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Abstract

Reporter genes are powerful technologies that can be used to directly inform on the fate of
transplanted cells in living subjects. Imaging reporter genes are often employed to quantify
cell number, location(s), and viability with various imaging modalities. To complement this,
reporters that are secreted from cells can provide a low-cost, in vitro diagnostic test to moni-
tor overall cell viability at relatively high frequency without knowing the locations of all

cells. Whereas protein-based secretable reporters have been developed, an RNA-based
reporter detectable with amplification inherent PCR-based assays has not been previously
described. MicroRNAs (miRNAs) are short non-coding RNAs (18-22 nt) that regulate
mRNA translation and are being explored as relatively stable blood-based disease biomark-
ers. We developed an artificial miRNA-based secreted reporter, called Sec-miR, utilizing a
coding sequence that is not expressed endogenously and does not have any known verte-
brate target. Sec-miR was detectable in both the cells and culture media of transiently trans-
fected cells. Cells stably expressing Sec-miR also reliably secreted it into the culture media.
Mice implanted with parental HeLa cells or Hela cells expressing both Sec-miR and the bio-
luminescence imaging (BLI) reporter gene Firefly luciferase (FLuc) were monitored over
time for tumor volume, FLuc signal via BLI, and blood levels of Sec-miR. Significantly
(p<0.05) higher Sec-miR was found in the blood of mice bearing Sec-miR-expressing
tumors compared to parental cell tumors at 21 and 28 days after implantation. Importantly,
blood Sec-miR reporter levels after day 21 showed a trend towards correlation with tumor
volume (R? = 0.6090; p = 0.0671) and significantly correlated with FLuc signal (R? = 0.7067;
p<0.05). Finally, we could significantly (p<0.01) amplify Sec-miR secretion into the cell
media by chaining together multiple Sec-miR copies (4 instead of 1 or 2) within an expres-
sion cassette. Overall, we show that a novel complement of BLI together with a unique Sec-
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miR reporter adds an in vitro RNA-based diagnostic to enhance the monitoring of transplanted
cells. While Sec-miR was not as sensitive as BLI for monitoring cell number, it may be more
sensitive than clinically-relevant positron emission tomography (PET) reporter assays. Future
work will focus on improving cell detectability via improved secretion of Sec-miR reporters
from cells and more sensitive detection platforms, as well as, exploring other miRNA
sequences to allow multiplexed monitoring of more than one cell population at a time. Contin-
ued development may lead to more refined and precise monitoring of cell-based therapies.

Introduction

Precise tracking of cell-based therapies (e.g., stem cells, immune cells, etc.) can become a reality
if technologies for measuring transplanted cell numbers, location(s), viability, and cell status
are utilized in the clinic [1]. This could allow clinicians to directly monitor therapeutic effec-
tiveness in individual patients and give information on both subsequent treatment decisions
and a patient’s overall prognosis. An exciting prospect is to engineer cells to stably express
imaging reporter genes prior to transplantation, which allows one to serially monitor their fate
with non-invasive molecular imaging. Many imaging reporters now exist for use at both the
pre-clinical level such as Firefly luciferase (FLuc) and/or Renilla Luciferase (Rluc) for biolumi-
nescence imaging (BLI) [2-4], or various reporters for clinical modalities such as magnetic res-
onance imaging (MRI) [5-7], single photon emission computed tomography (SPECT) [8], and
positron emission tomography (PET) [9, 10]. Recently our group has demonstrated the first
use of PET reporter genes for tracking cytotoxic T cell cancer immunotherapy in patients [11],
highlighting the translational potential of these state-of-the-art reporter technologies.

While imaging can provide critical information regarding cell location(s) and viability, two
fundamental limitations of an imaging strategy is the frequency that a patient can be imaged,
arising from both safety concerns and the financial costs associated with each imaging session,
and the sensitivity to detect small numbers of cells. Limit estimates with a clinical PET scanner
include ~100x10° human mesenchymal stem cells injected into porcine myocardium [12]. One
solution to these issues is to combine an imaging reporter assay with a relatively cheap and sen-
sitive in vitro blood-based reporter assay. This allows the use of the blood test to assess whole-
body overall survival of the transplanted cells at regular intervals, in addition to, less frequent
imaging sessions to visualize the location(s) and number of cells. Costly imaging would be
employed particularly if a change in cell status was detected in the blood assay. This combined
in vivo imaging with an in vitro diagnostic reporter gene strategy is gaining popularity among
those developing new reporter gene technologies [13, 14], and has recently been utilized in sev-
eral gene-based cancer detection technologies in small animals [15-18].

Several secreted reporter proteins have been described including soluble marker peptides
derived from human chorionic gonadotropin and human carcinoembryonic antigen [19],
secreted alkaline phosphatase (SEAP) [20], and Gaussia luciferase (GLuc) [14], amongst others
[21]. According to Tannous and Teng [21], the ideal characteristics of a secreted reporter gene
would include: 1) minimal endogenous expression from normal tissues; 2) stable expression in
immunocompetent animals (lack of an immunological response); and 3) rapid, sensitive and
specific detection. Quantitative-real-time PCR (qQRT-PCR) is a simple, standardized assay for
quantitation of RNA and is highly sensitive (inherent amplification of signal), highly specific,
and reproducible. Thus in terms of assay sensitivity and specificity, an RNA-based reporter
gene could have many advantages. However, to our knowledge, an RNA-based secreted
reporter has not been previously described.

PLOS ONE | DOI:10.1371/journal.pone.0159369 July 21,2016 2/13



@’PLOS ‘ ONE

An Artificial MicroRNA Secreted Reporter Gene

MicroRNAs (miRNA) are a large class of highly conserved, short (~22 nucleotides), non-
coding RNAs that mediate post-transcriptional regulation by binding to and repressing specific
target mRNAs [22, 23]. In humans, approximately 30% of mRNAs are regulated by miRNAs
and each miRNA is able to regulate upwards of hundreds of mRNAs [24, 25]. miRNAs are also
detectable in a cell-free form within the circulatory system and their levels are often altered in
cancer and other diseases [26, 27]. Remarkably, despite the high level of RNAse activity in the
blood, miRNAs are resistant to degradation, can be readily measured in both plasma and
serum to differentiate tumor-bearing and healthy subjects in both animal models and patients,
and are being extensively explored as a new class of blood-based disease biomarkers [27-31].
This stability appears to be regulated by several mechanisms including encapsulation in mem-
brane-bound vesicles such as exosomes (50-90 nm in size) [32-34] and microvesicles (up to 1
mm in size) [35], but also being released bound to the ribonucleoprotein Argonaute2, a core
component of the miRNA-induced silencing complex [36]. Due to their ability to be released
by cancer cells into the circulation and their high blood stability we hypothesized that miRNAs
can be utilized as a novel class of blood-based reporter genes.

Rather than using an endogenous miRNA as a reporter gene, we utilized an artificial or
secreted miRNA (Sec-miR; AAAUGUACUGCGCGUGGAGAC) that is not normally
expressed in vertebrates and whose sequence has been predicted not to bind any known verte-
brate gene. Hence, we do not expect any background expression in animals and induced
expression of our Sec-miR reporter should have no known unwanted biological effects. In addi-
tion, the Sec-miR sequence contains a GGAG EXOmotif in the 3’ half of the miRNA sequence,
which has been implicated in helping load miRNAs into exosomes [37]. Here we validated the
ability to detect our Sec-miR reporter both in cell culture and in vivo in living mice, and further
confirmed the ability to utilize our blood-based Sec-miR reporter as a complementary tool to
in vivo imaging reporters for monitoring the growth of proliferating cell populations in living
subjects. Continued development of this novel secreted reporter technology may enable inte-
grated in vitro and imaging diagnostics to be used for monitoring cell-based therapeutics in
both small animal models and eventually in patients.

Materials and Methods
Ethics Statement

The Administrative Panel on Laboratory Animal Care at Stanford University approved all ani-
mal experiments and all efforts were made to minimize animal suffering.

Vector Construction

The original construct, pcDNA 6.2-GW/EmGFP-miR-neg, was purchased from a commercial
vendor (Life Technologies). This vector is driven by the cytomegalovirus promoter (pCMV)
and encodes Emerald Green Fluorescent Protein (EmGFP) and a pre-miRNA sequence called
miR-neg in the 3’ untranslated region (UTR). miR-neg is composed of the Sec-miR sequence
flanked by murine miR-155 sequences to ensure proper processing of the pre-miRNA to
mature Sec-miR (AAAUGUACUGCGCGUGGAGAC) [38]. This construct is typically used as
a negative control for miRNA overexpression experiments. We replaced EmGFP with the
codon-optimized bioluminescence imaging (BLI) reporter gene Firefly luciferase (Luc2—gene;
FLuc—protein) to generate the pcDNA 6.2-GW/pCMV-Luc2-miR-neg. In addition, to avoid
silencing associated with pCMYV in stable cells, we replaced pCMV in pcDNA 6.2-GW/
pCMV-Luc2-miR-neg with the elongation factor-1 alpha promoter (pEF1) to generate pcDNA
6.2-GW/pEF1-Luc2-miR-neg. We also made constructs that expressed 2 or 4 copies of Sec-
miR (pcDNA 6.2-GW/pCMV-Luc2-miR-negx2 and pcDNA 6.2-GW/pCMV-Luc2-miR-
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negx4, respectively), according to the manufacturer’s instructions (Life Technologies). Briefly, the
miR-neg pre-miRNA insert was obtained by digesting pcDNA 6.2-GW/pCMV-Luc2-miR-neg
with Bam HI and Xho I. This was then cloned downstream of miR-neg in pcDNA 6.2-GW/
pCMV-Luc2-miR-neg after digestion with Bgl IT and Xho I to generate pcDNA 6.2-GW/pCMV -
Luc2-miR-negx2. To generate pcDNA 6.2-GW/pCMV-Luc2-miR-negx4 we performed the exact
same procedures but used pcDNA 6.2-GW/pCMV-Luc2-Sec-miRx2 as both the insert donor
(neg-miRx2 pre-miRNA) and acceptor. All constructs were amplified in Top10 E. coli (Life Tech-
nologies) and purified using endotoxin-free maxi kits (Qiagen, Valencia, CA).

Cell Culture

HeLa (human cervical adenocarcinoma; American Tissue Culture Collection (ATCCQC)) cells were
maintained at 37°C in a humidified atmosphere containing 5% CO,. Cells were grown in DMEM
high glucose medium (Gibco, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS),
1x non-essential amino acids, and an antibiotic-antimycotic solution (ThermoFisher; 100 units/
mL of penicillin, 100 pg/mL of streptomycin, 0.25 pg/mL of Gibco Amphotericin B).

Transient Transfection and Stable Cell Generation

For transient transfections, we plated 2x10° cells in 10 cm dishes one day prior to transfection.
Cells were transfected with the various constructs (10 pg) using a polyethylenimine transfec-
tion agent (20 ul; jet-PEL; PolyPlus Transfection), according to the manufacturer’s instructions.
Cells were washed 24 hours after transfection, and cells and media was collected 48 hours after
washing. Phase and fluorescence microscopy (EmGFP) images of cells transfected with
pcDNA 6.2-GW/EmGFP-miR-neg were collected on an EVOS FL microscope (Life Technolo-
gies). The number of cells that were EmGFP-positive were counted in two separate fields of
view to assess transfection efficiency. For stable cell generation, we transiently transfected cells
with pcDNA 6.2-GW/pEF1-Luc2-miR-neg and 24 hours later added blasticidin (20 pg/ml; Life
Technologies). One week later we plated ~100 cells into 10 cm dishes, grew these for ~1-2
weeks, isolated clonal populations expressing FLuc (as visualized via BLI) using cloning rings,
and expanded these cell populations. Nine clonal populations were screened for FLuc activity
levels by measuring light output (relative light units; RLU) on a luminometer (Turner 20/20)
after an addition of LAR-II reagent (10 second integration time). RLU levels were normalized
to protein content using a Pierce 660 protein assay and the clonal population with the highest
RLU/pg protein levels, called Sec-miR/FLuc, was used for all subsequent experiments.

Mouse Studies

We implanted female Nu/Nu mice with 2x10° parental HeLa (n = 5) or Sec-miR/FLuc (n = 5)
HelLa cells into the flank of each mouse. At weekly intervals, calipers were used to evaluate tumor
volume (mm?’; width” x length x 4/37), and BLI was performed at 1-minute intervals from 5 to
20 minutes after intraperitoneal injection of D-Luciferin (30 mg/ml; 3 mg total dose) using an
IVIS Spectrum (PerkinElmer). At endpoint, mice were sacrificed via CO, inhalation followed by
cervical dislocation. In each BLI image regions of interest (ROI) were drawn over the tumor area,
and peak FLuc signal over the 15 minutes of scan time was used as the measure of viable Sec-
miR/FLuc cells. Plasma samples were taken from submandibular bleeds from the mice.

miRNA Expression Analysis

We evaluated miRNA levels in cells, media, and plasma following previously published meth-
ods [39]. Total RNA including miRNA was extracted from cultured cells using the miRNeasy
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Mini kit (Qiagen). For media, to avoid cells and cellular debris we spun media samples at 2000
RPM for 5 minutes followed by passing it through a 0.2 um syringe filter. We also concentrated
the ~10 mls of filtered media with a Millipore Amicon 100 kDa filter apparatus down to ~0.5
mls. Total RNA from media and plasma samples was purified using the miRNeasy Serum/
Plasma kit (Qiagen). RT-PCR was performed using the TagMan Small RNA Assays (Applied
Biosystems) using a total RNA input concentration of 10 ng in 15 pl total reaction mixture and
1.33 pl of the RT product was used in the 20 pl total PCR mixture. The miRNeasy Serum/
Plasma Spike-In Control (cel-miR-39) was used for normalization of miRNA purification. Sec-
miR levels were assessed using a TagMan MicroRNA assay (Applied Biosystems, Foster City,
CA) with in silico designed custom primers (Assay ID: CS20SPM) specific for the mature Sec-
miR sequence (AAAUGUACUGCGCGUGGAGAC). Amplification of U6 snRNA served as
an endogenous control to normalize Sec-miR expression data for cells. Amplification of cel-
miR-39 was used to normalize Sec-miR expression data from cell culture media and serum. All
qRT-PCR assays were performed using an iCycler Real-Time PCR detection system (Bio-Rad).

Statistics

Comparison of data between two groups was performed using an unpaired two-way student t-test.
Comparison of data between more than two groups was accomplished using an ANOV A followed
by a Tukey’s post-hoc multiple comparisons test. Pearson correlational analysis was performed
between individual data sets. A nominal p-value <0.05 was determined to be significant for all tests.

Results

Secreted miRNA (Sec-miR) is detectable in the media of both transiently
transfected and stably-expressing cultured cells

Our first objective was to determine whether Sec-miR could be effectively secreted/released
from cells transiently expressing it. To evaluate this, we transfected HeLa cells with pcDNA
6.2-GW/EmGFP-miR-neg (Fig 1A; n = 3), the original vector co-expressing EmGFP and the
pre-miRNA (132 nt), called miR-neg, that is processed to generate mature Sec-miR. We then
measured Sec-miR both in cell lysates and culture media 72 hours later (Fig 1). Transfection
was confirmed by the presence of EmGFP fluorescence in transfected (transfection efficiency
of ~51.6%) versus mock-transfected cells (Fig 1B). Sec-miR was detectable in both the cells
(p<0.001) and the media (p<0.001) of transfected cells (Fig 1C). Sec-miR signal in mock trans-
fected cells (n = 3) was equivalent to no template control wells (i.e., assay background). Thus
the Sec-miR reporter is detectable and is released/shed from HeLa cells.

We also established a HeLa cell line (Sec-miR/FLuc HeLa) that stably expressed FLuc (Luc2
gene) and our Sec-miR reporter driven by pEF1 after transfection with pcDNA 6.2-GW/
pEF1-Luc2-miR-neg and clonal selection (Fig 1D). In culture, Sec-miR/FLuc cells had signifi-
cantly (p<0.0001) higher levels of Sec-miR in the cells (n = 6) and media (n = 5) compared to
the background levels (i.e., no expression) for parental HeLa cells in both cell lysates (n = 3)
and media (n = 5) (Fig 1E).

Sec-miR is detectable in the serum of animals bearing Sec-miR-
expressing tumors and can be used as a complement to imaging
reporters

Separately, parental and Sec-miR/FLuc HeLa cells were implanted subcutaneously into the

flank of Nu/Nu mice (n = 5/group). Tumor growth was monitored over 28 days (Day 7, 14, 21,
and 28) by measuring tumor volume with calipers (Fig 2A), performing BLI and doing tumor
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Fig 1. An artificial secreted miRNA reporter (Sec-miR) is detectable in the media of transiently transfected cultured cells. A) Vector map of
pcDNA 6.2-GW/EmGFP-miR-neg. The pre-miR (miR-neg), necessary for mature Sec-miR generation, is encoded within the 3’ untranslated
regions (3'-UTR) of the pPCMV-EmGFP expression cassette. Spec-R—-Spectinomycin resistance; BSD-R-blasticidin resistance; pUC origin—origin
of replication. B) Fluorescence/phase images of HelLa cells 24 hours after transfection with pcDNA 6.2-GW/EmGFP-miR-neg (top) or mock-
transfected (bottom). C) Sec-miR levels measured in Hela cells (top) or media (bottom) transfected with pcDNA 6.2-GW/EmGFP-miR-neg (or
mock transfected) 72 hours after transfection. Significantly higher Sec-miR levels were detected in transfected cells compared to mock cells in
both the cell pellets (p<0.001) and the media (p<0.001). Sec-miR data from transfected cells is normalized to data from mock transfected cells and
expressed as mean + SD. D) Vector map of pcDNA 6.2-GW/ pEF1-Luc2-Sec-miR-miR-neg. miR-neg is encoded within the 3’ untranslated regions
(3-UTR) of the pEF1-Luc2 expression cassette. E) Significantly (p<0.001) higher Sec-miR levels are measured in cells and media of cells stably

expressing Sec-miR/FLuc versus parental Hela cells. Sec-miR data from Sec-miR/FLuc cells is normalized to data from parental cells and data is
expressed as mean + SD.

doi:10.1371/journal.pone.0159369.g001

ROI analysis (Fig 2B and 2C), and measuring Sec-miR levels in blood (Fig 2E). Tumor volume
increased over time for both HeLa and Sec-miR/FLuc mice at the same rate (Fig 2A). For Sec-
miR/FLuc mice, BLI signal was detected at all time points (Fig 2B), increased significantly over
time (Fig 2C), and tumor volume correlated with FLuc BLI signal (R* = 0.669808; p<0.001; Fig
2D). Significantly (p<0.05) increased Sec-miR blood levels in Sec-miR/FLuc HeLa versus
parental HeLa mice were detected by day 21 and 28 after cell implantation (Fig 2E). Data for
individual Sec-miR/FLuc mice for tumor volume, FLuc signal, and Sec-miR levels are shown in
S1A-S1C Fig, respectively. Qualitatively, it appeared that mice with the largest tumors tended
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Fig 2. Sec-miR is detectable in the serum of animals bearing Sec-miR-expressing cells and can be used as a complement to imaging
reporters. A) Tumor volume measurements over time of mice implanted with parental (n = 5) or Sec-miR/FLuc (n = 5) HelLa cells. Data is
expressed as mean + SD. No differences in tumor volume are seen between the two cell lines. B) Bioluminescence imaging (BLI) of a
representative Sec-miR/FLuc HeLa mouse over time. Data is expressed as mean = SD. C) Quantitative ROl tumor analysis of BLI images was
performed showing the increase in average radiance over time. D) Correlation of tumor volume and BLI measures. E) Sec-miR levels in the serum
over time in mice bearing parental or Sec-miR/FLuc-expressing HeLa tumors. Significantly (p<0.05) higher Sec-miR levels are detected on days
21 and 28 in Sec-miR/FLuc mice versus controls. Data from Sec-miR/FLuc HeLa mice are normalized to data from parental HeLa mice and
expressed as mean + SD. Correlation of Sec-miR levels (1/delta-Ct) and tumor volume (F) and FLuc BLI signal (G) for Sec-miR/FLuc HelLa mice.

doi:10.1371/journal.pone.0159369.g002

to have the highest Sec-miR blood levels. We corroborated this by demonstrating a trend
towards a positive correlation between Sec-miR levels in Sec-miR/FLuc mice after day 21 and
tumor volume (R = 0.6090, p = 0.0671; Fig 2F), and a significant positive correlation to FLuc
signal (R* = 0.7067; Fig 2G), indicating Sec-miR levels can be used to complement reporter
imaging measures of cell number. Correlational analysis was only performed using Sec-miR
data from Sec-miR/FLuc mice that was greater than 2 standard deviations above the mean Sec-
miR levels in control mice (6 of 10 values from days 21 and 28).

Expression of multiple Sec-miR copies within a construct can amplify
reporter secretion from cells

While the levels of Sec-miR in mouse blood were relatively low, we hypothesized it would be
possible to amplify secretion from cells by tandemly expressing (or chaining) more than one
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Sec-miR in the same construct (Fig 3). This should not drastically alter the size of the construct
due to the small size of the miR-neg pre-miRNA (132 nt). We show that increasing the number
of copies of miR-neg within the construct from 1 to 4 (Fig 3A-3C) significantly (p<0.01)
increased the Sec-miR levels found in the media of transiently transfected HeLa cells (Fig 3D).
Interestingly, the 3 extra copies of Sec-miR led to an ~4-fold change in Sec-miR levels in the
media and suggests that our amplification strategy may be linear.

Opverall, we demonstrate Sec-miRs can be secreted by cancer cells and exist in a stable form
that allows their detection in fluids such as cell culture media and serum, highlighting their
potential as a new class of secreted reporter.
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Fig 3. Expression of multiple Sec-miR copies within a construct can amplify reporter secretion from cells. A) Vector maps of Sec-miR-
expressing constructs containing 1, 2, or 4 copies of miR-neg (A to C). B) Sec-miR levels in cell culture media in Hela cells (left to right) after
transient transfection with the vectors shown in A-C and a Renilla luciferase (RLuc) expressing plasmid to control for transfection efficiency. All
raw gPCR data was normalized to Renilla luciferase (RLuc) activity and then across groups to values in cells transfected with the 1 miR-neg
copy vector. Data is expressed as mean * SD. All constructs resulted in detectable levels of Sec-miR in the media and significantly higher
levels were detectable for the construct containing 4 copies of miR-neg versus the other constructs (p<0.01).

doi:10.1371/journal.pone.0159369.g003
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Discussion

Imaging reporter genes have been extremely useful for tracking various transplanted cell popula-
tions such as cancer cells, stem cells, and immune cells in pre-clinical models, and have recently
been successfully translated into the clinic [11]. Alternative or additional use of secreted reporters
could enable higher throughput and more frequent monitoring of overall cell survival using rela-
tively cheap blood-based (or other biofluid-based) assays. Here we have successfully developed an
RNA-based secreted reporter and demonstrate that it can be used in concert with imaging reporter
genes to monitor the proliferation of transplanted cells in living subjects. This reporter adds to the
minimal collection of secreted reporters available and could find use for many diverse applications.

Secreted RNA reporters have not been previously described. This most likely stems from
the fact that bare RNA is relatively unstable in the blood due to the high levels of RNAse pres-
ent. As miRNAs exist in a stable form that is protected from degradation, and have shown
promise as serum disease biomarkers, we reasoned it would be possible to explore them as a
new class of reporter genes with a secretable product. Interestingly, other RNA species (e.g.,
long non-coding RNAs, etc.) also exist in exosomes or other extracellular vesicles and may also
be useful as reporter genes. Many different miRNAs have been found in the blood, but we
chose not to utilize an endogenously expressed miRNA, as this would lead to a background sig-
nal. Nor did we utilize a miRNA that targets any gene, as we wanted our reporter to remain
“neutral” and not promote any endogenous mRNA translational regulation. Future work will
include a deeper look at other indications of biological effects of our reporter, such as repres-
sion of endogenous miRNA regulation capabilities, as well as a study of its localization in blood
to within exosomes or bound to protein complexes such as Argonaute2 [36].

One of the current limitations of our reporter was the relatively high tumor volume (i.e., high
number of Sec-miR-expressing cells) needed to enable detection of Sec-miR in the blood (Fig 2).
At present, established protein-based reporters (e.g., SEAP and GLuc) are expected to be more
sensitive [13, 20]. We hope to address these sensitivity issues by exploring several avenues includ-
ing: generating clonal populations expressing higher levels of Sec-miR prior to transplantation
into animals; tandem chaining many miR-neg copies together (up to 32 is approximately the size
of the SEAP reporter gene) as we have provisionally explored with a tandem repeat of 4 units
(Fig 3); the use of more sensitive detection platforms than analog real-time PCR such as droplet
digital PCR (ddPCR) [40] (40)[40]; and/or incorporation of improved ways to shuttle Sec-miRs
out of cells. It is also possible to explore alternatively designed Sec-miR sequences that will be
more readily secreted out of cells [37]. Certain cell types may also secrete the Sec-miRs more
readily than others, so alternative cell types, particularly therapeutic cell populations (e.g., stem
cells or immune-cell based therapies), will be engineered to express optimized reporters to test
feasibility and in vivo sensitivity. Continued unraveling of the mechanisms that regulate miRNA
shedding/release from cells into the extracellular milieu and into the blood could be leveraged to
transform Sec-miRs into sensitive blood-based reporters.

An important consideration for the use of Sec-miRs, as is the case for most secreted reporter
genes, is the half-life of miRNAs in circulation of more than 24 hours [26, 41]. This could
cause errors in the correlation of labeled living cells to secreted biomarker levels due to the per-
sistent presence of the marker shed from cells that could have already undergone apoptosis or
necrosis. We do not think this would be a substantial issue due to our proposal of the combined
use of Sec-miR together with an imaging reporter to follow cellular trafficking. As we improve
our secretion rates as well as sensitivity of the reporter model this issue will be carefully consid-
ered in correlating the circulating concentration to live cell number. An interesting finding is
that our Sec-miR levels significantly correlated with BLI measures but not tumour burden. BLI
is a direct measure of the number of viable Sec-miR-expressing cells, whereas tumor volume
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can measure alive and dead tissue, so it is not unreasonable for us to obtain this result. Model-
ing of biomarkers shed into circulation takes into consideration this issue and our lab is work-
ing on modeling the input of secreted biomarkers in blood from dead cells [42].

Another issue we encountered is the non-specific binding of our Sec-miR primers in the samples
from the media or plasma of non-transfected control cells, which gave us non-zero Ct values. We
attempted different primer sets synthesized in silico and used the primer set that gave us the least
amount of background compared to no-template controls. This non-specific binding was not due to
the primer dimerization but due to some unexplained binding with the sample, as determined during
further studies using a digital droplet PCR instrument (data not shown). Importantly, both the no-
template controls and control cells gave relatively the same Ct values. Further procedure optimization,
design and testing of other Sec-miR sequences, or design of primer/probe sets could decrease this
binding, and increase the difference of Sec-miR values between the control and transfected/stable
cells. This issue is occasionally experienced in miRNA qRT-PCR, is a particular issue for our study
due to the low concentration of the Sec-miR in the plasma samples, and will be addressed in the future
with the above efforts. Improved secretion rates of Sec-miR in vivo could also minimize this issue.

One potential advantage of Sec-miR reporters over protein reporters is their modular
nature. It should be possible to modify both the coding sequence and paired qRT-PCR assay
primers to generate multiple unique Sec-miR reporter systems. These systems could then be
multiplexed together to tag different cell populations with a particular Sec-miR sequence and
track the survival of more than one cell population at the same time. Alternatively, the different
miR sequences could be linked to different non-constitutive promoters in order to monitor
intracellular events that will then lead to a unique Sec-miR.

Secreted reporters also have utility outside of cell tracking. For instance, we have recently
developed non-viral gene vectors called tumor activatable minicircles expressing a secreted
reporter (i.e. SEAP) driven by the tumor-specific Survivin promoter [43]. Upon system admin-
istration, this system was able to differentiate tumor-bearing from normal mice using a simple
blood test. Once Sec-miRs are more fully developed and optimized we could include them into
tumor-activatable minicircle systems.

To our knowledge, this is the first work exploring the development of an RNA-based blood
reporter and its use as a complementary tool to imaging reporters for cell tracking. We demon-
strate the capability of this system for monitoring of the number of viable cells in a preclinical
setting. The sensitivity of the RNA reporter system was found not to be as sensitive as BLI in
living mice, however we hypothesize our blood reporter will be more sensitive than clinically-
relevant PET reporter imaging. Future work will test this hypothesis, in addition to exploring
various optimization strategies and potential applications of Sec-miR reporters.

Supporting Information

S1 Fig. Tumor volume, average BLI signal, and Sec-miR serum levels of individual mice
over time. Individual Sec-miR/FLuc HeLa mouse measures over time for tumor volume (A),
average radiance from BLI images (B), and serum Sec-miR fold change compared to control
(C). Note the mice with the largest tumors in A and B tended to have the highest Sec-miR val-
ues in the serum in C.

(PDF)

Acknowledgments

We greatly thank Drs. Muneesh Tewari and John Chevillet for helpful discussions regarding
miRNA detection in media and serum. We also thank the Stanford Center for Innovation in
In-Vivo Imaging for help with all imaging experiments.

PLOS ONE | DOI:10.1371/journal.pone.0159369 July 21,2016 10/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0159369.s001

@’PLOS ‘ ONE

An Artificial MicroRNA Secreted Reporter Gene

Author Contributions

Conceived and designed the experiments: JAR ALD HC SSG. Performed the experiments: JAR
ALD HC. Analyzed the data: JAR AD HC. Contributed reagents/materials/analysis tools: JAR
ALD HC. Wrote the paper: JAR ALD HC SSG.

References

1.

10.

11.

12

13.

14.

15.

16.

Kircher MF, Gambhir SS, Grimm J. Noninvasive cell-tracking methods. Nature reviews Clinical oncol-
ogy. 2011. doi: 10.1038/nrclinonc.2011.141 PMID: 21946842.

Contag PR, Olomu IN, Stevenson DK, Contag CH. Bioluminescent indicators in living mammals.
Nature medicine. 1998; 4(2):245—7. doi: 10.1038/nm0298-245 PMID: 9461201.

Contag CH, Spilman SD, Contag PR, Oshiro M, Eames B, Dennery P, et al. Visualizing Gene Expres-
sion in Living Mammals Using a Bioluminescent Reporter. Photochemistry and photobiology. 1997; 66
(4):523-31. doi: 10.1111/j.1751-1097.1997.tb03184.x PMID: 9337626

Bhaumik S, Gambhir SS. Optical imaging of Renilla luciferase reporter gene expression in living mice.
Proceedings of the National Academy of Sciences of the United States of America. 2002; 99(1):377—
82. doi: 10.1073/pnas.012611099 PMID: 11752410; PubMed Central PMCID: PMCPMC117568.

Vandsburger MH, Radoul M, Cohen B, Neeman M. MRI reporter genes: applications forimaging of cell
survival, proliferation, migration and differentiation. NMR in Biomedicine. 2013; 26(7):872-84. doi: 10.
1002/nbm.2869 PMID: 23225197; PubMed Central PMCID: PMCPMC3713407.

Gilad AA, McMahon MT, Walczak P, Winnard PT, Raman V, van Laarhoven HWM, et al. Artificial
reporter gene providing MRI contrast based on proton exchange. Nature Biotechnology. 2007; 25
(2):217-9. doi: 10.1038/nbt1277 PMID: 17259977.

Cohen B, Dafni H, Meir G, Harmelin A, Neeman M. Ferritin as an endogenous MRI reporter for noninva-
sive imaging of gene expression in C6 glioma tumors. Neoplasia (New York, NY). 2005; 7(2):109-17.
doi: 10.1593/ne0.04436 PMID: 15802016.

Singh SP, Han L, Murali R, Solis L, Roth J, Ji L, et al. SSTR2-based reporters for assessing gene trans-
fer into non-small cell lung cancer: evaluation using an intrathoracic mouse model. Human gene ther-
apy. 2011; 22(1):55-64. doi: 10.1089/hum.2010.109 PMID: 20653396; PubMed Central PMCID:
PMCPMC3025187.

Yaghoubi SS, Gambhir SS. PET imaging of herpes simplex virus type 1 thymidine kinase (HSV1-tk) or
mutant HSV1-sr39tk reporter gene expression in mice and humans using [18F]FHBG. Nature proto-
cols. 2006; 1(6):3069—-75. doi: 10.1038/nprot.2006.459 PMID: 17406570.

Gambhir SS, Bauer E, Black ME, Liang Q, Kokoris MS, Barrio JR, et al. A mutant herpes simplex virus
type 1 thymidine kinase reporter gene shows improved sensitivity for imaging reporter gene expression
with positron emission tomography. Proceedings of the National Academy of Sciences of the United
States of America. 2000; 97(6):2785-90. PMID: 10716999; PubMed Central PMCID: PMCPMC16007.

Yaghoubi SS, Jensen MC, Satyamurthy N, Budhiraja S, Paik D, Czernin J, et al. Noninvasive detection
of therapeutic cytolytic T cells with 18F-FHBG PET in a patient with glioma. Nature clinical practice
Oncology. 2009; 6(1):53-8. doi: 10.1038/ncponc1278 PMID: 19015650; PubMed Central PMCID:
PMCPMC3526373.

Willmann JK, Paulmurugan R, Rodriguez-Porcel M, Stein W, Brinton TJ, Connolly AJ, et al. Imaging
gene expression in human mesenchymal stem cells: from small to large animals. Radiology. 2009; 252
(1):117-27. doi: 10.1148/radiol.2513081616 PMID: 19366903; PubMed Central PMCID:
PMCPMC2702468.

Wurdinger T, Badr C, Pike L, de Kleine R, Weissleder R, Breakefield XO, et al. A secreted luciferase for
ex vivo monitoring of in vivo processes. Nat Methods. 2008; 5(2):171-3. doi: 10.1038/nmeth.1177
PMID: 18204457; PubMed Central PMCID: PMC2699561.

Tannous BA, Kim D- E, Fernandez JL, Weissleder R, Breakefield XO. Codon-optimized Gaussia lucif-
erase cDNA for mammalian gene expression in culture and in vivo. Molecular therapy: the journal of the
American Society of Gene Therapy. 2005; 11(3):435-43. doi: 10.1016/.ymthe.2004.10.016 PMID:
15727940.

Richter JR, Mahoney M, Warram JM, Samuel S, Zinn KR. A dual-reporter, diagnostic vector for prostate
cancer detection and tumor imaging. Gene Ther. 2014; 21(10):897—902. doi: 10.1038/gt.2014.68
PMID: 25056609.

Warram JM, Sorace AG, Saini R, Borovjagin AV, Hoyt K, Zinn KR. Systemic delivery of a breast can-
cer-detecting adenovirus using targeted microbubbles. Cancer gene therapy. 2012; 19(8):545-52. doi:
10.1038/cgt.2012.29 PMID: 22653385; PubMed Central PMCID: PMCPMC3417243.

PLOS ONE | DOI:10.1371/journal.pone.0159369 July 21,2016 11/13


http://dx.doi.org/10.1038/nrclinonc.2011.141
http://www.ncbi.nlm.nih.gov/pubmed/21946842
http://dx.doi.org/10.1038/nm0298-245
http://www.ncbi.nlm.nih.gov/pubmed/9461201
http://dx.doi.org/10.1111/j.1751-1097.1997.tb03184.x
http://www.ncbi.nlm.nih.gov/pubmed/9337626
http://dx.doi.org/10.1073/pnas.012611099
http://www.ncbi.nlm.nih.gov/pubmed/11752410
http://dx.doi.org/10.1002/nbm.2869
http://dx.doi.org/10.1002/nbm.2869
http://www.ncbi.nlm.nih.gov/pubmed/23225197
http://dx.doi.org/10.1038/nbt1277
http://www.ncbi.nlm.nih.gov/pubmed/17259977
http://dx.doi.org/10.1593/neo.04436
http://www.ncbi.nlm.nih.gov/pubmed/15802016
http://dx.doi.org/10.1089/hum.2010.109
http://www.ncbi.nlm.nih.gov/pubmed/20653396
http://dx.doi.org/10.1038/nprot.2006.459
http://www.ncbi.nlm.nih.gov/pubmed/17406570
http://www.ncbi.nlm.nih.gov/pubmed/10716999
http://dx.doi.org/10.1038/ncponc1278
http://www.ncbi.nlm.nih.gov/pubmed/19015650
http://dx.doi.org/10.1148/radiol.2513081616
http://www.ncbi.nlm.nih.gov/pubmed/19366903
http://dx.doi.org/10.1038/nmeth.1177
http://www.ncbi.nlm.nih.gov/pubmed/18204457
http://dx.doi.org/10.1016/j.ymthe.2004.10.016
http://www.ncbi.nlm.nih.gov/pubmed/15727940
http://dx.doi.org/10.1038/gt.2014.68
http://www.ncbi.nlm.nih.gov/pubmed/25056609
http://dx.doi.org/10.1038/cgt.2012.29
http://www.ncbi.nlm.nih.gov/pubmed/22653385

@’PLOS ‘ ONE

An Artificial MicroRNA Secreted Reporter Gene

17.

18.

19.

20.

21,

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Warram JM, Borovjagin AV, Zinn KR. A genetic strategy for combined screening and localized imaging
of breast cancer. Molecular imaging and biology: MIB: the official publication of the Academy of Molecu-
lar Imaging. 2011; 13(3):452—61. doi: 10.1007/s11307-010-0377-y PMID: 20658194.

Chaudhuri TR, Cao Z, Krasnykh VN, Stargel AV, Belousova N, Partridge EE, et al. Blood-based
screening and light based imaging for the early detection and monitoring of ovarian cancer xenografts.
Technology in cancer research & treatment. 2003; 2(2):171-80. PMID: 12680799.

Peng KW, Facteau S, Wegman T, O'Kane D, Russell SJ. Non-invasive in vivo monitoring of trackable
viruses expressing soluble marker peptides. Nat Med. 2002; 8(5):527-31. doi: 10.1038/nm0502-527
PMID: 11984600.

Berger J, Hauber J, Hauber R, Geiger R, Cullen BR. Secreted placental alkaline phosphatase: a power-
ful new quantitative indicator of gene expression in eukaryotic cells. Gene. 1988; 66(1):1—10. PMID:
3417148.

Tannous BA, Teng J. Secreted blood reporters: Insights and applications. Biotechnology Advances.
2011;29(6):997-1003. doi: 10.1016/j.biotechadv.2011.08.021 PMID: 21920429

Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell. 2004; 116(2):281-97.
PMID: 14744438.

Bartel DP, Chen C-Z. Micromanagers of gene expression: the potentially widespread influence of meta-
zoan microRNAs. Nature Reviews Genetics. 2004; 5(5):396—400. doi: 10.1038/nrg1328 PMID:
15143321.

John B, Enright AJ, Aravin A, Tuschl T, Sander C, Marks DS. Human MicroRNA targets. PLoS biology.
2004; 2(11):e363. doi: 10.1371/journal.pbio.0020363 PMID: 15502875; PubMed Central PMCID:
PMCPMC521178.

Lim LP, Lau NC, Garrett-Engele P, Grimson A, Schelter JM, Castle J, et al. Microarray analysis shows
that some microRNAs downregulate large numbers of target mRNAs. Nature. 2005; 433(7027):769—
73. doi: 10.1038/nature03315 PMID: 15685193.

Mitchell PS, Parkin RK, Kroh EM, Fritz BR, Wyman SK, Pogosova-Agadjanyan EL, et al. Circulating
microRNAs as stable blood-based markers for cancer detection. Proceedings of the National Academy
of Sciences of the United States of America. 2008; 105(30):10513-8. doi: 10.1073/pnas.0804549105
PMID: 18663219; PubMed Central PMCID: PMCPMC2492472.

Chen X,Ba Y, Mal, Cai X, YinY, WangK, et al. Characterization of microRNAs in serum: a novel
class of biomarkers for diagnosis of cancer and other diseases. Cell research. 2008; 18(10):997—-1006.
doi: 10.1038/cr.2008.282 PMID: 18766170.

Mitchell DA, Karikari |, Cui X, Xie W, Schmittling R, Sampson JH. Selective modification of antigen-spe-
cific T cells by RNA electroporation. Human gene therapy. 2008; 19(5):511-21. doi: 10.1089/hum.
2007.115 PMID: 18471037.

Heneghan HM, Miller N, Kelly R, Newell J, Kerin MJ. Systemic miRNA-195 differentiates breast cancer
from other malignancies and is a potential biomarker for detecting noninvasive and early stage disease.
The oncologist. 2010; 15(7):673-82. doi: 10.1634/theoncologist.2010-0103 PMID: 20576643.

Heneghan HM, Miller N, Lowery AJ, Sweeney KJ, Newell J, Kerin MJ. Circulating microRNAs as novel
minimally invasive biomarkers for breast cancer. Annals of surgery. 2010; 251(3):499-505. doi: 10.
1097/SLA.0b013e3181cc939f PMID: 20134314.

Borel F, Konstantinova P, Jansen PLM. Diagnostic and therapeutic potential of miRNA signatures in
patients with hepatocellular carcinoma. Journal of hepatology. 2012; 56(6):1371-83. doi: 10.1016/].
jhep.2011.11.026 PMID: 22314424.

Valadi H, Ekstréom K, Bossios A, Sjéstrand M, Lee JJ, Létvall JO. Exosome-mediated transfer of
mRNAs and microRNAs is a novel mechanism of genetic exchange between cells. Nature cell biology.
2007; 9(6):654-9. doi: 10.1038/nchb1596 PMID: 17486113.

Taylor DD, Gergel-Taylor C. MicroRNA signatures of tumor-derived exosomes as diagnostic biomark-
ers of ovarian cancer. Gynecologic Oncology. 2008; 110(1):13—21. doi: 10.1016/j.ygyno0.2008.04.033
PMID: 18589210.

Rabinowits G, Gergel-Taylor C, Day JM, Taylor DD, Kloecker GH. Exosomal microRNA: a diagnostic
marker for lung cancer. Clinical lung cancer. 2009; 10(1):42—6. doi: 10.3816/CLC.2009.n.006 PMID:
19289371.

Hunter MP, Ismail N, Zhang X, Aguda BD, Lee EJ, Yu L, et al. Detection of microRNA expression in
human peripheral blood microvesicles. PLoS ONE. 2008; 3(11):e3694. doi: 10.1371/journal.pone.
0003694 PMID: 19002258; PubMed Central PMCID: PMCPMC2577891.

Arroyo JD, Chevillet JR, Kroh EM, Ruf IK, Pritchard CC, Gibson DF, et al. Argonaute2 complexes carry
a population of circulating microRNAs independent of vesicles in human plasma. Proceedings of the

PLOS ONE | DOI:10.1371/journal.pone.0159369 July 21,2016 12/13


http://dx.doi.org/10.1007/s11307-010-0377-y
http://www.ncbi.nlm.nih.gov/pubmed/20658194
http://www.ncbi.nlm.nih.gov/pubmed/12680799
http://dx.doi.org/10.1038/nm0502-527
http://www.ncbi.nlm.nih.gov/pubmed/11984600
http://www.ncbi.nlm.nih.gov/pubmed/3417148
http://dx.doi.org/10.1016/j.biotechadv.2011.08.021
http://www.ncbi.nlm.nih.gov/pubmed/21920429
http://www.ncbi.nlm.nih.gov/pubmed/14744438
http://dx.doi.org/10.1038/nrg1328
http://www.ncbi.nlm.nih.gov/pubmed/15143321
http://dx.doi.org/10.1371/journal.pbio.0020363
http://www.ncbi.nlm.nih.gov/pubmed/15502875
http://dx.doi.org/10.1038/nature03315
http://www.ncbi.nlm.nih.gov/pubmed/15685193
http://dx.doi.org/10.1073/pnas.0804549105
http://www.ncbi.nlm.nih.gov/pubmed/18663219
http://dx.doi.org/10.1038/cr.2008.282
http://www.ncbi.nlm.nih.gov/pubmed/18766170
http://dx.doi.org/10.1089/hum.2007.115
http://dx.doi.org/10.1089/hum.2007.115
http://www.ncbi.nlm.nih.gov/pubmed/18471037
http://dx.doi.org/10.1634/theoncologist.2010-0103
http://www.ncbi.nlm.nih.gov/pubmed/20576643
http://dx.doi.org/10.1097/SLA.0b013e3181cc939f
http://dx.doi.org/10.1097/SLA.0b013e3181cc939f
http://www.ncbi.nlm.nih.gov/pubmed/20134314
http://dx.doi.org/10.1016/j.jhep.2011.11.026
http://dx.doi.org/10.1016/j.jhep.2011.11.026
http://www.ncbi.nlm.nih.gov/pubmed/22314424
http://dx.doi.org/10.1038/ncb1596
http://www.ncbi.nlm.nih.gov/pubmed/17486113
http://dx.doi.org/10.1016/j.ygyno.2008.04.033
http://www.ncbi.nlm.nih.gov/pubmed/18589210
http://dx.doi.org/10.3816/CLC.2009.n.006
http://www.ncbi.nlm.nih.gov/pubmed/19289371
http://dx.doi.org/10.1371/journal.pone.0003694
http://dx.doi.org/10.1371/journal.pone.0003694
http://www.ncbi.nlm.nih.gov/pubmed/19002258

@’PLOS ‘ ONE

An Artificial MicroRNA Secreted Reporter Gene

37.

38.

39.

40.

41.

42.

43.

National Academy of Sciences of the United States of America. 2011; 108(12):5003-8. doi: 10.1073/
pnas.1019055108 PMID: 21383194; PubMed Central PMCID: PMCPMC3064324.

Villarroya-Beltri C, Gutierrez-Vazquez C, Sanchez-Cabo F, Perez-Hernandez D, Vazquez J, Martin-
Cofreces N, et al. Sumoylated hnRNPA2B1 controls the sorting of miRNAs into exosomes through
binding to specific motifs. Nat Commun. 2013; 4:2980. doi: 10.1038/ncomms3980 PMID: 24356509;
PubMed Central PMCID: PMC3905700.

Lagos-Quintana M, Rauhut R, Yalcin A, Meyer J, Lendeckel W, Tuschl T. Identification of tissue-spe-
cific microRNAs from mouse. Current biology: CB. 2002; 12(9):735-9. PMID: 12007417.

Parikh VN, Chan SY. Analysis of MicroRNA Niches: Techniques to Measure Extracellular MicroRNA
and Intracellular MicroRNA In Situ. 1024. Totowa, NJ: Humana Press; 2013. p. 157-72.

Hindson CM, Chevillet JR, Briggs HA, Gallichotte EN, Ruf IK, Hindson BJ, et al. Absolute quantification
by droplet digital PCR versus analog real-time PCR. Nature methods. 2013; 10(10):1003-5. doi: 10.
1038/nmeth.2633 PMID: 23995387.

Winter J, Diederichs S. Argonaute proteins regulate microRNA stability: Increased microRNA abun-
dance by Argonaute proteins is due to microRNA stabilization. RNA Biol. 2011; 8(6):1149-57. doi: 10.
4161/rna.8.6.17665 PMID: 21941127.

Hori SS, Gambhir SS. Mathematical model identifies blood biomarker-based early cancer detection
strategies and limitations. Science Translational Medicine. 2011; 3(109):109ra16. doi: 10.1126/
scitransimed.3003110 PMID: 22089452; PubMed Central PMCID: PMCPMC3423335.

Ronald JA, Chuang HY, Dragulescu-Andrasi A, Hori SS, Gambhir SS. Detecting cancers through
tumor-activatable minicircles that lead to a detectable blood biomarker. Proc Natl Acad Sci U S A.
2015. doi: 10.1073/pnas.1414156112 PMID: 25713388.

PLOS ONE | DOI:10.1371/journal.pone.0159369 July 21,2016 13/13


http://dx.doi.org/10.1073/pnas.1019055108
http://dx.doi.org/10.1073/pnas.1019055108
http://www.ncbi.nlm.nih.gov/pubmed/21383194
http://dx.doi.org/10.1038/ncomms3980
http://www.ncbi.nlm.nih.gov/pubmed/24356509
http://www.ncbi.nlm.nih.gov/pubmed/12007417
http://dx.doi.org/10.1038/nmeth.2633
http://dx.doi.org/10.1038/nmeth.2633
http://www.ncbi.nlm.nih.gov/pubmed/23995387
http://dx.doi.org/10.4161/rna.8.6.17665
http://dx.doi.org/10.4161/rna.8.6.17665
http://www.ncbi.nlm.nih.gov/pubmed/21941127
http://dx.doi.org/10.1126/scitranslmed.3003110
http://dx.doi.org/10.1126/scitranslmed.3003110
http://www.ncbi.nlm.nih.gov/pubmed/22089452
http://dx.doi.org/10.1073/pnas.1414156112
http://www.ncbi.nlm.nih.gov/pubmed/25713388

