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A molecular beacon (MB) is a synthetic structured DNA
oligonucleotide composed of a binding site targeting the
sequence of interest and a reporter fluorescence molecule
inactivated by a quencher absorbing fluorescence energy.'
When a MB binds with the target sequence, the quencher
molecule is separated and the fluorescence is recovered.
Simultaneously, the MB can inactivate the function of the
target sequence. Therefore, MB-based bioimaging systems
can allow not only non-invasive, real-time and quantitative
imaging assays but also in situ functional assays at the molec-
ular level in living organisms. Bioimaging studies using MBs
for microRNAs (miRNAs), non-coding small RNAs (nsRNAs),
have successfully sensed miRNA biogenesis in vitro and
in vivo during neurogenesis, myogenesis and carcinogenesis.>

PIWI-interacting RNA (piRNA) is another class of nsRNA
which is associated with PIWI proteins in the male germline.?
Originally, piRNAs have been known to play critical roles in
germline development by regulating transposons and other
targets to maintain genome integrity." Recently, they have
also been found in various adult cell types, such as hippo-
campal neurons, germline stem cells, and cancer cells, and
are involved in maintaining genome stability and epigenetic
control of gene expression, although their functions are not
yet fully understood.’ In cancer development, piRNAs play a
driver role through degradation or inhibition of tumor sup-
pressor genes and oncogenes, epigenetic modifications, such
as DNA hypo/hypermethylation and histone modifications,
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Simultaneous bioimaging of piR-36026 and piR-36743 using molecular beacons successfully visualized 4
different subtypes of breast cancer.

and cell cycle regulation. Until now, next genome sequencing
(NGS) and quantitative real-time polymerase chain reaction
(qRT-PCR) have been widely used to detect endogenous
PiRNA expression.” These approaches are laborious, time-
consuming and non-reproducible. Additionally, many cancer
molecular imaging studies have used single cancer bio-
markers,® which cannot represent various mechanisms and
various subtypes of cancers. Similarly, our previous report
demonstrated that the imaging of piR-36026 using piR-36026
MB rarely detected various subtypes of breast cancer.®”

In this study, we selected piR-36026 and piR-36743, which
are specifically up-regulated in breast cancer tissue,*® to con-
duct molecular imaging of multiple piRNAs in a single breast
cancer cell using 2 different MBs.

To simultaneously visualize the expression of piR-36743
and piR-36026 in a single cell, piR-36743 MB or piR-36026
MB was designed to be synthesized as a form of a partially
double-stranded DNA oligonucleotide with Cy3 fluorescent
dye (excitation/emission wavelength: 550/570 nm, reporter
oligo) and black hole quencher 1 (BHQ1, quencher oligo) or
Cy5.5 fluorescent dye (excitation/emission wavelength: 694/
705 nm, reporter oligo) and BHQ2 (quencher oligo) (Fig. 1).
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Fig. 1 Simplified drawing of piR-36026 MB and piR-36743 MB to si-
multaneously sense piR-36026 and piR-36743.
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The reporter oligo of piR-36743 MB or piR36026 MB has a
complementary sequence to piR-36743 or piR-36026, which
acts as its binding site and is labeled with Cy3 or Cy5.5 at the
5' end, respectively. The quencher oligo of piR-36743 MB or
piR36026 MB is designed to have sequences partially comple-
mentary to its corresponding reporter and to have BHQ1 or
BHQ2 at the 3’ end. Both piRNA MBs were made as partially
hybridized forms between each piRNA reporter oligo and
each quencher oligo. The predicted functional mechanisms
of both piRNA MBs as imaging probes of their target piRNA
is described below. If there is no piR-36743 or piR-36026 in
the cytoplasm of cells, the Cy3 activity of piR-36743 MB or
the Cy5.5 activity of piR-36026 MB is quenched due to the ab-
sorption of the emitted fluorescence by BHQ1 or BHQ2 and
results in no fluorescence signal. In contrast, when piR-36743
or piR-36026 is expressed in cells, the hybridization between
piR-36743 and the piR-36743 reporter oligo or between piR-
36743 and the piR-36743 reporter oligo results in the detach-
ment of the quencher oligo from each MB and consequently
a high fluorescence signal of Cy3 or Cy5.5 is generated in the
cytoplasm of cells.

To determine the optimal ratio of the reporter oligo to the
quencher oligo for generating piR-36743 MB or piR36026 MB,
the quenching efficiency of the reporter oligo of piR-36743 or
piR36026 (30 pmol) was measured by incubating the reporter
oligo with different concentrations of its corresponding
quencher oligo on a black plate for 1 hour at room tempera-
ture. Both reporter oligos were gradually quenched and
showed maximal quenching efficiency at 60 pmol for each
quencher oligo (Fig. S1laf). A 1:2 molar ratio of reporter oligo
to quencher oligo was determined to form piR-36743 MB and
piR-36026 MB. Quantitative fluorescence analysis using a
spectrometer demonstrated that piR-36743 MB and piR36026
MB revealed a dose-dependent and gradual increase in fluo-
rescence intensity in the presence of exogenous piR-36743 or
piR36026, respectively (Fig. S1bt). Meanwhile, both piRNA
MBs remained in a quenched state with the treatment with
exogenous piR-126541, which was used as the negative con-
trol and is only expressed in mouse testes.” The chemical
and functional stabilities of piR-36743 MB and piR-36026 MB
were verified after incubation in PBS buffer and cell medium
in a tube for two days. The quenched state of both piRNA
MBs was stable for 2 days and the fluorescence was activated
only upon the addition (200 pmol) of its target piRNA (Fig.
S27). These results demonstrated the great specificity of piR-
36743 MB and piR-36026 MB to detect piR-36743 and
piR36026.

To simultaneously visualize the expression of multiple
PiRNAs in a single breast cancer cell using piR-36743 MB and
piR36026 MB, we first examined the endogenous expression
of piR-36743 and piR-36026 in four different human breast
cancer cell lines including MCF-7 (luminal A), BT474 (lumi-
nal B), MDA-MB-453 (HER-2 over-expressing) and MDA-MB-
231 (triple negative) and a normal cell line (CHO cells, Chi-
nese hamster ovary cells) by qRT-PCR. Interestingly, the four
breast cancer cell lines showed distinct expression patterns

This journal is © The Royal Society of Chemistry 2017

View Article Online

Research Article

of piR-36743 and piR-36026 (Fig. 2a). Both piRNAs were
expressed at a relatively high level in MCF-7 and BT-474 cells
compared with CHO cells. The expression level of piR-36743
in MCF-7 cells was lower than that of piR-36026.

However, an opposite expression pattern was observed in
BT-474 cells: the expression level of piR-36743 was higher
than that of piR-36026. MDA-MB-231 cells showed a high ex-
pression of piR-36743 but no expression of piR-36026. In the
MDA-MB-453 cell line, there was no significant expression of
both piRNAs. We transfected 50 pmol of piR-36743 MB or
piR36026 MB into CHO cells, which rarely express both piR-
36743 and piR-36026 (Fig. 2a). Quantitative fluorescence anal-
ysis confirmed that both piRNA MBs in CHO cells stayed in a
quenched state in the absence of exogenous piR-36743 or
piR-36026 and in the presence of piR-126541 (Fig. 2b). In
contrast, as the concentration of exogenous piR-36743 or piR-
36026 increased up to 1 nmol, the total fluorescence of piR-
36743 MB or piR-36026 MB in CHO cells significantly and se-
quentially intensified due to the gradual detachment of the
quencher oligo from each piRNA MB by the hybridization of
each piRNA with its counterpart piRNA MB. Similarly, confo-
cal microscopy images of both piRNA MBs in CHO cells dem-
onstrated that the fluorescence brightness increased in a
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Fig. 2 Specificity of piR-36743 MB and piR-36026 MB to detect piR-
36743 and piR-36026 expression, respectively. (a) Distinct expression
patterns of piR-36743 and piR-36026 in different breast cancer cell
lines (*p < 0.05, **p < 0.005). (b) Fluorescence intensities of piR-
36743 MB and piR-36026 MB in CHO cells (*p < 0.05, **p < 0.01).
Confocal microscope imaging analysis of (c) piR-36743 MB and (d)
piR-36026 MB in CHO cells. The Cy3 fluorescence images (green
color) of piR-36743 MB to detect piR-36743 and the Cy5.5 fluores-
cence images (red color) of piR-36026 MB to detect piR-36026 were
obtained. All images were merged with the 4',6-diamidino-2-
phenylindole (DAPI) (nucleus staining) and cellular morphology images.
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concentration-dependent manner of exogenous piR-36743 or
piR-36026 in the cytoplasm, whereas the fluorescence of both
piRNA MBs remained quiescent in the presence of piR-
126541 (Fig. 2¢c and d).

To evaluate the feasibility of piRNA MBs for monitoring
endogenous piRNA expression in breast cancer, various con-
centrations of both piRNA MBs were transfected into MCF-7
cells separately. A piR-126541 MB with a similar structure to
that of piR-36743 MB was used as the negative control and
showed a great specificity to detect piR-126541 (Fig. S37).
Quantitative fluorescence analysis demonstrated that the rel-
atively high expression of both piR-36743 and piR-36026 in
MCF-7 cells resulted in a gradual increase in the fluorescence
intensity of Cy3 or Cy5.5 in response to the concentration of
piR-36743 MB or piR-36026 MB due to a dose-dependent de-
tachment of each quencher oligo from the MB backbone
(Fig. 3a and b).

However, piR-126541 MB showed no significant fluores-
cence recovery because of the lack of endogenous expression
of piR-126541 in MCF-7 cells. Similarly, confocal microscopy
images of both piRNA MBs demonstrated that the high ex-
pression of both piR-36743 and piR-36026 in MCF-7 cells
resulted in a dose-dependent increase in fluorescence bright-
ness of Cy3 or Cy5.5 in the cytoplasm, while no fluorescence
signal was observed in the presence of piR-126541 MB
(Fig. 3c and d).

To simultaneously visualize the expression of endogenous
PiR-36743 and piR-36026 in a single breast cancer cell, piR-
36743 MB was co-transfected with piR-36026 MB into 4 differ-
ent subtypes of breast cancer cells. In MCF-7 cells simulta-
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Fig. 3 Detection of endogenous piR-36743 and piR-36026 in MCF-7
cells. Quantitative fluorescence activities of (a) piR-36743 MB to detect
endogenous piR-36743 and (b) piR-36026 MB to detect endogenous
piR-36026 in MCF-7 cells (**p < 0.005). Confocal microscopy analysis
of (c) piR-36743 MB and (d) piR-36026 MB in MCF-7 cells. All images
were merged with the DAPI and cellular morphology images.
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neously transfected by both piRNA MBs, the fluorescence
intensities of Cy3 from piR-36743 MB and Cy5.5 from piR-
36026 MB gradually increased (Fig. 4a). It was noted that the
fluorescence signals of piR-36026 MB in MCF-7 cells were sig-
nificantly higher than that of piR-36743 MB due to a rela-
tively higher expression of piR-36026 than piR-36743
(Fig. 2a). Similarly, dual transfection of both piRNA MBs re-
vealed unique expression patterns of endogenous piR-36743
and piR-36026 with a high intensity of Cy3 and a low inten-
sity of Cy5.5 in BT-474 cells, high signals of Cy3 and rare sig-
nals of Cy5.5 in MDA-MB-231 cells, and no activity of both
Cy3 and Cy5.5 in MDA-MB-453 cells (Fig. S41). The confocal
microscopy images demonstrated that a single cell from 4
different subtypes of breast cancer transfected with both
piRNA MBs was visualized by each unique expression pattern
of piR-36743- and piR-36026-dependent color change. In
MCF-7 cells that showed a high expression of both piRNAs
and a relatively higher expression from piR-36026 than piR-
36743, the cytoplasmic fluorescence brightness of Cy5.5 from
piR-36026 MB visualized by red fluorescence was greater than
that of Cy3 from piR-36743 MB visualized by green fluores-
cence (Fig. 4b). A single MCF-7 cell was visualized as yellow-
ish red at 50 pmol of dual transfection with both piRNA MBs
by the merging of green and red fluorescence. In contrast, in

o

-]

Flucrescence Intenelty L

pIR380268 MB + pIR36743 MB
(pmol)

--

IRA28541 MB
Q ¢ oot
[

PIRIE743IMB

N
:

%
BN
SR 1

PIRI8028 MB

Foldratio of ROI value
canuwuava~Ne

Fig. 4 Simultaneous imaging of piR-36743 and piR-36026 in breast
cancer cells. (a) Dual quantitative fluorescence activities of piR-36743
MB and piR-36026 MB in MCF-7 cells. MCF-7 cells were simulta-
neously transfected by both piRNA MBs. (b) Confocal microscopy im-
ages of a single MCF-7 cell simultaneously transfected by piR-36026
MB and piR 36743 MB. The fifth column shows the merged images and
cellular morphology. Scale bars, 10 um. (c) In vivo dual imaging of piR-
36743 and piR-36026 in MCF-7 cells. MCF-7 cells transfected with
piR-36743 MB (right thigh, red circle, top) and piR 36026 MB (right
thigh, red circle, bottom) or without (left thigh, used as the control)
both piRNA MBs. (d) ROI analysis of the in vivo dual imaging of piR-
36743 and piR-36026. The fold ratio of each right thigh signal was
compared with the fold ratio of each corresponding left thigh signal.
Data are presented as means * standard deviations of triplicate sam-
ples (*p < 0.05, **p < 0.01).
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a single BT-474 cell that had opposite expression patterns of
piR-36026 and piR-36743 as compared to MCF-7 cells, the
green fluorescence intensity of Cy3 was much stronger than
the red fluorescence intensity of Cy5.5 and consequently, a
yellowish green fluorescence was obtained from a single BT-
474 cell at 50 pmol of transfection with both piRNA MBs by
the merging of green from piR-36743 MB and red from piR-
36026 MB (Fig. S5af). A single MDA-MB-453 cell transfected
with 50 pmol of both piRNA MBs was displayed as dark green
due to the rare expression of piR-36026 which resulted in no
red fluorescence signal of Cy5.5 (Fig. S5bf). Meanwhile, a sin-
gle MDA-MB-453 cell showed no red and green fluorescence
from piR-36743 MB and piR-36026 MB due to no significant
endogenous expression of piR-36743 and piR-36026 (Fig.
S5ct).

To simultaneously visualize the endogenous expression of
multiple piRNAs using piRNA MBs in breast cancer in vivo,
MCF-7 cells (1 x 107) transfected without and with piR-
36743 MB and piR-36026 MB were subcutaneously
implanted into the left thigh and right thigh of nude mice
(n = 3), respectively. A gradual and strong fluorescence sig-
nal of Cy3 from piR-36743 MB and Cy5.5 from piR-36026
MB was observed from the right thigh of the nude mice for
4 days, while the left thigh implanted with MCF-7 cells with-
out the transfection of both piRNA MBs showed no fluores-
cence activity (Fig. 4c). Interestingly, quantitative measure-
ment of in vivo fluorescence signals of piR-36743 MB and
PiR-36026 MB from the right thigh of the nude mice, as de-
termined by the region of interest (ROI), revealed that the
increase in Cy5.5 intensity signaling the expression of
endogenous piR-36026 was relatively higher than the in-
crease in Cy3 intensity showing the expression of endoge-
nous piR-36743 (Fig. 4d). The ROI demonstrated relatively
higher expression of piR-36026 than piR-36743 in MCF-7
cells.

Among several types of nsRNAs, piRNA can be a good bio-
marker for the diagnosis of cancers because it is involved in
cancer development in various ways and shows aberrant ex-
pression patterns by cancer type. For example, in breast cancer,
12 piRNAs (piR-4987, piR-20365, piR-20485, piR-20582, piR-
34736, piR-36249, piR-35407, piR-36318, piR-34377, piR-36743,
piR-36026, and piR-31106) were reported to be significantly dif-
ferently expressed between tumors and matched non-
malignant mammary epithelial cells.® Non-invasive molecular
imaging of specific piRNAs needs to be developed to provide
great knowledge about cellular and disease processes.

In this study, we synthesized piR-36026 MB containing
Cy5.5 (at an absorbance/emission of 694/705 nm) and BHQ2
and piR-36743 MB containing Cy3 (at an absorbance/emis-
sion of 550/570 nm) and BHQ1 to simultaneously visualize
the expression of piR-36026 and piR-36743. Four different
subtypes of breast cancer had distinct expression patterns for
piR-36026 and piR-36743. The in vitro imaging analysis of a
single breast cancer cell using both piR-36026 MB and piR-
36743 MB showed a great fluorescence sensitivity in detecting
high levels of piR-36026 and low levels of piR-36743 in MCF-7
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cells, low levels of piR-36026 and high levels of piR-36743 in
BT-474 cells, no expression of piR-36026 and high levels of
piR-36743 in MDA-MB-231 cells, and no expression of both
PiRNAs in MDA-MB-453 cells. In addition, in vivo imaging of
MCF-7 cells transfected with both piR-36026 MB and piR-
36743 MB successfully visualized the unique expression pat-
terns of piR-36026 and piR-36743. These findings demon-
strate that dual transfection of both piRNA MBs to simulta-
neously detect piR-36026 and piR-36743 can be used to
diagnose a variety of breast cancers. Since piRNA MBs are
low cost, easy to design, synthesize, and handle, and can un-
dergo straightforward analysis, they have great potential as
tools to study the expression and functions of many different
piRNAs and diagnose various piRNA-regulating cellular devel-
opments and diseases in vitro and in vivo.
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