and translation (Pasquinelli 2012). Typically, onemiRNA
has hundreds of different targets in a cell, which it binds
with varying affinity. This allows miRNAs to regulate sever-
al players in the same pathway andmultiple biological pro-
cesses at once. As such, miRNAs are thought to be crucial
for the maintenance of homeostasis in a cell. It is therefore
not surprising that the deregulation of miRNAs is associat-
ed with several disease states (Fabris et al. 2016; Wendt
et al. 2018; Fasolo et al. 2019; van den Berg et al. 2020),
which has sparked interest in their suitability both as ther-
apeutic targets or agents and as biomarkers. The use of
miRNAs as biomarkers is supported by their remarkable

stability in biological fluids (Mitchell et al. 2008) and
even in harshly treated specimens such as formalin-fixed
tissues for several years (Hui et al. 2009). However, even
though there are thousands of studies describing the asso-
ciation between the expression of certainmiRNAs and clin-
ical parameters, there are currently no FDA-approved
miRNA biomarkers, and only a few that are ready to be
used in clinical practice (Bonneau et al. 2019).

One reason for this discrepancy is the ongoing discussion
on how to best normalize miRNA data, which makes it diffi-
cult to find consistent results across studies. Choosing inap-
propriate normalization methods can produce artefacts
showing a seemingly strong deregulation that is in fact
due to poor normalization (Witwer and Halushka 2016).

Another possible reason for poor translatability of
miRNA biomarkers is the fact that miRNAs do not exist in
only one static form, but actually occur in multiple different
isoforms, which can differ in stability and carry out distinct
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functions in the cell. These different isoforms are produced
by post-transcriptional modifications such as addition or
removal of terminal nucleotides (isomiRs) and A-to-I edit-
ing of internal bases (Ameres and Zamore 2013).
A-to-I editing is the deamination of adenosine nucleo-

tides to form inosine, carried out by adenosine deaminase
acting on RNA (ADAR) enzymes. ADARs can target virtually
any double-stranded RNA, including primary miRNAs (pri-
miRNAs). As inosine preferentially base-pairswith cytosine,
A-to-I editing can alter the secondary structure of pri-
miRNAs, leading to an inhibition of processing andmatura-
tion, which ultimately affects expression levels. If the seed
sequence is altered, this can also cause the miRNA to
bind a different set of mRNA targets (Kawahara et al.
2007; Shoshan et al. 2015; Nishikura 2016; Velazquez-
Torres et al. 2018; Xu et al. 2019; van der Kwast et al. 2020).
Currently, the only technology to distinguish these

miRNA editing isoforms is RNA sequencing, which is time‐
consuming, expensive, and requires high input to detect
miRNAs with low expression. Additionally, library prepara-
tion can introducebias,making it difficult to quantify relative
abundance of miRNAs accurately (Witwer and Halushka
2016).
In contrast, commonly used quantitative PCR (qPCR)

methods are not specific enough to distinguish individual
nucleotide differences (Androvic et al. 2017). Therefore, if
only one isoform is biologically relevant in certain contexts,
but other isoforms of the samemiRNA are detected as well,
this could mask the deregulation of the clinically relevant
miRNA.
For example, recent publications have demonstrated that

the ratio of isomiRs differs between cell activation states
(Nejad et al. 2018b; Pillman et al. 2019), and that conven-
tional qPCRmethods are often biased andmay skew the re-
sults (Wu et al. 2007; Schamberger andOrbán 2014;Magee
et al. 2017; Nejad et al. 2018b). They have also shown that
polyadenylation-dependent RT-qPCR protocols can poten-
tially be adaptable for accurate isomiR quantification (Nejad
et al. 2018a). Another method that has made progress to-
ward the accurate quantification of terminal isoforms is
Dumbbell-PCR (Honda and Kirino 2015). Yet, these meth-
ods do not address internal A-to-I editing. A-to-I editing-
sensitive qPCR protocols have been published for mRNAs
(Chen et al. 2008), but they cannot be directly transferred
for miRNAs, which are much shorter. For A-to-I-edited
miRNAs, no commercial assays are available, and novalidat-
ed methods have been published. Studies have attempted
to quantify edited and unedited mature miRNAs with cus-
tom-ordered TaqMan assays (van der Kwast et al. 2018,
2020).However, theyonly tested theamplificationefficiency
of the assays using serial dilutionsof abiological sample, but
provided no data regarding the cross-detection between
editing isoforms. No validation using synthetic oligonucleo-
tides to investigate amplification of each isoform on its own
was carried out.

Hence, there is adireneed foranextensively validatedRT-
qPCR setup that can be proven to reliably distinguish A-to-I-
edited miRNA isoforms. If qPCR methods can be adapted
and evaluated accordingly, this could potentially improve
existing miRNA biomarkers, or reveal undiscovered candi-
dates that depend on the editing status of the miRNA.
A disease that could benefit from refined biomarkers is

prostate cancer (PC), which is often curable if detected ear-
ly. However, more aggressive forms do exist with a rapid
progression to metastatic disease, leaving no curative
treatment options and ultimately resulting in the patient’s
death. Finding biomarkers that early on can predict which
patients are likely to develop aggressive disease and will
require harsh treatment is therefore highly desirable in PC.
We have previously found that PC bone metastasis may

be promoted by down-regulation of microRNA-379 (miR-
379; T Catela Ivkovic, H Cornella, G Voss, et al., unpubl.),
a miRNA that is known to be edited by ADAR2 at nucleo-
tide5ofmaturemiR-379-5p (Kawahara et al. 2008). Thepo-
sition of the edited nucleotide close to the Drosha
processing site and in the seed sequence leads to both a
decrease in processing efficiency (Kawahara et al. 2008)
and binding of a different set of mRNA targets (Xu et al.
2019). The latter suggests that miR-379 editing isoforms
may have distinct biological functions, but for lack of suit-
able assays, it has not been possible to pinpoint whether
the anti-metastatic effect of miR-379 in PC is isoform-spe-
cific. We therefore chose miR-379 as a model to develop
amethod for the quantification of A-to-I-editedmiRNA iso-
forms based on the recently described highly specific two-
tailed RT-qPCR assays (Androvic et al. 2017). The principle
of two-tailed RT-qPCR relies on using two short hemi-
probes that bind cooperatively to prime reverse transcrip-
tion (RT) rather than one longer RT primer. This greatly
increases the specificity, as a single nucleotide mismatch
will affect a short hemiprobe more than a long primer.
The assays developed by us were highly specific for indi-

vidual editing isoforms of miR-379. Using a PC cohort, we
found that the miR-379 editing frequency was higher in
cancer samples compared to benign samples, and that
low expression of the unedited miR-379 isoform was asso-
ciated with metastasis, treatment resistance and shorter
overall survival. This demonstrates that isoform-specific
analysis of miRNA expression may reveal more clinical in-
formation than has been possible with previously available
qPCR assays.

RESULTS AND DISCUSSION

Sensitive and isoform-specific detection of A-to-I-
edited miRNAs with two-tailed RT-qPCR

To test commercially available qPCR reagents for miR-379,
we used TaqMan Advanced microRNA assays for miR-379
on dilutions of unedited and edited miR-379 molecules.
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We expected that they would either be specific for uned-
ited miR-379 or recognize both isoforms indiscriminately
of editing status. Instead, the assays detected both iso-
forms, but at vastly different PCR efficiencies (109% for un-
edited miR-379, 73% for edited miR-379), creating a
different preference for one or the other isoform depend-
ing on the concentration (Fig. 1). This makes this assay nei-
ther suitable for distinguishing editing isoforms, nor to
quantify total miR-379 reliably. In addition, the tested as-
say required an input of 105 molecules of miR-379 to
detect the miRNA.

In order to achieve editing isoform-specific RT and
qPCR, we designed two-tailed RT primers as previously
described (Androvic et al. 2017), placing the 5′ hemiprobe
so that it would cover the editing site (Fig. 2A). We tested
different primer design parameters to get optimal specific-
ity and sensitivity, trying different combinations of hemip-
robe length and hemiprobe placement in relation to the
edited nucleotide (Supplemental Table 1). A length of 5
nt was optimal for the 3′ hemiprobe (4 nt could not effi-
ciently prime RT; 6 nt primed RT even of the non-target iso-
form, resulting in lower specificity). We found that the
position of the edited nucleotide in the 5′ hemiprobe did
not affect the specificity much, and ultimately we selected
the probe with the highest sensitivity.

RT of dilutions of miR-379 RNA oligonucleotides with
the two-tailed primers and subsequent SYBR Green
qPCR showed that the designed probes could reliably
detect their target isoforms over a large dynamic range
with linearity between 100 and 1010 molecules per reac-
tion (Fig. 2B) and PCR efficiencies of 85%–90%. Our RT-
qPCR setting was 1000-fold more sensitive than the com-
mercially available assay. Furthermore, the assays were
very specific for their respective target isoform of miR-
379 with relative detection of edited miR-379 by the uned-
ited primers below 1%, and relative detection of unedited
miR-379 by the edited primers below 0.1% (Fig. 2B). To
mimic a more complex mixture of RNA molecules, the
same experiments were performed with the miR-379 mol-
ecules being diluted in yeast RNA, showing largely the
same result (Supplemental Fig. 1A). We also tested wheth-
er the two-tailed probes would specifically amplify only
their respective target isoform in a mixture of miR-379 iso-
forms. The Ct value was only affected in mixtures contain-
ing 1000-fold more non-target miR-379 than target miR-
379, indicating amplification of the non-target miRNA in
these samples (Supplemental Fig. 1B). In all other mix-
tures, the Ct value remained unaffected independently of
the amount of non-target miR-379 as long as target miR-
379 levels remained the same.

In other contexts, it may be desirable to quantify all iso-
forms of a miRNA, independently of the editing status.
For this purpose, we designed a pan-miR-379 RT primer
with the 5′ hemiprobe shifted to bind outside of the editing
site (Fig. 2C). As the reverse primers in the qPCR are de-
signed to bind the RT-extended part of the RT primer,
that is, the part that is complementary to the miRNA
(Androvic et al. 2017), the reverse primers inevitably have
slightly different affinities to different isoforms. We found
a 60/40 mixture of edited-specific and unedited-specific
reverse qPCR primers to be optimal to amplify both miR-
379 isoforms equally well without bias toward one or the
other isoform (Fig. 2D; Supplemental Fig. 2A). The ratio
of detection of the two isoforms was close to 1.0 across
all testedmiR-379 concentrations, and the PCR efficiencies
were 95%–100% for both isoforms, implying that amplifica-
tion of miR-379 with the pan-miR-379 primers is truly inde-
pendent of editing status. This was further confirmed by
using miR-379 mixtures containing different ratios of the
two isoforms (Supplemental Fig. 2B). The assay for pan-
miR-379 amplified all different mixtures with the same Ct

value, indicating isoform-blind recognition.
Finally, we wanted to ensure that in order to be able to

quantify miR-379 isoforms correctly in biological samples,
other closely related members of the miR-379 family (Seitz
et al. 2004) would not be amplified and skew the results.
The miR-379-specific RT-qPCR primers did not efficiently
reverse transcribe or amplify any of the miR-379 family
members, with relative detection of miR-380 below
0.001%, and no detection of miR-411 or miR-758 (Fig. 2E).

A

B

FIGURE 1. Detection of miR-379 editing isoforms with commercial
TaqMan assays. (A) Ct values for different dilutions of unedited (red cir-
cles) and edited (blue squares) miR-379 RNA oligonucleotides quan-
tified with TaqMan AdvancedmicroRNA assays. PCR efficiencies were
calculated based on the slope. Standard deviations were too small to
be plotted as error bars. (B) Relative detection of editedmiR-379 com-
pared to an equal number of uneditedmiR-379molecules as calculat-
ed from the difference in Ct cycles in A.
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Adaptation for hydrolysis probe-based qPCR
and digital PCR

While SYBR Green-based two-tailed RT-qPCR is cost-effi-
cient, there are applications for which one may want to uti-

lize hydrolysis probes and/or digital PCR (dPCR). The
distance between the forward and reverse qPCR primers
allows for a 24 nt-long hydrolysis probe to be fit with a suf-
ficiently high melting temperature and a 1–2 nt gap in be-
tween the primer and the hydrolysis probe to enable

A

C D E

B

FIGURE 2. Two-tailed RT-qPCR assays for unedited, edited, or pan-miR-379. (A) Principle of RT primer design for editing-sensitive miR-379 as-
says. The 5′ hemiprobe is designed to only bind one of the two editing isoforms. Reverse transcription is only primed when both hemiprobes can
bind with high affinity. (B) Ct values for different dilutions of unedited (red circles) and edited (blue squares) miR-379 RNA oligonucleotides quan-
tified by the two-tailed RT-qPCR assays specific for uneditedmiR-379 (top) and edited miR-379 (bottom). Plots are representative of at least three
independent experiments. Error bars denote the standard deviation of technical replicates; for points without error bars, the standard deviation
was too small to be plotted. PCR efficiencies were calculated based on the slope. The average relative detection rate of non-target miR-379 was
calculated based on the Ct difference to target miR-379. (C ) RT primer design for the pan-miR-379 assay. The 5′ hemiprobe binds a part of the
miRNA that is not subject to editing. (D) Ct values for different dilutions of unedited (red circles) and edited (blue squares) miR-379 RNA oligo-
nucleotides quantified by the pan-miR-379 RT-qPCR assay. The plot is representative of at least three independent experiments. Error bars
denote the standard deviation of technical replicates; for points without error bars, the standard deviation was too small to be plotted. PCR ef-
ficiencies were calculated based on the slope. (E) Ct values for 10

6 molecules of different miR-379 family members by the three two-tailed RT-
qPCR assays. The plot is representative of two independent experiments. Error bars denote the standard deviation of technical replicates.
Numbers above the bars indicate the relative detection of each miRNA compared to the detection of the assay’s target (100%). The dotted
line marks the maximum number of Ct cycles (45 cycles). Any samples that did not show amplification at a Ct lower than this are considered un-
detectable. (n.d.) Not detected.
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efficient extension and qPCR. As the hydrolysis probe tar-
gets part of the 3′ hemiprobe and the stem–loop sequence
of the original RT primer, that is, a sequence that is the
same for both the unedited and the edited miR-379 assay,
the same hydrolysis probe was used for both isoforms.
Two-tailed RT-qPCR using hydrolysis probes worked well
for both RT primers, with sensitivity down to 1000 mole-
cules (Fig. 3A). However, the relative detection of the
non-target miR-379 was higher than with SYBR Green,
with 2% detection of edited miR-379 in the unedited
miR-379-specific setting, and 0.5% detection of unedited
miR-379 in the edited miR-379-specific setting. The slight
decrease in both sensitivity and specificity of hydrolysis-
based qPCR can potentially be outweighed by the possi-
bility to multiplex using several fluorophores in parallel
for specific applications.

Unlike qPCR, dPCR separates the PCR reaction mixture
into thousands of smaller compartments, either using drop-
lets in an emulsion, or wells on a chip. This is done at a dilu-
tion that ensures that each partition will either contain one
single cDNAmoleculeor remainempty.AfterPCR, thenum-
ber of positive partitions is determined (either using SYBR
Green, or more commonly hydrolysis probes) and based
on this, the number of cDNA molecules in the original mix-
ture is calculated, yielding an absolute number ofmolecules

without the need for a standard curve (Quan et al. 2018).
Applying the two-tailed RT-qPCR method to chip-based
dPCR showed a dynamic range up to 107 molecules
(Supplemental Fig. 3), and satisfactory linearity with PCR ef-
ficiencies around 95%–110% (Fig. 3B,C; Supplemental Fig.
3). Once again, relative detection of the non-target miR-379
was higher than previously, with 10%–20% detection of ed-
ited miR-379 with unedited miR-379-specific primers, and
3%–15% detection of unedited miR-379 with edited miR-
379-specific primers (Fig. 3B). While SYBR Green was supe-
rior to hydrolysis probes in a qPCR setting, for dPCR, SYBR
Green led to a further loss of specificity with 15%–25% rela-
tive detection of edited miR-379 by unedited miR-379-spe-
cific dPCR and 7%–20% relative detection of unedited miR-
379 by editedmiR-379-specific dPCR (Fig. 3C). Importantly,
both specificity and sensitivity of the editing-specific two-
tailed assays even in the suboptimal dPCR setting were still
superior to currently available commercial assays (Fig. 1).

Quantification of miR-379 editing frequency
in human cells and tissues

We proceeded to test the applicability of editing-specific
two-tailed RT-qPCR to quantify miR-379 editing in various

A B C

FIGURE 3. (A) Ct values for different dilutions of unedited (red circles) and edited (blue squares) miR-379 RNA oligonucleotides using hydrolysis
probe-based qPCR for unedited (top) and edited (bottom) miR-379. Plots are representative of three independent experiments. Error bars denote
the standard deviation of technical replicates; for points without error bars, the standard deviation was too small to be plotted. PCR efficiencies
were calculated based on the slope. The average relative detection rate of non-targetmiR-379was calculated based on the Ct difference to target
miR-379. (B,C ) Different dilutions of unedited (red circles) and edited (blue squares) miR-379 RNA oligonucleotides quantified by hydrolysis
probe-based dPCR (B) and (C ) SYBR Green-based dPCR for unedited (top) and edited (bottom) miR-379. Plots are representative of two inde-
pendent experiments. Error bars denote the standard deviation of technical replicates; for points without error bars, the standard deviation
was too small to be plotted. The dotted line marks the background, that is, the estimated “copy number” for negative control samples.
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contexts. For this, we used SYBR Green-based qPCR, as it
was the method with the highest specificity and sensitivity.
To show that our RT-qPCR can detect an increase ofmiR-

379 editing in relevant in vitro models, we stably overex-
pressed different ADAR proteins (ADAR1 p110, ADAR1
p150, ADAR2) or their catalytically inactive mutants in
the prostate cancer cell line PC3. ADAR overexpression
was confirmed by qPCR for ADAR (coding for ADAR1)
and ADARB1 (coding for ADAR2) mRNA levels and by
western blotting for ADAR proteins (Fig. 4A,B). We isolat-
ed RNA from the cells and quantified unedited and edited
miR-379. In cells expressing either eGFP, empty vector or
mutant ADAR, editing levels of mature miR-379 were very
low (Fig. 4C). Upon overexpression of wild-type (WT)
ADAR2, but not the mutant, there was a strong increase
inmiR-379 editing up to∼40% (Fig. 4C). To amuch smaller
extent (<10%), ADAR1 p110 and ADAR p150 were also ca-
pable of editing miR-379. We also performed total cDNA
synthesis and Sanger sequencing of pri-miR-379, and
could confirm widespread editing of pri-miR-379 upon
ADAR2 WT overexpression, and some editing upon
ADAR1 WT overexpression (Fig. 4D), supporting the find-
ings for mature miR-379 editing.
Our findings in the ADAR-overexpressing prostate can-

cer cells confirm the notion that ADAR2 is the main base
editor of pri-miR-379 (Kawahara et al. 2008), but also

show that ADAR1 may be able to edit pri-miR-379 as
well, albeit to a much smaller extent. The findings demon-
strate that editing-specific two-tailed qPCR can reliably
detect changes in miR-379 editing frequency.
We then tested the performance of the editing-specific

RT-qPCR method on a panel of tissue RNA samples, both
to demonstrate usability of the method for a broad range
of tissues, and to assess the miR-379 expression levels
and editing frequencies in different human tissues. All
three assays (unedited miR-379, edited miR-379 and
pan-miR-379) gave Ct values within the linear range of
the standard curve for all tissues. Levels of miR-379 expres-
sion were highest in brain tissues and the adrenal gland
(Fig. 5A; Supplemental Fig. 4A), which is in line with previ-
ous publications reporting high expression for themiR-379
cluster in the brain (Labialle et al. 2014). There was a strong
correlation between levels of total miR-379 based on pan-
miR-379 RT-qPCR and on the sum of unedited and edited
miR-379 (Fig. 5B), indicating that the pan-miR-379 assay
reliably detects both isoforms.
Editing frequencies for tissues ranged between 0.24%–

11.2%, except for skin with a frequency of 0.05%. Based on
the relative detection rates of the assays (Fig. 2B), any ed-
iting frequencies between 0.08%–99.6% should be cor-
rectly quantified by the assays. The detection of edited
miR-379 is therefore likely not due to unspecific

A

C D

B

FIGURE 4. Editing of miR-379 in ADAR-overexpressing PC3 cells. (A) ADAR and ADARB1mRNA expression levels in PC3 cells transduced with
ADAR overexpression or control vectors. Relative expression values were calculated using the geometric mean of GUSB and PGK1 mRNAs for
normalization. (B) Western blot showing ADAR1 and ADAR2 protein expression in PC3 cells transduced with ADAR overexpression or control
vectors. GAPDH is the loading control. (C ) miR-379 editing frequency in PC3 cells transduced with ADAR overexpression or control vectors.
Editing frequencies were calculated based on the absolute number of edited miR-379 molecules divided by the sum of unedited and edited
miR-379 molecules. Absolute numbers were derived from standard curves of serially diluted RNA oligonucleotides. (D) Editing frequencies of
pri-miR-379 in PC3 cells transduced with ADAR overexpression or control vectors, as determined by RT-PCR and Sanger sequencing.
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amplification of unedited miR-379 present in the sample,
with the exception of the skin sample, in which edited
miR-379 may not be present. The editing frequency of ma-
ture miR-379 was between 4%–12% for brain tissues (pre-
viously estimated at 15% [Kawahara et al. 2008]), around
2% for the thyroid, and around 1% or lower for all other tis-
sues (Supplemental Fig. 4B).

Sanger sequencing of reverse-transcribed pri-miR-379
indicated higher editing frequencies across tissues (Fig.
5C), which is expected, as pri-miR-379 editing is reported
to inhibit miR-379 maturation (Kawahara et al. 2008).
Despite the discrepancy in magnitude, there was a statisti-
cally significant correlation between pri-miR-379 and ma-
ture miR-379 editing frequencies (Fig. 5D).

We also compared our estimates of mature miR-379 ed-
iting in tissues with published analyses of small RNA se-
quencing data (Skalsky and Cullen 2011; Alon et al.
2012; Warnefors et al. 2014; Pinto et al. 2017), and found
that the editing frequencies in our study matched the pub-
lished data well (Supplemental Fig. 5). Editing of miR-379
had been previously estimated at 4%–10% in the brain
(Skalsky and Cullen 2011; Alon et al. 2012; Warnefors
et al. 2014), and ranging from <1% to 3% for non-brain tis-

sues (Warnefors et al. 2014; Pinto et al. 2017). This sup-
ports the notion that the miR-379 editing frequencies
estimated by editing-sensitive two-tailed RT-qPCR cor-
rectly reflect the true editing frequencies in human tissues.

The fact that editing frequencies of both pri-miR-379
and mature miR-379 were highest in the brain is in line
both with previous studies (Warnefors et al. 2014) and
with reports that ADAR2 protein is mainly expressed in
the brain (Melcher et al. 1996; Seitz et al. 2004). Despite
this, we did not find a strong correlation between miR-
379 editing frequencies and levels of ADAR or ADARB1
mRNAs (Supplemental Figs. 6 and 7). This supports reports
that ADAR transcript levels do not always reflect editing ac-
tivity (Wahlstedt et al. 2009).

Quantification of miR-379 editing isoforms
in a prostate cancer cohort

Finally, we assessed the clinical utility of our newly devel-
oped assays. We selected a clinical cohort of transurethral
resections of the prostate to studymiR-379 isoform regula-
tion in PC. The cohort contained 23 tissue samples from

A B

C D

FIGURE 5. Expression and editing levels of miR-379 in a range of human tissues. (A) Number of molecules of unedited (red) and edited (blue)
miR-379 in human tissues as determined by editing-specific two-tailed RT-qPCR. Absolute numbers were derived from standard curves of serially
diluted RNA oligonucleotides, and normalized using the geometric mean of RNU24, RNU44, RNU48, and RNU66. (B) Correlation between the
sum of unedited and edited miR-379 molecules and pan-miR-379 molecules. Absolute numbers were derived from standard curves of serially
diluted RNA oligonucleotides. The P-value was calculated by linear regression and Pearson correlation. (C ) Editing frequencies of pri-miR-379
in a range of human tissues as determined by RT-PCR and Sanger sequencing. From gall bladder cDNA, pri-miR-379 could not be successfully
PCR-amplified. (n.d.) Not detected. (D) Correlation between editing frequencies of mature miR-379 and pri-miR-379 in human tissues. Variables
were log-transformed to enable meaningful linear regression and Pearson correlation.
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patients with benign prostatic hyperplasia (BPH), and 47
samples from patients with PC.
We were able to detect both unedited and edited miR-

379 in all samples (Supplemental Fig. 8A), and the sum of
the two isoforms correlated very well with the pan-miR-
379 levels (Supplemental Fig. 9). Editing frequencies
were in the range of 0.77%–52%, which is well within the
previously defined reliable range of 0.08%–99.6%. There
were no significant differences in relative expression com-
paring BPH to PC samples with any of the three assays
alone (Supplemental Fig. 8A). However, the editing fre-
quency of miR-379 was significantly higher in PC samples
than BPH samples (Fig. 6A). This indicates that quantifying
both editing isoforms separately can reveal clinical infor-
mation that cannot be detected by any single assay.
We then focused on the PC patients and compared the

association of the expression of different miR-379 isoforms

with certain clinical and pathological parameters. No clear
expression differences of any miR-379 isoform were ob-
served regarding tumor stage or histological grade
(Supplemental Fig. 8B,C). However, relative expression
of unedited miR-379 was significantly lower in patients
that already had or later developed metastases, whereas
there were no statistically significant differences for edited
miR-379 or pan-miR-379 (Fig. 6B). This indicates that the
predictive value of miR-379 only becomes apparent
when performing isoform-specific quantification, and that
edited miR-379 can be a confounding factor that masks
deregulation when performing isoform-blind measure-
ments. It is likely that other isoform-specific miRNA dereg-
ulation events with clinical potential have gone unnoticed
due to the lack of suitable qPCR assays.
Furthermore, patients with castration-resistant disease

following hormone deprivation treatment had significantly

A

C

B

D

FIGURE6. Deregulation ofmiR-379 editing and specificmiR-379 isoforms in a prostate cancer cohort. (A) Editing frequency ofmiR-379 in 23 BPH
and 47 PC patients. Editing frequencies were calculated based on the absolute number of edited miR-379 molecules divided by the sum of un-
edited and edited miR-379 molecules. Absolute numbers were derived from standard curves of serially diluted RNA oligonucleotides. Box plot
marks the median and upper and lower quartiles, whiskers denote the range of values. Exact P-value was calculated using Mann‐Whitney U-test.
(B) Comparison of relative expression of unedited miR-379 (left), edited miR-379 (middle), and pan-miR-379 (right) in PC patients that developed
metastasis (n=25) and those that did not get metastases or in whichmetastasis was not suspected and therefore not assessed (n=17). Expression
was normalized to the geometric mean of U47, RNU48, and RNU66. Individual values and the median are shown. Exact P-values were calculated
usingMann‐Whitney U-tests. (n.s.) Not significant. (C ) Comparison of relative expression of uneditedmiR-379 (left), editedmiR-379 (middle), and
pan-miR-379 (right) in hormone-naïve PC patients (n=21), those that were currently undergoing hormone treatment (n=5), and those with cas-
tration-resistant PC (n=14). Expression was normalized to the geometric mean of U47, RNU48, and RNU66. Individual values and themedian are
shown. Exact P-values were calculated using Mann‐Whitney U-tests. (n.s.) Not significant. (D) Survival analysis of patients with high or low relative
expression of uneditedmiR-379. Patients were sorted by uneditedmiR-379 expression and divided into two groups at the median (n=23 in each
group). The P-value was calculated using log-rank test.
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lower expression of unedited miR-379 and pan-miR-379,
but not edited miR-379 (Fig. 6C). We also performed sur-
vival analysis and found that patients with low levels of un-
edited miR-379 had significantly shorter overall survival
than patients with high levels (Fig. 6D). The same was ob-
served for pan-miR-379, but not edited miR-379
(Supplemental Fig. 8D). Unlike the comparison between
BPH and PC, none of the comparisons within the PC pa-
tient group showed significant differences in miR-379 ed-
iting frequency (Supplemental Fig. 10).

The fact that only unedited miR-379 was deregulated
upon PC progression could suggest a potential role for
this isoform in the suppression of castration resistance
and metastasis, whereas edited miR-379 may not have
the same role. A recent publication proposed opposite
roles for unedited and edited miR-379 in multiple cancers
(Xu et al. 2019). This study found unedited miR-379 to
have a tumor-promoting role, whereas edited miR-379 in-
hibited cancer cell proliferation. However, the authors did
not show any in vitro nor in vivo studies on PC cell lines,
so that the role ofmiR-379 and its isoformsmaybedifferent
in PC. This possibility is supportedbya large-scale bioinfor-
matic analysis of the TCGAdata set, which found that while
miR-379 editing was reduced in most tumors compared to
normal tissues, it was increased in prostate tumors com-
pared to normal tissue (Pinto et al. 2017). Thismatches find-
ings in other publications that expression of ADARB1
mRNA is up-regulated in PC, but down-regulated in
many other cancer types (Paz-Yaacov et al. 2015). These
in silico studies support our findings of increased miR-379
editing in PC compared to BPH.

A limitation of our study lies in the rather small size of the
analyzed patient cohort, so it will be important to confirm
our findings on similar cohorts in future studies. If it does
hold true that unedited miR-379 is the only isoform associ-
ated with PC progression, and there is no evidence for a
direct role of edited miR-379, the increase in miR-379 ed-
iting frequency in PC compared to BPH could serve as a
mechanism to down-regulate unedited miR-379 expres-
sion. Editing of pri-miR-379 inhibits the maturation of
miR-379 (Kawahara et al. 2008), which is supported by
the finding that miR-379 editing frequency was negatively
correlated with total miR-379 expression in the analyzed
patient cohort (Supplemental Fig. 11).

Of course, the discussed potential functional roles of the
two miR-379 isoforms are mostly speculative at this point,
and would need to be confirmed mechanistically in future
studies. It is also possible that, rather than a driver event in
tumor progression itself, the increased miR-379 editing
frequency in PC is merely a consequence of increased
ADAR2 activity. This does however not limit its potential
use as a biomarker. Even if there is no functional role for
miR-379 editing in PC, as long as ADAR2 activity is linked
to relevant clinical parameters (Shaikhibrahim et al. 2013;
Paz-Yaacov et al. 2015), a panel of editing-sensitive

miRNA biomarkers such asmiR-379 can be an easily acces-
sible proxy for editing activity in the tumor. Using miRNA
biomarkers as an indicator of editing activity can also be in-
teresting for other diseases in which A-to-I editing has
been shown to play a role, such as glioma (Maas et al.
2001), diabetes (Gan et al. 2006), amyotrophic lateral scle-
rosis (Hideyama et al. 2012), and chronic viral infections
(Bass et al. 1989; Weiden et al. 2014).

The principle of selecting one hemiprobe to either cover
the edited nucleotide (for editing-specific assays) or a non-
editablepart of themiRNA (for pan-miRNAanalysis) should
be applicable to all miRNAs, and thereby to virtually any
disease in whichmiRNA biomarkers have clinical potential.
If the edited nucleotide is in the very middle of the miRNA
sequence, theremaybe less room to find an optimal place-
ment of the probe. However, given an average miRNA
length of ∼22 nt and the fact that only ∼11 nt are covered
by the hemiprobes, one should be able to place one hemi-
probe over the edited nucleotide and the other in a cons-
tant region, still leaving a gap for primer extension to
occur in the RT reaction. In addition, miRNA editing events
aremost common in nt 2–7of themiRNA (Pinto et al. 2017).
From a biological perspective, these edits in the seed se-
quence are also the most likely to have a strong effect on
miRNA function by selecting a different target pool. Most
biologically relevant miRNA editing events are therefore
likely to be found in the 5′ part of the miRNA which we
have shown to be easily targeted by our technology. The
only real limitation lies in the fact that it may be a challenge
to design pan-miRNA assays for miRNAs with more than
one editing site, especially if these editing sites occur
spread out over the entire length of the microRNA.

In conclusion, we here describe the first validated qPCR
technology that is able to distinguish A-to-I editing iso-
forms of an individual miRNA. The versatility of the de-
scribed assays lies not only in their compatibility with
different chemistries, but also in the ease with which the
primers can be adapted to different sequences. Overall,
we believe that the development of A-to-I editing-specific
RT-qPCR miRNA assays will serve as a useful tool for basic
and translational research of miRNA function, and help
develop better miRNA biomarkers for a range of diseases.

MATERIALS AND METHODS

RNA and DNA oligonucleotides

RNA oligonucleotides of uneditedmiR-379, editedmiR-379, miR-
380, unedited miR-411, edited miR-411, and miR-758 were pur-
chased from Integrated DNA Technologies, dissolved in IDTE
buffer, pH 7.5 (Integrated DNA Technologies), and then diluted
in 10-fold dilution series for RT-qPCR. For experiments with yeast
RNA background, 100 ng total yeast RNA (#AM7118, Invitrogen,
Thermo Scientific) was added during RT sample preparation.
DNA oligonucleotides were purchased from Invitrogen. Two-
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tailed RT primers were designed based on a hairpin sequence
published by Androvic et al. (2017) with hemiprobes designed
to bind unedited or edited miR-379, and primer arms optimized
to prevent the formation of unwanted secondary structures.
Secondary structures of RT primers as well as secondary structures
and dimers for qPCR primers were calculated using the
OligoAnalyzer tool (Integrated DNA Technologies). ZEN/Iowa
Black FQ double-quenched FAM-coupled miR-379 hydrolysis
probe was designed using the PrimerQuest tool (Integrated
DNA Technologies) and purchased from Integrated DNA
Technologies. Primers for pri-miR-379 RT-PCR were based on
those published by Kawahara et al. (2008), and primers for cloning
were designed using the NEBuilder tool (New England Biolabs).
All RNA and DNA oligonucleotide sequences are listed in
Supplemental Tables 2 and 3.

Tissue and patient cohorts

The isolation of RNA from 26 human tissues was described previ-
ously (Lundwall et al. 2002). All tissues used in this study were ob-
tained from patients undergoing surgery for neoplastic disease,
or from autopsies.

Samples were collected from patients with voiding problems
undergoing transurethral resection of the prostate (TURP) at
Malmö University Hospital in 1990–1999. Small RNA isolation
from formalin-fixed paraffin-embedded tissue sections with the
mirVana miRNA Isolation Kit (Ambion) using a modified proce-
dure was previously described (Hagman et al. 2010). In this study,
23 patients with BPH and 47 patients with PC were included. The
clinical characteristics of the cohort are summarized in
Supplemental Table 4.

Ethical approval for the patient cohort was obtained from the
Regional Ethical Review Board in Lund, and we adhered to the
Helsinki declaration for all work with human tissues.

Two-tailed RT-qPCR

For two-tailed RT-qPCR of miR-379, samples were reverse tran-
scribed with the qScript Flex Kit (#95049-100, Quantabio) using
2 µL 5× reaction mix, 1 µL GSP enhancer, 0.05 µM two-tailed
RT primer, and 0.5 µL reverse transcriptase in a total volume of
10 µL. RT was performed at 25°C for 1 h, stopped at 85°C for 5
min, and samples held at 4°C. RT products were used for qPCR
or dPCR immediately. The input for RT was 2 µg RNA for cell
line samples, 1 µg RNA for the human tissue panel, and 25 ng
for patient samples.

The qPCR was performed with PowerUp SYBR Green Master
Mix (#A25742, Thermo Scientific) using 400 nM forward and re-
verse primers (Supplemental Table 3). The RT product constituted
up to 1/10th of the total qPCR reaction volume. Samples were as-
sayed in triplicates using the QuantStudio 7 Flex qPCR machine
(Applied Biosystems). The qPCR program consisted of 30 sec ini-
tial denaturation at 95°C, followed by 45 cycles of 5 sec at 95°C
and 20 sec at 60°C. Melt curve analysis was performed to exclude
the amplification of unspecific products. Absolute numbers of
molecules for calculation of editing frequencies were interpolated
from the Ct values by use of standard curves based on 10-fold di-
lutions of synthetic miR-379 oligonucleotides. For relative expres-

sion, the ΔCt method was used to normalize miR-379 Ct values to
housekeeping small RNAs (see below).
For hydrolysis-based detection of miR-379 amplification,

PrimeTime Gene Expression Master Mix (#1055772, Integrated
DNA Technologies) was used with 400 nM primers and a 250
nM hydrolysis probe. qPCR was performed in triplicates using a
QuantStudio 7 Flex qPCR machine with initial denaturation at
95°C for 3 min, followed by 45 cycles of 5 sec at 95°C and 30
sec at 60°C.

Two-tailed RT-dPCR

Digital PCR (dPCR) was carried out using QuantStudio 3D Digital
PCR Master Mix v2 (Applied Biosystems), 400 nM primers, 1 µL
cDNA per reaction, and either 250 nM hydrolysis probe or 2×
SYBR Green I (Life Technologies). A volume of 14.5 µL reaction
mix was loaded onto QuantStudio 3D Digital PCR 20K chips v2
(Applied Biosystems) in duplicates. Amplification was carried out
with initial denaturation at 96°C for 10min, and a total of 40 cycles
of 2min at 60°C alternated with 30 sec intervals at 98°C. The chips
were scanned on a QuantStudio 3D Digital PCR System (Applied
Biosystems). UsingQuantStudio 3D AnalysisSuite Cloud Software
(Thermo Scientific), a threshold separating positive from negative
wells was selected manually and applied to all chips to determine
absolute copy numbers for each sample.

RT-qPCR using commercial TaqMan assays

RT with the TaqMan Advanced microRNA Kit (#A28007, Applied
Biosystems) was performed according to the manufacturer’s in-
structions. Briefly, the procedure consisted of adding a poly(A)
tail and an adapter to the RNA, followed by RT using a universal
RT primer and preamplification over 14 cycles. qPCR was then
performed in quadruplicates using a TaqMan Advanced
microRNA assay for miR-379 (#478077_mir) and TaqMan Fast
AdvancedMaster Mix (#4444557, Applied Biosystems) according
to the manufacturer’s instructions on a QuantStudio 7 Flex
machine.
For RT-qPCR of small RNA housekeeping controls, TaqMan

microRNA assays (Applied Biosystems) were used according to
the manufacturer’s instructions on 100 ng (cell line samples, hu-
man tissue panel) or 1 ng (patient cohort samples) of RNA in qua-
druplicates. For cell line samples, the geometric mean of RNU44
(#001094) and RNU48 (#001006) was used for normalization. For
the human tissue panel, the geometric mean of RNU24
(#001001), RNU44, RNU48, and RNU66 (#001002) was used for
normalization. For the patient cohort, the geometric mean of
U47 (#001223), RNU48 and RNU66 was used for normalization.
These combinations of housekeeping genes have previously
been identified asoptimal for these sample sets (Larneet al. 2013).

Total cDNA synthesis

Toprepare samples for pri-miR-379 and gene expression analysis,
2 µg total RNA was treated with DNase I (Thermo Scientific) ac-
cording to the manufacturer’s instructions at 37°C for 30 min.
Total cDNA was synthesized with the High Capacity cDNA
Reverse Transcription Kit (#43688114, Thermo Scientific)
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according to the manufacturer’s instructions using 3 µg of cell line
RNA or with the RevertAid H Minus First Strand cDNA Synthesis
Kit (#K1632, Thermo Scientific) according to the manufacturer’s
instructions using 2 µg of tissue RNA.

Gene expression analysis

Forgeneexpressionanalysis, cDNAwasdiluted1:5 and1µLof the
diluted cDNAwas used for qPCR using TaqManGene Expression
assays and TaqMan Gene Expression Master Mix (#4369016,
Thermo Scientific) according to the manufacturer’s instructions.
qPCR was performed in triplicate on a QuantStudio 7 Flex ma-
chine. Expression of ADAR (Hs00241666_m1) and ADARB1
(Hs00953723_m1) was normalized to the geometric mean of
GUSB (Hs99999908_m1) and PGK1 (Hs99999906_m1) for cell
line RNA using the ΔCt method, or the geometric mean of
GUSB, PGK1, andGAPDH (Hs02758991_g1) for the tissue panel.

PCR and Sanger sequencing of pri-miR-379

Pri-miR-379 cDNA was amplified from 5 µL of undiluted total
cDNA with 1 U Phusion Hot Start II DNA polymerase (Thermo
Scientific), 1× HF buffer, 200 µM dNTPs, and 0.5 µM primers
(Supplemental Table 3) in a total reaction volume of 50 µL. The re-
action program consisted of 3min initial denaturation at 98°C, fol-
lowed by 35 cycles of denaturation at 98°C for 15 sec, annealing
at 64.7°C for 30 sec and extension at 72°C for 30 sec. After a final
extension step for 10 min at 72°C, the PCR products were held at
4°C until PCR purification using the QIAquick PCR Purification Kit
(#28106, Qiagen). DNA concentrations were determined using
NanoDrop 2000 (Thermo Scientific), and PCR products were
sent for Sanger sequencing to Eurofins Genomics using the for-
ward primer used for the initial amplification. From the resulting
chromatograms, peak heights of the individual nucleotides at
the editing site were measured using SnapGene Viewer software
(GSL Biotech; available at https://www.snapgene.com) to calcu-
late relative editing frequencies.

Cloning of lentiviral ADAR vectors

Sequences for amino-terminally FLAG-tagged and carboxyl ter-
minally 6×His-tagged catalytically active or mutated human
ADAR1 p110 (WT or E912A mut), ADAR1 p150 (WT or E912A
mut), and ADAR2 (WT or E396A mut) were amplified using the
primers listed in Supplemental Table 3 from mammalian expres-
sion vectors (Heale et al. 2009), which were a kind gift from
Albin Widmark and the late Marie Öhman at Stockholm
University. A lentiviral expression backbone containing a CMV
promoter and a puromycin resistance was amplified from pLV-
CMV-LoxP-DsRed-LoxP-eGFP (Addgene #65726, a gift from
Jacco van Rheenen [Zomer et al. 2015]). The primers were de-
signed to contain complementary overhangs for NEB HiFi
Assembly using the NEBuilder Tool (New England Biolabs). For
control vectors, the same lentiviral backbone without an insert
(“empty”) or retaining the already contained eGFP (“eGFP”)
were PCR-amplified with primer overhangs introducing a SalI re-
striction site. All PCR products were produced using Phusion
Hot Start II DNA polymerase (Thermo Scientific), and purified us-

ing the QIAquick PCR Purification Kit (Qiagen) according to the
manufacturer’s instructions. For ADAR expression vectors, the
fragments were assembled using NEB HiFi Assembly (New
England Biolabs) for 1 h at 50°C and transformed into chemically
competent Stbl3 bacteria. For control vectors, FastDigest SalI
(Thermo Scientific) was used to digest the PCR products for 90
min at 37°C and then deactivated by incubation at 65°C for 15
min, before self-circularization of the control plasmids with T4
DNA Ligase (Thermo Scientific) for 1 h at 20°C. Transformed bac-
teria were selected on Ampicillin plates and correct construct as-
sembly confirmed using Sanger sequencing (Eurofins Genomics).
Large-scale overnight cultures were incubated at 30°C for 24 h
and plasmid DNA was extracted using the NucleoBond Xtra
Midiprep Kit (Macherey-Nagel).

Cell lines and lentiviral transduction

PC3 cells were purchased from the American Tissue Culture
Collection and cultured in F12 medium containing 10% FBS
and 1% Penicillin-Streptomycin. HEK293T cells were a gift from
Christina Möller and Professor Dr. Håkan Axelson (Lund
University), and were cultured in DMEM containing 10% FBS
and 1% Penicillin-Streptomycin.

For lentiviral transduction, HEK293T cells were cotransfected
with 16 µg lentiviral expression vector, 6.25 µg psPAX2 packaging
plasmid (Addgene #12260, a gift from Didier Trono), and 4.5 µg
pMD2.G envelope plasmid (Addgene #12259, a gift from Didier
Trono) using calcium-phosphate transfection. Lentiviruses were
collected in IMDM containing 10% FBS and 1% Penicillin-
Streptomycin for 30 h. Cell debris was removed from the virus su-
pernatant by centrifugation at 2500 rpm and using 0.45 µm sy-
ringe filters. Cells were transduced with virus supernatant with 8
µg/mL added polybrene for 48 h, after which selection with 1
µg/mL puromycin was started. Successful transduction was con-
firmed through visualizing eGFP fluorescence of eGFP control
cells, as detected using an Axio Vert.A1 microscope (Zeiss).

Total RNA was extracted from the cells using TRIzol reagent
(Ambion) according to the manufacturer’s instructions, and RNA
concentrations were determined using NanoDrop.

Western blotting

Transduced cells were lysed using M-PER lysis buffer with 5 mM
EDTA and HALT protease inhibitor cocktail (all Thermo
Scientific) and cleared by centrifugation at 14,000g at 4°C for
10 min. Protein concentrations were determined using
Coomassie Plus Bradford reagent (Thermo Scientific) and equal
amounts of protein were prepared using Laemmli buffer (Bio-
Rad) with added DTT. After denaturation at 95°C for 5 min, pro-
teins were separated on 4%–20% Mini-Protean TGX gels (Bio-
Rad) and blotted onto PVDF membranes using the TransBlot
Turbo Transfer system (Bio-Rad). Membranes were blocked with
blocking buffer (5% milk, 5% FBS, 1% BSA, 1 M Glycine) at
room temperature and probed with primary antibodies at 4°C
overnight. Primary antibodies were α-ADAR1 (sc-73408, Santa
Cruz Biotechnology; 1:500), α-ADAR2 (sc-73409, Santa Cruz
Biotechnology; 1:1000), and α-GAPDH (MAB374, Millipore;
1:25,000). Membranes were probed with α-mouse HRP second-
ary antibody (P0447, DAKO, Glostrup, Denmark) for 1 h at room
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temperature, and chemiluminescence was detected using
Immobilon Forte Western HRP substrate (Millipore) on an
Amersham Imager 600 (GE Healthcare).

Statistical analysis

GraphPad Prism 9 (GraphPad software) was used to interpolate
absolute copy numbers from standard curves, and to perform
all statistical analyses. PCR efficiencies were calculated from the
slope of the standard curves as follows:

Efficiency = −1+ 10(− 1/slope).

For association between variables, linear regression and
Pearson correlation were used. If necessary, variables were log-
transformed before regression and correlation analysis. For meth-
od comparison with RNA sequencing data, Bland–Altman analy-
sis was performed. For patient cohorts, nonparametric Mann–
Whitney U-tests were used to compare groups, and log-rank
test was used for survival analysis. A significance level of α=
0.05 was chosen for all statistical tests.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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