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ABSTRACT

Stem cell therapy requires a nontoxic and high-throughput method to achieve a pure cell population to
prevent teratomas that can occur if even one cell in the implant has not been transformed. A promising
method to detect and separate cells expressing a particular gene is RNA beacon technology. However,
developing a successful, specific beacon toaparticular transfected gene can takemonths to develop and
in somecases is impossible. Here,we report onanoff-the-shelf universal beacon that decreases the time
andcostofapplyingbeacontechnology toselect any livingcellpopulation transfectedwithanexogenous
gene. STEM CELLS TRANSLATIONAL MEDICINE 2015;4:476–482

SIGNIFICANCE

Stem cell therapy requires pure cell populations. RNA beacons have a high potential to select and
separatedifferentiatedcells fromundifferentiatedcells.However, developmentofabeacon fora spe-
cific gene canbe difficult and time-consuming. AnRNA tagwas developed that can be attached to any
gene without affecting the protein product. The tagged gene is detected by an off-the-shelf RNA
beacon that can be used for cell selection.

INTRODUCTION

Although stem cell therapies offer promise to al-
leviate many human diseases, they require an ex-
ceedingly pure population because teratomas
may result from as little as one remaining plurip-
otent cell in the implanted tissue. Presently, iden-
tifying and removing a very small population of
cells from tissue is a major roadblock in stem cell
therapy.Whereas some cells can be detected and
separated by extracellular epitopes of specific
biomarkers, suchmarkersdonotexist for intracel-
lular proteins such as the transcription factors
used for in stemcell transformation. RNAbeacons
have the potential to detect mRNAs that code for
any protein, despite their ultimate localization.
RNA beacons can be used alone without the use
of a reporter or other accessory molecules. Im-
portantly, RNA beacons can be used to separate
cell populations in a high-throughput manner
based on the mRNA for any gene of interest.

RNA beacons are stem-loop structures [1–3]
with a fluorescent dye and quencher attached to
the 59 and 39 ends of a base-paired stem. The
∼10 nucleotides (nt) in the loop are complemen-
tary to a target mRNA so that hybridization with
mRNAopens the stem, resulting in a large increase
in fluorescence. The nature of the fluorescence
pair is variable, and so RNA beacons can be made

inmany colors that can be optimized for detection
by flowcytometry and separationby fluorescence-
activated cell sorting (FACS).

Although RNA beacons can be developed to
detect genes associated with pluripotency (e.g.,
Oct4, nanog, Sox2) [1, 4], many stem cell applica-
tions create induced pluripotent stem cells and
induce them to differentiate toward specific line-
ages [5] by introducing specific genes (often
transcription factors). Current selection methods
require a distinctive surfacemarker that can detect
targetcells using antibodiesor require introduction
of a reporter gene such as green fluorescent pro-
tein (GFP). The clear advantage of RNA beacons
is that they allow for the selection of live cells inde-
pendent of a reporter gene and without the re-
quirement of a surface marker. This technology
may be valuable for applications in which the stem
cell is used as a suitcase to deliver a therapeutic
gene, such as for biological pacemakers in which
humanmesenchymal stemcells (hMSCs) are trans-
fected with an HCN gene that underlies the pace-
maker current (IF) in cardiac cells [6–8]. Promising
studies of this technology were recently reported
by Ban et al. [9] who used five molecular beacons
to separate cardiomyocytes to 99% purity. The
implanted tissue did not show tumors for up to
4 weeks [10].
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Most stem cell applications introduce a gene of interest to
promote a cell linewith thedesired properties. Detectionof these
cells using RNAbeaconswould be simpler if a tested, off-the-shelf
beaconwereavailable, becausedeveloping abeacon for a specific
gene requires finding an accessible and specific target on the
mRNA to allow the beacon to bind, and constructing a beacon
with a hybridization energy high enough to unwind the stem
and allow opening but low enough so that the beacon does not
open prematurely. This procedure can be time-consuming and
for some genes is impossible.

Here, we report on the use of a universal beacon (UB) that
targets a nonsense sequence that can be placed in an untrans-
lated region of any gene of interest and allows detection of cells
expressing a specific exogenous gene.We present a side-by-side
comparison of UB with a beacon that specifically targets the
stem cell marker, nanog, and then with a gene that encodes
for human HCN2 channels used to develop biological pace-
makers. We find the UB is a safe and nontoxic sensor of genes
coding for intracellular proteins that preserves the function
and localization of the protein product and allows for high-
throughput separation of pure cell populations.

MATERIALS AND METHODS

Cell Culture and Isolation

hMSCs, human normal adult dermal fibroblasts (NHDF), and hu-
man aortic adventitial fibroblast (AOAF) were purchased from
Lonza Group Ltd. (Basel, Switzerland) and cultured inMSCGM Bul-
letKit (Lonza), FGM BulletKit (Lonza), and SCGM BulletKit (Lonza),
respectively. In all cases, passages 2–5 were used. HEK 293 cells,
macrophagecells, andChinesehamsterovary (CHO)cellswerepur-
chasedfromATCC.HEK293andmacrophagecellsweremaintainedin
Dulbecco’s modified Eagle’s medium (DMEM; catalog no. 11965;
Gibco,Grand Island,NY, http://www.invitrogen.com) supplemented
with 10% fetal bovine serum, 50 units/ml penicillin, and 50 mg/ml
streptomycin sulfate. Fischer rat thyroid (FRT) cells were a gift from
Dr. Deborah Brown (Stony Brook University). FRT and CHO cells
were cultured in Ham’s F12 medium with 10% fetal bovine serum,
50 units/ml penicillin, and 50 mg/ml streptomycin sulfates. All cells
were maintained at 37°C in a humidified atmosphere of 5% CO2.

Canine mesenchymal stem cells (cMSCs) were isolated from
1-year-old dogs according the protocol [8]. Briefly, cMSCs were iso-
lated by Ficoll-Paque Plus density gradients centrifugation from as-
piratedbonemarrow.Primaryculturesof cMSCsweremaintainedat
37°C in 5%CO2, 95%airwith an initialmedium for 48hours. Theme-
dium was changed every 3–4 days. Cell colonies with spindle-like
morphology were transferred 7 days after initial plating. After con-
fluence, cellswereharvestedwith0.25%trypsin-EDTAand replaced.
Isolated cells were characterized at passages 2–4 by flow cytometric
analysis of specific surface antigens with fluorescein isothiocyanate
(FITC)-conjugated rat anti-canine CD44, FITC-conjugated rat anti-
canine CD45 unconjugated rat anti-canine CD90, and phycoerythrin
(PE)-conjugated mouse anti-canine CD34. A large majority of the
cells were CD44-positive (99.61%) and CD90-positive (93%) and
CD34-negative or CD45-negative (98%), suggesting that a significant
majority were MSCs.

To further validate the cMSC properties of the isolated cells,
we subjected subsets of the cells to osteogenic, adipogenic, and
chondrogenic differentiation protocols. For adipogenic and oste-
ogenic differentiation, the cells were plated in 6-well or 12-well

plates. Adipogenic and osteogenic induction was initiated using
kits available from Lonza. For adipogenesis, three to five cycles
of the following medium changes were performed: 2–3 days of
exposure to adipogenic induction medium followed by 2–3 days
of exposure to maintenance medium. Osteogenic induction was
carried by feeding the cellswith osteogenic inductionmediumev-
ery 3–4 days for 2–3 weeks. Chondrogenic induction was per-
formed by pelleting 2.5 3 105 cells in chondrogenic induction
medium containing transforming growth factor b3. Complete
medium changes were performed every 2–3 days for 3–4 weeks.
At the end of the induction protocols, the cells were rinsed with
phosphate-buffered saline (PBS) and fixedwith10%formalin.Adi-
pogenesiswas assayedusingOil RedO staining.Osteogenesiswas
assayed by staining for calciumdeposition using alizarin red stain-
ing. Chondrogenic pellets were embedded in cryogenic cutting
medium and sectioned for histology, and glycosaminoglycans
were stained by Safranin O.

Universal Beacon Design

A universal beacon sequence was prepared based on sequences
that do notmatch any humanmRNA transcript and genomic DNA
sequence as described in the text. These “nonsense” sequences
were identified using the Bioinformatics Sequence Manipulation
Suite [11] and were checked by the NIH BLAST program [12] to
determine whether they matched any human transcript mRNA
and genomic DNA sequences.

We took the most promising nonsense sequence and attached
CCACC and GGtGG on the 59 and 39 ends to form the stems and en-
close the candidate sequence. We then attached the fluorophore 6-
Carboxyfluorescein (6-FAM)and its correspondingquencher BHQ1 to
the 59 and 39 ends. The fluorophore Tide Fluor 5 (TF5) (ATT Bioquest,
Sunnyvale,CA,http://aatbio.com/prods.html)was insertedattheend
ofthenonsensesequenceandatthestartofastem,whichwillbeused
as beacon delivery indicator (e.g., 59-6-FAM-ccaccCGTACGCGTCG-
GAGATTF5gggtgg-BHQ1-39). The beaconwas synthesized by Eurofins
MWG Operon (Alameda, CA, http://www.operon.com).

Introducing the Nonsense Sequence Into nanog
and hHCN2

We placed the nonsense sequence at the 59-untranslated region
(UTR) of the nanog and hHCN2 genes to avoid any influence on
mRNA transcription or protein function, the sequence located
at 59-UTR.We verified that the insertion site does not disrupt reg-
ulatory regions such as CAAT, CCAAT, TATA boxes, etc. Briefly, the
antisense nonsense sequence (59-CTAGCATCTCCGACGCGTACG-
GC-39) was inserted to Nanog/pcDAN3.1 before the start codon
by NheI and NotI restriction enzyme sites (named N5JR1). We
introduced the sequence into hHCN2/pcDNA3.1 before or after
the stop codon and avoided potential small interfering RNA
(siRNA) binding sites using the RNAi ConsortiumPublic TRC Portal
[13]. The nonsense sequence (AGCTTATCTCCGACGCGTACGG)
was inserted to hHCN2/pcDNA3 by HindIII and BamHI restriction
enzymes sits before start codon (named H5JR1) or after the stop
codon of hHCN2/pcDNA 3.1 XhoI restriction enzyme site (TCGA-
GATCTCCGACGCGTACGC, named H3JR1). The nonsense se-
quence was also doubly inserted to hHCN2/pcDNA3 by HindIII/
BamHI and XhoI (named H5, 3JR1).

The nanog or hHCN2 plasmids were transfected into HMSCs
or NHDF cell by electroporation according to the protocol
of Lonza (Walkersville, MD, http://www.lonza.com); 2 mg of
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plasmid DNAwas transfected to 4–53 105 cells by Nucleofector
program C-17. Ten micrograms of plasmid DNA was transfected
into HEK 293 cells by calcium phosphate coprecipitation. Usu-
ally, universal beacon selection was done after 48 hours of
transfection.

Delivering Beacons Into Cells

Microinjection

Cells were cultured in glass-bottomedMatTek wells for 24 hours.
Before microinjection, the medium was changed to phenol-free
Leibovitz-15. (For primary cardiomyocytes, the medium was first
changed to phenol-free Leibovitz-15 with 14 mM EGTA.) The

beacon concentration in the needle was 50mM. The control cells
were injectedwith the dye tracer alone. Injection was carried out
using self-pulled needles using an InjectMan NI2 with a FemtoJet
pump from Eppendorf mounted on Axiovert 200 M (Carl Zeiss)
equipped with a long working distance 340 phase 2 objective.
Solutions were microinjected into the cytoplasm. We typically
set the injection pressure (Pi) at 40 hPa, and kept the compensa-
tion pressure Pc at 20 hPa (for all cells expect cardiomyocytes. For
cardiomyocytes, the injection pressure was 90 hPa, and the com-
pensationpressurewaskeptat 45hPa. The injection timewas t=0.7 s.
Typically, we injected ∼10–25 cells within a 10- to 20-minute pe-
riod.We examined the microinjected cells under the phasemicro-
scope to select viable cells.

Figure 1. FACS separation. (A): FACS separation of cultured cell lines and humanmesenchymal stem cells (hMSCs) with nanogmolecular bea-
con delivered by Lipofectamine. (B): Phase contrast (left) of control hMSCs and hMSCs transfected with nanog beacon. Green fluorescence
indicates hybridization of the nanog beacon to nanog mRNA. Red fluorescence is caused by the tracking dye on the beacon and shows that
the beacon has been delivered into the cell. We find that the beacon begins to degrade after 3 hours, and after 48 hours only a small amount
of tracer dye can be detected. (C): FACS separation of wtHEK293 from HEK293 cells stably transfected with nanog using the nanog beacon. The
top panels are for 100% nanog-transfected HEK293 (100% HEK2931nanog) and wild-type HEK293 (0% HEK2931nanog), whereas the bottom
panels indicate the theoretical percentages in the heading of theHEK2931nanog. The actual values are indicated in the plots. (D): Results show-
ing the amount of HEK293-nanog-GFP cells separated from nonfluorescent wtHEK293 cells versus the theoretical amount. We find an exact
match between experimental and theoretical values until 0.01% theoretical with the experimental reading 0.03%. The results show the sep-
aration of different mixtures of HEK293 cells expressing GFP-nanog from unlabeled cells by FACS, as a function of their theoretical value. As can
be seen, the experimental values are identical to the theoretical ones. All cell images were taken using a360 objective. Scale bars = 30 mm.
Abbreviations: AOAF, aortic adventitial fibroblast; FACS, fluorescence-activated cell sorting; FITC, fluorescein isothiocyanate; GFP, green fluo-
rescent protein;HMS, humanmesenchymal stem;HMSC, humanmesenchymal stemcell; Neg, negative;NHDF, normal adult dermal fibroblasts;
PE, phycoerythrin; Pos, positive; SSC, side scatter corresponding to the amount of scattered light from the laser; wt, wild type.
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Lipofectamine

Beacon transfections were carried out using Lipofectamine (Invi-
trogen) according to the manufacturer’s instructions. A final con-
centration of 25 nM beacon was used for 0.5 3 106 cells in
suspension in serum-free medium. Cells were incubated at 37°C
with 5% CO2 before performing fluorescencemicroscopy imaging,
flow cytometric analysis, or fluorescence-activated cell sorting.

Calcium Phosphate Precipitation

Startingwith∼50%confluent cells in a 100-mmdish, the cells were
fed 7 ml of fresh medium. The reagent (4–10 mg) was incubated
with 120 mM CaCl2 and HEPES buffer containing NaCl, NaHPO4,
and HEPES, pH 7.1, for 10 minutes on ice. The mixture was imme-
diately added to the surface of the cultured cells, swirled gently,
and returned to the incubator at 37°C with 5% CO2 until needed.

FuGENE 6

Transfectionswere according to themanufacturer’s instructions
(Roche Diagnostics, Basel, Switzerland, http://www.roche-
applied-science.com). Briefly, cells were grown to 50–80% con-
fluent in 35-mm culture dishes. FuGENE 6 transfection reagent
was added in a 3:1 serum-free medium. After 3–8 hours, serum
was added to the medium, or the medium was changed to one
containing serum.

Electroporation

Beaconswere introduced intocellsbyelectroporationusingapro-
tocol adapted from Lonza cell culture. Briefly, the medium was
aspirated, and cells were harvested by adding 1 ml of trypsin/
EDTA. Cells were then spun down for 5 minutes at 1,500g, resus-
pendedwith 2–4mg of beacon, andmixed. For electroporation of
hMSCs, beacons were mixed with 100 ml of hMSC nucleofector
obtained from Lonza. Themixture was transferred into a electro-
poration cuvette by a 200-ml pipette being careful to avoid gen-
erating air bubbles. Electroporation was carried out in a Bio-Rad
(Hercules, CA, http://www.bio-rad.com) Xcell electroporation in-
strument using the programs C-17 and U-23.

Confocal Imaging

Imagesof fluorescentcellswerecollected1houraftermicroinjection
on an Olympus (Center Valley, PA, http://www.olympusamerica.
com) Fluoview 1000 confocal microscope equipped with a 340
1.4 numerical aperture oil immersion objective. The tracer fluoro-
phore TF5 was excited by the 633-nm line of a He:Ne laser,
and images were recorded using a bandpass 650–750-nm emis-
sion filter. The fluorophore 6-FAMwas excited with the 488-nm
argon-ion laser line, and imageswere recorded using a bandpass
505–605-nm emission filter. The two fluorophores were excited
in a sequential manner using Multi Track acquisition. This pro-
cedure minimizes channel crosstalk.

Western Blotting

Cell lysates from HEK293 cells-HEK 293 cells transfected with wild-
type (wt) nanog, andHEK293 cells transfectedwith the nanog gene
alsocontaining thecomplementaryuniversalbeaconsequence (UB-
nanog) were subjected to gel electrophoresis followed by the
transfer of the samples to a nitrocellulosemembrane. Themem-
brane was incubated for 1 hour with 1% bovine serum albumin
to block nonspecific binding. nanog protein was detected by

immunoblottingwithmouseanti-nanog (SantaCruz Biotechnology,
Santa Cruz, CA, http://www.scbt.com) antibody. The primary anti-
body was diluted according to the manufacturer’s instructions in
Tris-buffered saline with 0.5% Tween, added to the membrane,
and incubated for 1 hour. This procedure was followed by three
15-minute washes in 25 mM Tris, 150 mM NaCl, 0.2% Tween 20,
and pH 7.6 (TBST). Afterward, horseradish peroxidase-conjugated
secondary antibodywas added and incubated for 1hour. Themem-
brane was washed 3 times for 15 minutes in TBST and exposed to
aphotographic filmaftera chemiluminescence reaction.Thehouse-
keeping protein Hsp90 was detected on the same membrane as
a loading control.

Flow Cytometry Analysis and FACS

Cellswere dissociatedwith trypsin-EDTA solution (Lonza). Twenty-
five nM UB was delivered into 0.5 3 106 cells in suspension and
incubated for1hour inan incubatorat37°Cwith5%CO2.Cellswere
washed twicewithPBS toremove theextracellularbeacon, and the
cellswere suspended in 0.5ml ofDMEM(GIBCO).Negative control
samples included wild type cells transfected with UB and positive
controls cells stably transfected with the UB tag gene.

FACS experiments were carried out on a BD Biosciences (San
Diego, CA, http://www.bdbiosciences.com) FACSAria at the Stony
Brook University flow cytometry facility. Cells were sorted using
3–53106cellspermilliliter inserum-freemediumforwhich thesort-
ing pressurewas 40c, and the nozzle diameterwas 85mm.The sort-
ing ratewas set at 1,600events/second.Detection filtersused for the
488-nm laser excitation were FITC (530-nm peak, 30-nm half-width)
and PE (575-nm peak, 26-nm half-width). For the 633-nm laser exci-
tation, thedetection filterwasAPC (660-nmpeak,20-nmhalf-width).

Patch-Clamp Studies of Pacemaker Current in cMSCs

We used whole-cell patch clamp to study membrane currents in
wild-type cMSCs and those transfected with hHCN2-UB (cMSCs
hHCN2-UB). The IF values of expressed hHCN2 channels were
measured under voltage clamp by an Axopatch-1B (Axon Instru-
ments, Union City, CA, http://www.moleculardevices.com) am-
plifier. Patch electrode resistance was 4–6 MV before sealing.
The cells were constantly superfused using a gravitational perfu-
sion system with a complete change of the chamber solutions in
approximately 0.5 minutes. The temperature of the bath as well
as of the perfusion solution was kept constant at 22 6 1°C. The
pipette solutionwas filledwith50mmol/lKCl, 80mmol/lpotassium
aspartate, 1 mmol/l MgCl2, 3 mmol/l Mg-ATP, 10 mmol/l
EGTA, and 10 mmol/l HEPES (pH adjusted to 7.2 with KOH). The
external solution contained 137.7 mmol/l NaCl, 5.4 mmol/l KCl,
2.3mmol/l NaOH, 1.8mmol/l CaCl2, 1mmol/lMgCl2, 10mmol/l glu-
cose, 5 mmol/l HEPES, and 2–5 mM BaCl2, for which the pH was
adjusted to 7.4 with NaOH. To measure the IF activation curve,
a standard two-stepprotocolwasused.Hyperpolarizing steps from
240to2130mVat10-mV incrementswereapplied fromaholding
potential of240mV, followedby adepolarizing step to150mVto
measure the tail current. For each cell, the normalized plot of tail
current of IF versus test voltage was fit with a Boltzmann function,
and then the voltage of half-maximum activation (Vh) and slope
factor (K) were defined from the fitting. No detectable IF was
expressed in the control cells (data not shown). Robust expression
of IFwasdetected in cMSCs transfectedwithhHCN2-UBwithaVhat
79.060.3mVandaKat6.760.3mV(n=6cells), respectively [6, 10].
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Figure 2. Fluorescence-activated cell sorting (FACS) andWestern blotting. (A): The leftmost set ofWestern blots shows that expression of both wt
andUB-nanogaresimilar inHEK293cellsascomparedwiththehousekeepinggeneHsp90. For thisstudy, cellsweregrownunderconditionssothat the
levelofendogenousnanog is clearlyvisibleandcanbecomparedwith thetransfectedcells.Wefind that transfectionofUB-nanogat the levelsneeded
toelicitbeacon response results in similar levelsofwild-typenanogandUB-nanog; thus, theUBtagdoesnotalternanogexpression.The rightmost set
of Western blots shows that under conditions in which endogenous nanog is low, the presence of the UB tag does not affect the expression of en-
dogenous nanog or UB-nanog. (B):Comparison of the detection of nanog by the nanog beacon andUB-nanog byUB in HMSCs. (C):Wild-type canine
MSCs (top)andcells transfectedwithUBtag-hHNC2,where the red fluorescence is causedbytrackingdyeandthegreen fluorescence isdue tobeacon
opening (left).Middle: patch clamp studies showing that the cells expressingUBtag-hHNC2as separatedbyFACSusingUB forms functional channels.
Right: FACS results of wild-type HMSCswithout (top) and with (middle) UB (negative control) and of hMSCs transfected with UB tag-hHNC2 and UB
(bottom), where the red fluorescence is from the TF5 tracking dye, whereas the green fluorescence corresponds to UB opening. Scale bars = 50mm.
Magnification,3360. (D): Comparison of FACS results of cMSCs transiently transfected with UB tag-nanog gene (N5JR1) detected by nanog beacon
versus UB-nanog. Although the transfection efficiencywas low, bothMB-nanog andUB selected the same percentage of cells. Abbreviations: CMSC,
canine mesenchymal stem cell; GFP, green fluorescent protein; HSMC, human mesenchymal stem cell; UB, universal beacon; wt, wild type.
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RESULTS

Preparing a Successful Beacon

Before describing UB technology, we illustrate the procedure
used to develop and optimize a beacon to detect the mRNA
for an intracellular protein.We choose the intracellular stemcell
marker nanog, which has been successfully used by other inves-
tigators. We first identified a free loop in the predicted mRNA
structure (217–237 nt). The beacon was prepared by synthesiz-
ing a 10-nt complimentary strand and placing 5 base-paired
nucleotides on the 59 and39 ends. Thebaseswere chosen so that
their pairing energy was less than the energy to hybridize the
beacon loop to its targetmRNA.We then tested several different
probe/quencher pairs and found that FAM/BHQ1 pair yielded
the best responsewith the lowest signal/noise ratio. In solution,
the resulting beacon 59-69-FAM-ggtgc-gacaagctggatccacact-
gcacc-BHQ1-39, shows a∼30-fold increase in fluorescencewhen
digested with RNase.

We tested several transfection methods: electroporation,
FuGENE, calcium phosphate precipitation, and Lipofectamine as
described under Materials and Methods. By far, Lipofectamine
gave the highest transfection efficiency (.95%) and the highest
survival rate (80%) in all cell lines tested.

Wetested thenanogbeacon in several cell lines.Wecouldnotde-
tect a beacon response in human aortic adventitial fibroblasts, which
do not express nanog, but found a robust responsewhen transfected
with nanog. Additionally, we could not detect beacon fluorescence in
normal human adult dermal fibroblasts, Chinese hamster ovary cells,
Fischer rat thyroid cells, canine MSCs, and mouse macrophages but
detected beacon fluorescence in hMSCs and HEK293 cells (Fig. 1A).
These studies validate the specificity of the human nanog beacon.

Wemonitoredbeacondegradation (Fig.1B).Beginning∼3hours
post-transfection, we observed dispersion andweakening of the sig-
nal thatwas complete after12hours in all cell types.No signal is seen
after 24 hours in a fast growing cells and 48 hours in slow growing
cells (i.e., SK-H-SH versus AOAF cells overexpressing nanog).

We then optimized the use of beacon for cell separation. To
isolate cells that are not expressing the gene of interest, we
needed to determine whether a lack of beacon response was
due to the absence of the target gene or because the cell was
not transfected with beacon. To resolve this problem, we
designed a beacon that incorporated a tracking fluorophore at
the base of the stem: 59-FAM-ggtgc-gacaagctggatccacact-TF5-
gcacc-BHQ1-39, where TF5 is the red probe Tide Fluor 5. By simul-
taneously sorting cells by the red tracking dye and the green
fluorescence from a positive response, we separated cells that
lacked nanog from ones that express it.

We then determined the limit of FACS sensitivity by mixing
wild-type HEK293 cells with ones stably transfected with nanog.
In Figure 1C we show that the nanog beacon is able to separate
0.3% of nanog-positive cells from amixture in which the theoret-
ical value is 0.44%, thus giving an ∼70% separation accuracy at
values less than 1/100 for positive selection. This selection accu-
racy increases to ∼85% as the amount of nanog-positive cells
increases. We can compare this accuracy of separation using
beacon detection to the experimental accuracy of cell separation
independent of beacon inwhichwe simplymixedHEK293-nanog-
GFP with wtHEK293 cells (Fig. 1D). These studies show that sep-
aration is accurate to at least 0.01%, and thus thedifferences seen
between the theoretical and actual values seen in Figure 1C are

due to the beacon response rather than errors in the experimen-
tal procedure. Nevertheless, these data show that the yield for
positive selection of cells using beacon is quite high.

Development of a Universal Beacon

First, we randomly generated 20-nt DNA sequences and searched
for them in the human genome. We found that CGTACGCGTCG-
GAGAT does not match any transcript mRNA and has only a 75%
match to 6 genomic DNA sequences and an 81% match to 3 ge-
nomic DNA sequences. We inserted this sequence before the
start codon of nanog after verifying that it does not disrupt reg-
ulatory regions (e.g., CAAT or TATA boxes) and avoided potential
siRNA sites. Neither the UB tag nor UB (59-6-FAM-ccaccCG-
TACGCGTCGGAGAT-TF5-gggtgg-BHQ1) affected nanog protein
expression, cell growth, or cell morphology (Fig. 2A). We directly
compared cell separation by FACS of cMSCs transiently trans-
fected with UB-nanog using the nanog beacon described above
versus the UB-nanog. We find an identical 99.1% recovery of
nanog-positive cells using both the nanog beacon and the UB
after correcting for the transfection efficiency of UB-nanog
(25.9%).

We applied UB technology to the pacemaker channel gene
hHCN2 in a project with the ultimate goal of using stem cell tech-
nology to replace electrical pacemakers. Unlike with the nanog
beacon, we were unable to construct a sensitive and specific tra-
ditional beacon to this gene because of its high G/C content. Ad-
ditionally, the hHCN2 channel is a transmembrane protein and
does not have a distinguishable epitope for antibody recognition.
Therefore, only the UB approach would allow us to separate cells
expressing this gene.

We inserted theUB tag before the start and/or after the codon
in the 59-UTR of hHCN2. We transfected UB-hHCN2 or hHNCN2
into cMSCs followed by transfection with the UB. Red UB fluores-
cence was seen in all cells, but only cells transfected with UB tag-
hHCN2 showed green fluorescence. The highest level of beacon
response is seen ∼60–90 minute after transfection followed by
degradation (Fig. 2B). We then separated cells transfected with
UB tag-hHCM2 by FACS. All cells that showed green fluorescence
had channel activity (Fig. 2C). Thus, UB tag-hHNC2 is expressed,
and theproteinproperly localizes to theplasmamembrane to form
functionalchannels thatare identical towildtype(Fig.2B,2C).FACS
studies indicatea smallbackground thatwe find isdue to the11.1%
impurity of the beacon preparation, as determined by mass spec-
trometry. Using purer beacon preparations diminished this back-
ground to give a separation accuracy on par with those in Figure 1C.
Additionally, boththenanogbeaconandUBgave identical selection
and separation of cMSCs transiently transfected with UB-nanog
(Fig. 2D). Thus, our studies suggest that UB can be applied to posi-
tive as well as negative selection.

DISCUSSION

RNA beacons have the potential to deliver pure cell preparations
needed for stem cell therapy, but developing a specific and re-
sponsive beacon canbedifficult if not impossible. Here,we report
on an off-the-shelf universal beacon that targets a nonsense tag
placed in the untranslated region of a functional protein or even
a biomarker. We show that UB technology allows for detection
and high-throughput separation of any exogenous gene without
altering the properties of the protein product.
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CONCLUSION

Here we have shown that separation of UB-positive cells using UB
yieldsapurepopulationofcellsexpressingthegeneof interest. This
technology should greatly enhance the ability to prepare pure pop-
ulations of transformed stem cells for therapeutic use and can be
used in other cell types that allow transfection or infection as well.
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