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We successfully monitored time-dependent RNA expression
profiles using bispyrene-modified RNA probe in living cervical
carcinoma cells stimulated with EGF. Fluorescence microscopy
images clearly showed the RNA expression profile, and our
time-dependent profiles were in good agreement with those
obtained by RT-PCR. This suggests that our novel method can
analyze cellular responses to specific stimuli in a time-dependent
manner at a single-cell level.

The FANTOM Consortium revealed interesting features of
RNA.1 To determine RNA functions, molecular biological
methods such as Northern blotting, RT-PCR, and DNA micro-
array analysis are commonly used. However, real-time RNA
analysis cannot be performed since these methods require cell or
tissue lysates. To elucidate expression profiles and their local-
ization, methods to temporally analyze RNA expression at the
single-cell level are needed. Several methods for detecting RNA
in living cells using fluorescent probes have been reported.2

Fluorescence-labeled linear oligonucleotides probes,2a molecular
beacons,2b FRET probes,2c quenched autoligation probes,2d and
fluorescent protein-based probes2e can sensitively detect target
RNAs in living cells. However, these probes cannot distinguish
RNA from DNA, and they require certain delivery systems.
Thus, the time-dependent analysis of RNA in living cells has not
been well demonstrated. In a previous report, we showed that
bispyrene-modified 2¤-O-methyl RNA probes (OMUpy2)3 spe-
cifically detected target RNAs in cell-free media,3 fixed cells,4

and living cells.4 OMUpy2 can distinguish RNA from DNA and
can be delivered into cells without any drug delivery systems.
Therefore, OMUpy2 could be employed for real-time RNA
detection.

In this report, we describe a novel method for RNA
expression profiling in a time-dependent manner in living
cells in response to stimuli. We chose c-fos mRNA as a target
RNA, which is a typical transcript known to be an immediately
early response gene.5 We demonstrated the time-dependent
monitoring of c-fos mRNA transcription in living cells using
OMUpy2. Thus, we successfully achieved RNA expression
profiling.

We chose HeLa and C4II cells (cervical carcinoma cells) to
establish the feasibility of our RNA expression profiling method.
To study the c-fos mRNA expression profiles in these cell lines,
RT-PCR analysis was used. As shown in Figure 1A (HeLa),
at 0min, c-fos mRNA was only minimally expressed. The
expression level reached its maximum at 2030min after EGF6

stimulation and then gradually decreased. For C4II cells
(Figure 1B), at 0min, c-fos mRNA was also minimally ex-
pressed. The expression level reached a maximum at 3040min
after stimulation. The c-fos mRNA expression profiles were a
little different between these two cell lines.

Next, real-time RNA detection was performed. We attempt-
ed to detect c-fos mRNA expression profiles in both cell lines
using bispyrene-modified RNA probes that are complementary
to c-fos mRNA. Prior to monitoring c-fos mRNA in living cells,
the cellular uptake and subsequent distribution of the probes
were studied. We used 5¤-fluorescein-labeled OMUpy2 with
phosphorothioate linkages (F-OMUpy2-S).4 Phosphorothioate
linkages were introduced within the underlined sequences
shown below to facilitate cellular uptake. The sequences for
F-OMUpy2-S were: 5¤-fluorescein-GAUGUGUUpyUpyCUC-
CUC-3¤ (F-OMUpy2-fosS; complementary to c-fos mRNA),
5¤-fluorescein-CUUCAACGUpyUpyCAUUC-3¤ (F-OMUpy2-
scrS; scrambled sequence).4

F-OMUpy2-S was delivered into quiescent HeLa and C4II
cells for 4 or 6 h at 0.5 or 5¯M, respectively. The cells were
washed 3 times with HBSS6 and then observed with a
fluorescence microscope at 37 °C. Real-time imaging data are
shown in Figure 2A (HeLa) and Figure 2B (C4II). Fluorescence
intensity per cell was quantified using ImageJ software, and the

Figure 1. RT-PCR analysis of c-fos mRNA in HeLa and C4II
cells after EGF stimulation. RT-PCR analysis of total RNA
extracted from EGF treated HeLa cells (A) and C4II cells (B).
(EGF: 10 ngmL¹1) PCR products were analyzed by 2% agarose
gel electrophoresis and visualized with ethidium bromide. The
c-fos mRNA expression levels were normalized to those of
GAPDH mRNA. The results are relative intensity ratios to the
expression level before EGF stimulation.
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results are shown in Figures 2C and 2D. Fluorescein emission
(green) was observed in the cytoplasm in both cell lines, which
indicated that probes were taken up by cells and then distributed
into the cytoplasm (Figures 2A and 2B). There were no
differences in distribution for the probe sequences or cell lines.
For HeLa cells (Figures 2A and 2C), when F-OMUpy2-scrS was
delivered into the cytoplasm, bispyrene emission (blue) was
minimally observed in the cytoplasm and its intensity remained
nearly unchanged throughout the observation period (060min).
In contrast, the bispyrene showed a characteristic emission
pattern in F-OMUpy2-fosS treated HeLa cells (Figure 2A). At
0min, the fluorescence intensity was essentially equal to
F-OMUpy2-scrS treated HeLa cells, and gradually increased
up to a maximum at 20min. These results are in good agreement
with the RT-PCR analysis shown in Figure 1A. The fluorescent
spectrum from F-OMUpy2-fosS treated cells was confirmed to
have a maximum at 480 nm, which indicated that the emission
was due to c-fos mRNAF-OMUpy2-fosS hybrids.4 At 0min,
the fluorescence intensity of C4II cells (Figures 2B and 2D)
was essentially equal to that of F-OMUpy2-scrS treated C4II
cells, and gradually increased up to a maximum at 40min.
These results were in good agreement with those obtained by
RT-PCR analysis shown in Figure 1B. We also performed a
time-dependent analysis of c-fos mRNA expression using
OMUpy2-S that was not conjugated with fluorescein. These
data were in good agreement with the data using F-OMUpy2-S
as shown in Figure 2 (data not shown). Based on these
results, our method can detect a real difference in RNA
expression profiles between these two cell lines. After reaching
a maximum level, the fluorescence intensity did not decrease
appreciably. This suggested that the binding of F-OMUpy2-
fosS to c-fos mRNA could affect the rate of c-fos mRNA
degradation.

In conclusion, we successfully monitored the time-depend-
ent c-fos mRNA expression in living cells. This RNA live-cell
profiling method is a novel means to analyze the responses time
of cells to specific stimuli at the single-cell level. This method
could be applied generally to analyze other RNA expression.
Furthermore, this method could be an effective means to
elucidate the functions of noncoding RNA and RNA-induced
silencing complexes (RISC).
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Figure 2. Real-time imaging of c-fos mRNA using F-OMUpy2-S. Real-time imaging data of c-fos mRNA using F-OMUpy2-S in
living HeLa cells (A) and living C4II cells (B) after EGF stimulation. Fluorescence intensity was quantified using ImageJ and the
relative intensity was calculated. Results are summarized for (C) HeLa and (D) C4II cells. Data were acquired using NIS-Element Ar
software (Nikon). All fluorescent images were converted to pseudo-colors (fluorescein: green; bispyrene: blue). Fluorescence intensity
per cell was quantified using ImageJ and background was subtracted from the total fluorescence intensity. Data at each time point were
normalized to the intensity of EGF untreated cells and are given as relative intensity ratios. Scale: 20¯m. Filter sets: fluorescein (green),
with Ex 450490 nm, DM 505 nm, Em 520 nm; bispyrene (blue), with Ex 340/10 nm, DM 380 nm, Em 480/30 nm.
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