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ABSTRACT: Telomerase is inactive in normal somatic cells but
highly activated in tumor cells to maintain their indefinite proliferation
and immortal phenotype. As a specific marker for the generation and
progress of almost all tumors, the detection of telomerase activity by
classical PCR techniques has served in the biological research of
tumors. However, the detection of in situ telomerase activity in cell
extracts to evaluate the malignancy, progress, and metastasis of tumors
remains a daunting challenge. Here, a precisely designed FRET-based
ratiometric fluorescent oligonucleotide probe has achieved high-fidelity
detection of telomerase activity for accurate discrimination of different
cancer cells toward advanced diagnosis of tumors. Our method is
superior to other methods in its capabilities to quantify telomerase
activity in cell extracts and visualize various tumor cell extracts with different telomerase expression levels by the naked eye for
clinical diagnosis. In particular, the ratiometric fluorescent probe used in the assay could exclude other experimental factors
influence, and further avoid false positive signal generation. The method reported here could provide a reliable, accurate, and
convenient way in medical diagnostics and therapeutic response assessment.
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Telomeres at the ends of chromosomes are a special
structure to protect genome integrity from degradation,

rearrangements, and end-end fusion.1−7 Progressive telomere
shortening over the course of cell division leads to “replicative
senescence” of somatic cells, which is counteracted in tumor
cells by activating telomerase to compensate telomeric
depletion.1,8 Telomerase is inactive in normal somatic cells,
which would ultimately induce cell apoptosis.9−11 However, it
is highly activated in almost all tumor cells to maintain their
immortal phenotype or indefinite proliferation. Therefore,
telomerase activity has become an important marker for
malignant tumor generation and progression in the diagnosis
and therapy of cancers.4,12,13

Several strategies based on the telomeric repeat amplification
protocol (TRAP)2,14 have been developed for detecting
telomerase activity, such as the electrochemical method,15−17

surface-enhanced Raman scattering,18,19 and fluorescent
method.20−24 These methods have significantly improved the
sensitivity and feasibility of telomerase activity detection, but
they still suffer from several drawbacks that include being time-
consuming and requiring expensive instruments and sophisti-
cated experimental steps. In contrast, the fluorescent method
holds great promise for telomerase activity detection because of
its high signal intensity, real-time detection, and easy use and

visualization. Despite these attractions, a number of notable
challenges associated with this method still exist. For instance,
most fluorescent methods are a one-color fluorophore-modified
DNA probe that can be opened or closed by telomerase
sequence through elongating a part of the DNA probe under
the catalysis of telomerase,25 leading to difficulty in distinguish-
ing different types of cancer cells by the naked eye. In addition,
many external factors will affect DNA unwinding during the
telomerase catalysis process in cells, generating false positive
signals.26 Herein, we describe a ratiometric fluorescent probe to
qualitatively and quantitatively detect telomerase activity based
on two double strand DNA (dsDNA) labeled with two
fluorophores and one quencher.27 Upon the addition of
telomerase, one dsDNA constructed by telomerase primer
sequence (TS) and TS complementary sequence labeled with
FAM (F1) was catalyzed and prolonged to form telomeric
repeats, which would fully complement with Dabcyl-modified
single-strand DNA (ssDNA). The previous FRET from Texas
Red to Dabcyl of partially complementary dsDNA sequence
(T1) was broken, and a new FRET from FAM and Dabcyl of
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T1 was formed, which involves a color variation from green to
red under UV irradiation by the naked eye. This novel assay
offers not only high sensitivity and excellent specificity but also
avoids false positive signals and distinguishes normal/cancer
cells, which is favorable for the reliable and accurate detection
of telomerase activity and easy discrimination of various tumor
cell extracts with different telomerase expression levels by the
naked eye. The proposed strategy for assaying telomerase
activity of cell extracts was considered to play an important role
in early diagnosis and therapy for cancer.

■ EXPERIMENTAL SECTION
Materials. All DNA sequences used in the experiment were

purchased from Sangon Biotech Co., Ltd. (Shanghai, China). The
DNA stock solution (HB buffer) was prepared by mixing 1 mM KCl, 1
mM Tris-HCl, 0.5 mM MgCl2 (pH 7.5). Each hybrid DNA probe was
prepared by mixing two single-strand DNA (ssDNA) and heating to
94 °C for 3 min and then cooling to room temperature slowly. The
RNase inhibitor, gel electrophoresis loading buffer, CHAPS lysis
buffer, DNA marker, diethyl pyrocarbonate (DEPC), PBS (136.89
mM NaCl, 2.67 mM KCl, 8.24 mM Na2HPO4, and 1.76 mM KH2PO4,
pH 7.4) and Tween 20 were all purchased from Sangon Biological
Engineering Technology & Co., Ltd. (Shanghai, China).
Cell Cultures. HeLa (human cervical cancer cell line), KB (human

oral epidermoid cancer cell line), HepG2 (human liver cancer cell
line), and A549 (human lung cancer cell line) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, GIBCO) with 10%
fetal calf serum (FCS, Sigma) and 1% penicillin-streptomycin. QSG
(human normal hepatic cell line) was cultured in RPMI-1640
(GIBCO) with 10% fetal calf serum and 1% penicillin-streptomycin.
All of the cell lines were cultured in a humidified atmosphere
containing 5% CO2 at 37 °C in a culture dish.
Preparation of Cell Lysates. Cells were lysed by the NP-40

method according to a well-established protocol.28 Briefly, cells were
trypsinized from culture dishes, washed twice with PBS (pH 7.4), and
resuspended in 1 mL of cooled lysis buffer (10 mM Tris-HCl, 1% NP-
40, 150 mM NaCl, 10% glycerol, 0.25 mM sodium deoxycholate, 0.1
mM AEBSF, pH 8.0) at a concentration of 1.0 × 107 cells/mL. The
cells were kept at 4 °C for 30 min under shaking, and the mixture was
centrifuged at 11,000 rpm for 20 min at 4 °C to remove any cell
debris. The lysates were flash frozen in liquid nitrogen and stored at
−80 °C for further use.
Detection of Telomerase Activity. Different volumes of cell

lysates were incubated with a mixture containing of 2 μL of 50 μM
probe T1, 2 μL of 50 μM probe F1, 20 μL of 10× TRAP reaction
buffer (200 mM Tris-HCl, pH 8.3, 15 mM MgCl2, 630 mM KCl, 0.5%
Tween 20, 10 mM EGTA), and 4 μL of 10 mM dNTPs at 37 °C for 3
h (in all tests, the final volumes were adjusted to 200 μL with DEPC-
treated water). For control experiments, telomerase in the cell lysates
was deactivated by heating at 90 °C for 30 min.
Gel Electrophoresis and PCR Amplification. The reaction for

the elongation of telomerase primer with the telomeric repeat
TTAGGG was performed using cell lysate. Two microliters of cell
lysate was mixed with 3 μL of telomerase primer (100 μM), 16 μL of
PCR water, 2.5 μL of 10× TRAP reaction buffer, 0.5 μL of 50× dNTP
mix (10 mM, 2.5 mM each of dATP, dTTP, dGTP, and dCTP in
RNase-free H2O), 0.5 μL of TRAP primer mix (36 bp internal
standard control (TSNT), 5′-AATCCGTCGAGCAGAGTTAAAAG-
GCCGAGAAGCGAT-3′; ACX primer, 5′-GCGCGGCTTACCCTT-
ACCCTTACCCTAACC-3′; NT primer, 5′-ATCGCTTCTCGGCC-
TTTT-3′), and 0.5 μL of Taq polymerase (5 units/μL) in a centrifuge
tube. The mixing solution was then incubated in a water bath at 37 °C
for 30 min to elongate the TP primer. The elongated TP strands with
(TTAGGG)n were amplified in the PCR instrument through 32
circular steps, and each step included an incubation at 94 °C for 30 s,
62 °C for another 30 s, and 72 °C for 1 min. The amplification of
hybrided duplex DNA chains was also performed according to
identical steps.

The working principle of the probe was verified by analyzing gel
electrophoresis. The samples were mixed with 2.0 μL of loading buffer
and then injected into polyacrylamide hydrogel. Electrophoresis was
carried out in tris-borate EDTA (TBE) buffer at 110 V in TBE buffer
for 65 min. The gel was stained for 10 min with 4S red plus and
imaged using a Tocan 240 gel imaging system (Shanghai Tocan
Biotechnology Company).

■ RESULTS AND DISCUSSION
Principle of Assay. The principle of this reliable

ratiometric probe to quantitatively detect telomerase activity
based on the FRET mechanism29 is illustrated in Scheme 1 and

Table S1. The ratiometric fluorescent oligonucleotide probe is
constructed using a quencher- and fluorophore-labeled duplex
oligonucleotide (T1) as well as another fluorophore-labeled
duplex oligonucleotide (F1). T1 is designed as a partly
complementary dsDNA modified with Texas Red at the 5′-
end as a donor of one ssDNA and Dabcyl at the 3′-end as a
quencher of another ssDNA. T1 exhibits no color under an
excitation wavelength of 365 nm due to the FRET1 effect from
Texas Red to Dabcyl through the formation of partly
complementary dsDNA structure. F1 is labeled with FAM at
the 5′-end of ssDNA, which is partly complementary with
telomerase primer sequence that could be catalyzed and
prolonged by telomerase. Consequently, the F1 and T1
mixture display green fluorescence under the excitation of a
UV lamp (λex = 365 nm). In the presence of the target
telomerase, F1 was catalyzed and prolonged in a dNTP mixture

Scheme 1. Schematic Illustration of the Ratiometric
Fluorescent DNA Probe for Detecting Telomerase Activity
in Cell Extracts
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to form telomeric repeats at the 3′-end of the telomerase
primer sequence. The prolonged F1 dsDNA sequence would
completely complement with Dabcyl-modified ssDNA of T1
and subsequently induce the breaking of FRET1 between Texas
Red and Dabcyl and formation of new FRET2 between FAM
and Dabcyl, which involves a color variation from green to red.
Compared to conventional single-dye-labeled DNA to detect
telomerase activity,30 this ratiometric fluorescent probe based
on the FRET mechanism was expected to possess the excellent
capability of avoiding false positive signals, which improves the
reliability and accuracy of telomerase activity detection in
cancer cell extracts.
Telomerase-Responsive Fluorescence Variation. For

the telomerase-responsive fluorescence variation of the
ratiometric probe to be evaluated, the fluorescent spectra of
the ratiometric fluorescent probe (2 μL of 50 μM probe T1, 2
μL of 50 μM probe F1) in the presence of dNTPs (4 μL of 10
mM) was observed after incubation for different amounts of
time in HeLa cell extracts. Over time from 0 to 320 min, the
fluorescence intensity of FAM centered at 520 nm gradually
decreases, whereas the red fluorescence of Texas Red centered
at 615 nm steadily increases (Figure 1A), demonstrating the

occurrence of the FRET2 process between FAM and Dabcyl
and the destruction of FRET1 between Texas Red and Dabcyl.
The fluorescence ratio (I615/I520) gradually increased with
increasing incubation time from 0 to 160 min and reached a
plateau after 160 min (Figure 1B), which resulted in a fantastic
color change from green to yellow green to yellow to orange
red to red. In addition, with the addition of the ratiometric
fluorescent DNA probe to different numbers (different
concentrations of telomerease) of HeLa cell extracts, the

green fluorescence of FAM was dramatically quenched while
the red fluorescence of Texas Red was gradually enhanced,
similar to the trend of the fluorescent probe incubated in 6.4 ×
103 HeLa cell extracts with prolonged incubation time.
Importantly, the fluorescence intensity ratio (I615/I520)
progressively increased from the initial value of 0.2:1 to 4.6:1
at 12.8 × 103 HeLa cell number, suggesting its high sensitivity
to the HeLa cell number. When the number of HeLa cells was
up to 12.8 × 103, the fluorescence intensity of FAM became
much weaker than that of Texas Red, leading to the remarkable
color change from green to red under a UV lamp (inset of
Figure 1B). The fluorescence intensity ratio increased
proportionately with a good linearity ranging from 0 to 0.8 ×
103 HeLa cell number by the correlation coefficient of 0.9666 in
the equation I615/I520 = 1.18c + 0.16 (c being the HeLa cell
number, Figure S2). The detection limit in this method is
defined as 3-times the standard deviation of background (3σ)
divided by the slope of the standard curve, and it was calculated
to be 102 HeLa cells, which is comparatively lower than the
previous reported method of telomerase activity detection
(Table S2).31−34

Verification of the Oligonucleotide Reaction. To verify
the mechanism we proposed in Scheme 1, gel electrophoresis
was used to monitor the interactions among the oligonucleo-
tides according to its ability to separate oligonucleotides based
on their charge and molecular weight.35 First, we investigated
whether the TS sequence could amplify the repeats of
TTAGGG in the dNTPs mixture in the presence of telomerase.
The bands of lanes a and b in Figure 2A represent TS

sequences in the absence and presence of telomerase,
respectively. It can be seen that the 18bp TS sequence in
lane b disappeared, and a series of amplified bands at ∼28 bp
was formed, confirming that the TS sequence could be
elongated by telomerase-amplified function. Second, the
response of the ratiometric fluorescent probe to telomerase
activity was also investigated. As shown in Figure 2B, only one
obvious low molecular weight band in lanes a−d is observed,
which indicates the strong stability of the TS sequence, FAM-
labeled ssDNA, Texas Red-labeled ssDNA, and Dabcyl-labeled
ssDNA. The length of lane e is approximately equal to the sum
of the length of the TS sequence and the FAM-ssDNA, and
both F1 and FAM-ssDNA exhibit strong fluorescence,
demonstrating that F1 is hybridized by the TS sequence and
FAM-ssDNA. Meanwhile, the length of lane f is also found

Figure 1. (A) Fluorescence spectra of 50 nM ratiometric fluorescence
probe in 6.4 × 103 HeLa cell extracts in response to increasing reaction
time. (B) Plot of the fluorescence intensity ratio (I615/I520) vs reaction
time. The insets show the corresponding fluorescence colors at
different times under a 365 nm UV lamp. (C) Fluorescence spectra of
50 nM ratiometric fluorescence probe response to cell extracts of
different cell numbers for 3 h. (D) Plot of fluorescence intensity ratio
(I615/I520) vs different cell numbers in HeLa cell extracts. The insets
show the corresponding fluorescence colors with different HeLa cell
numbers under a 365 nm UV lamp.

Figure 2. (A) Gel electrophoresis images of TS sequence (1) without
telomerase and (2) with telomerase (cell extracts). (B) Gel
electrophoresis images of (a) TS sequence, (b) FAM-ssDNA, (c)
Texas Red-ssDNA, (d) Dabcyl-ssDNA, (e) F1, (f) T1, (g) incubation
product of T1 and F1 at 37 °C for 3 h, and ladder DNA. M means
DNA marker.
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equal to the sum of the length of the Texas Red-ssDNA and the
Dabcyl-ssDNA, and only Texas Red-ssDNA displays fluo-
rescence, further revealing that the fluorescence of T1 is
quenched by the hybridization of fluorophore labeled-ssDNA
and quencher labeled-ssDNA. Once the telomerase was added
to the ratiometric fluorescent probe, one distinct fluorescence
band could be seen in line g, indicating the telomerase triggered
the unwinding of T1 to form a new FRET process from FAM
to Dabcyl. The gel electrophoresis results further confirm the
principle we proposed in Scheme 1.
Reliability of the Ratiometric Fluorescence Probe

Method. To further ensure the reliability of this method, we
conducted several control experiments. First, a comparison of
normal HeLa cell extracts and heat-inactived HeLa cell extracts
at 95 °C was examined (Figure S1), and negligible fluorescence
enhancement of heat-inactived HeLa cell extracts was observed
due to the high temperature inducing enzyme inactivation,
further demonstrating that using the ratiometric probe to detect
telomerase activity is reliable and accurate. Second, the
introduction of 3′-azido-3′-deoxythymidine (AZT), a widely
used telomerase enzymatic activity inhibitor, was also used to
investigate the feasibility of the ratiometric fluorescent probe
method. Different concentrations of AZT were added to the
reaction solution during the telomerase elongating process. The
cell extracts were extracted from 2000 HeLa cells and the
concentrations of AZT were chosen from 0 to 5 nM. As shown
in Figure 3A, with the increasing concentration of AZT, the

fluorescence intensity at 620 nm corresponding to Texas Red
gradually decreased, whereas the fluorescence intensity of FAM
at 515 nm steadily increased. The relationship between
telomerase activity (fluorescence intensity ratio) and AZT
concentration is shown in Figure 3B, demonstrating that the
AZT could effectively inhibit the activity of telomerase. The
AZT inhibitor experiment also proves that the ratiometric
fluorescence probe method is reliable.
Detection of Telomerase in Different Cell Extracts. To

evaluate the potential of this ratiometric fluorescent method for
clinical diagnosis, we examined different human tumor cells
(HepG2, A549, 293T) and QSG as one of the normal human
somatic cells as experimental samples to investigate telomerase
activities. It is well-known that telomerase in tumor cells has
higher expression levels than those in normal cells.36,37 As
shown in Figure 4A, the fluorescence intensity ratio (I615/I520)
of HeLa cells was much higher than that of QSG with the
increase in cell number, whereas the telomerase activity of QSG

cells was almost the same at different cell numbers, illustrating
that the ratiometric fluorescent probe exhibits a stable and
specific response to the telomerase in HeLa tumor cell extracts
rather than that in QSG normal cell extracts, which is a complex
environment, without the interference of nucleic acids and
enzymes. Figure 4B displays telomerase activity for the
ratiometric fluorescence probe (2 μL of 50 μM probe T1, 2
μL of 50 μM probe F1) treated with QSG, HepG2, A549,
HeLa, and 293T cell extracts with a cell number of 1000. As
expected, HepG2, A549, HeLa, and 293T cancer cells all exhibit
positive telomerase activity, which is consistent with the
overexpression of telomerase in most known human tumors.
In contrast, the QSG cells generate negligible improved
fluorescence signal due to the lack of telomerase activity in
normal cells. Interestingly, different cells, including QSG,
HepG2, A549, HeLa, 293T, can be easily distinguished by
the different fluorescence intensity ratios of the ratiometric
fluorescent probe, which induce different color changes by the
naked eye under UV irradiation from yellow green to orange to
orange red to red (inset of Figure 4B). These results clearly
demonstrate the feasibility of the proposed method for the
detection of telomerase activity in clinical samples using a UV
lamp.

Evaluation of Avoiding False Positive Signals. It is
well-known that the general ratiometric fluorescence probe has
the advantage of avoiding false positive signal.38,39 To prove
that our probe could also avoid false positive signals, the
ratiometric fluorescent probe to one typical enzyme DNase I
was examined by coincubating them at 37 °C and then
detecting the fluorescence of mixture. As shown in Figure 5, the
fluorescent peak of Texas Red centered at 620 nm gradually

Figure 3. (A) Fluorescence spectra of 50 nM ratiometric fluorescence
probe in 2 × 103 HeLa cells extracts in response to different
concentrations of the telomerase inhibitor (AZT). (B) Plot of the
fluorescence intensity ratio (I615/I520) vs different concentrations of
AZT.

Figure 4. (A) Telomerase activity in HeLa (cancer) and QSG
(normal) cells with increasing cell number. (B) Comparison of the
telomerase activity for the ratiometric fluorescence probe treated with
the normal cell line (QSG) and different cancer cell lines (HepG2,
A549, HeLa, and 293T). The error bar is the standard deviation
calculated from three replicated experimental results.

Figure 5. Effect of different concentrations of DNase I on the
fluorescence intensity of the ratiometric fluorescence probe.
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increased with the increase in DNase I concentration from 0 to
0.6 under the excitation wavelength of 365 nm, whereas the
peak of FAM centered at 520 nm remained unchanged. One
possible reason for this could be that the mixed dsDNA F1 and
T1 were broken into several fragments under the cleavage of
DNase I, forming several small single-stranded fragments.
Thereby, the Dabcyl group on the 3′- end of T1 could not fully
quench the red fluorescence of the Texas Red group on the
same strand of T1, and telomerase could not extend the TS
sequence in F1 with the increasing amount of DNase I. On the
other hand, the results of the fluorescence spectra were clearly
different in the absence of DNase I. F1 was catalyzed under the
function of telomerase and prolonged in the dNTP mixture to
form telomeric repeats at the 3′-end of the telomerase primer
sequence, which could completely complement Dabcyl-
modified ssDNA of T1 and subsequently induce the breaking
of FRET between Texas Red and Dabcyl, leading to the
decrease in the FAM fluorescent peak at 520 nm and increase
in the Texas Red fluorescent peak at 620 nm. In other words,
this method successfully excluded the influence of other
experimental factors by comparing the fluorescence spectra of
the reaction; only telomerase can stimulate the ratiometric
fluorescent probe and induce a significant change in the
fluorescence spectra (decrease in the FAM peak and increase in
the Texas Red peak), which can avoid false positive results.

■ CONCLUSIONS

In summary, we have developed a general platform to
discriminate various cancer cells with different telomerase
expression levels by the naked eye based on FRET principles,
which was achieved by designing a dual-colored dye-modified
ratiometric fluorescence oligonucleotide probe for qualitative
and quantitative detection of telomerase activity in cell extracts.
This novel probe was constructed by a quencher- and
fluorophore-labeled duplex oligonucleotide as well as another
fluorophore-labeled duplex oligonucleotide. Once the target
telomerase was added, dye-labeled dsDNA was catalyzed and
prolonged to form telomeric repeats, which could fully
complement Dabcyl-modified ssDNA, subsequently inducing
the breaking of FRET and formation of a new FRET. In
contrast to the traditional methods, the realization of a
telomerase assay using two dye-modified ratiometric fluores-
cent oligonucleotide probes and FRET principles is rarely
reported. By using this ratiometric fluorescence probe,
telomerase activity in cell extracts could be precisely detected
with a detection limit of 102 HeLa cells, which is comparatively
lower than seen in other methods. This study is expected to
exhibit exciting opportunities in medical diagnostics and
therapeutic response assessment.
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