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Human telomerase is a universal cancer biomarker and a promising anticancer therapeutic target. Sensitive
and specific detection of telomerase activity is of great significance for cancer diagnosis and treatment. Up
to now, many methods have been established to detect the activity of telomerase, but most of these
methods require complex probe design and tedious experimental steps generally including telomere
extension reaction, amplification of the extended products and signal detection. Herein, we propose
a one-pot method to detect the telomerase activity via RNA FRET probes and RNase H-assisted signal
cycling amplification, and the proposed assay can integrate the telomere extension reaction, signal
amplification and readout in one step without requirement of amplification of the extended products,
which greatly simplifies the experimental design and operation steps. Additionally, the proposed one-pot
method has high sensitivity and can unequivocally detect the telomerase activity in as few as 5 cancer

rsc.li/rsc-advances

1 Introduction

Telomerase is a unique ribonucleoprotein enzyme complex with
reverse transcriptase activity that can add species-dependent
telomeric repeat sequences (such as “TTAGGG” in humans)
onto the 3’ end of linear chromosomes to protect the end of the
chromosome from fusion with neighboring chromosomes and
undesired degradation.”® Due to the lack of telomerase activity
in normal cells, telomeres gradually shorten during each cycle
of cell division, and activate DNA damage signals to trigger
cellular senescence and apoptosis. On the contrary, telomerase
activity is reactivated in most (~85% to 90%) human cancer
cells, maintaining the telomere length and leading to cellular
immortalization.’” Telomerase has been deemed as a universal
diagnostic and prognostic biomarker for cancers, as well as
a promising anti-cancer therapeutic target.*® Therefore, the
sensitive and specific detection of telomerase activity is of great
significance for cancer diagnosis and therapy.

Since the first identification of telomerase in 1985, a variety
of methods have been reported for the detection of telomerase
activity. The PCR-based telomeric repeat amplification protocol
(TRAP)* is the most widely applied method for telomerase
activity assay, in which radioactive label primer and multiple
time-consuming steps are required, and the results are not
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cells, which holds great potential in telomerase-related fundamental and clinical studies.

easily quantitated. Subsequently, many modified TRAP strate-
gies have been developed to overcome these limits by rede-
signing the primers, simplifying post-processing steps and
adopting non-radioactive detection technologies."*™** However,
the TRAP assays require thermal cycles and the false positive or
negative signals resulting from PCR-derived artifacts are diffi-
cult to be avoided. Recently, many PCR-free methods have also
been designed for detection of telomerase activity, such as
colorimetric,*®"” fluorescent,’*>' chemiluminescent,*** elec-
trochemical,**** electrochemiluminescent® methods. Although
some of the strategies have been used for monitoring intracel-
lular telomerase activity,"®' most of these methods also chal-
lenge to satisfactory sensitivity owing to the lack of effective
signal amplification. More recently, Weizmann,*” Zhang* and
their coworkers reported the sensitive methods for the telo-
merase activity assay at single cell level based on telomerase-
triggered isothermal exponential amplification, but these
approaches need the synergistic reactions catalyzed by nicking
enzyme and DNA polymerase, which increase the cost and
inevitably produce nonspecific amplification signals.”® More-
over, strict experimental conditions such as reaction buffer,
temperature and divalent metal ions should be carefully opti-
mized to ensure the activity of different enzymes. In 2016, we
developed a stem-loop primer-mediated exponential amplifi-
cation (SPEA) strategy for accurately and specifically detecting
the telomerase-elongated telomere repeats with near zero
nonspecific signal.® The SPEA-based assay can detect telome-
rase activity in a single cell with one-type of DNA polymerase
under isothermal conditions. Although the sensitivity has been
pushed to extremely low detection limits, this method requires
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DNA amplification with a complex design, using two probes and
two primers. Nevertheless, all of the above-mentioned methods
require complex design and multiple operating steps to
complete telomere extension reaction, amplification of the
extended products and the signal detection. In this regard, the
analysis of telomerase activity with simple operation process
and satisfactory clinical research sensitivity is still a great
demand.

Herein, we wish to present a one-pot method for the detec-
tion of telomerase activity with greatly simplified principle
design and operation process. The proposed method does not
require complex DNA amplification and can put the telomerase
reverse transcriptional extension reaction and signal amplifi-
cation reaction all in one tube. The two reactions were carried
out in coordination at 37 °C. For signal amplification reaction,
an RNA probe (18 nucleotides) based on fluorescence resonance
energy transfer (FRET) (RNA FRET probe) is rationally designed,
which can specifically identify and hybridize with the
telomerase-elongated telomere repeat sequences. The RNA
FRET probes hybridized with telomerase extension products
were hydrolyzed specifically to produce fluorescence signal in
the presence of RNase H, resulting in cycling signal amplifica-
tion, which makes the detection sensitivity of the telomerase
activity greatly improved. Taking only one-step reaction, and at
a constant temperature, the telomerase activity can be
unequivocally detected in as low as 5 HeLa cells, which can
generally satisfy the needs for detection of telomerase activity
for biological studies and clinical diagnostics.

2 Results and discussion

2.1. Principle of the telomerase activity assay

In this study, we report a simple and sensitive fluorescence
assay that only needs one-step to complete the detection of
telomerase activity based on RNA probe and RNase H-assisted
signal recycling amplification. The mechanism of the assay
for detecting telomerase activity is schematically illustrated in
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Fig. 1 Schematic illustration of RNA probe and RNase H-assisted
signal recycling amplification for one-step detection of the telomerase
activity.
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Fig. 1. The assay system composed of telomerase substrate (TS)
primer, RNase H, RNA probe and telomerase extracted from
crude cancer cells. TS primer (18 deoxyribonucleotides)
contains a non-telomeric repeat sequence and can be specifi-
cally identified by telomerase as a substrate. Once the telome-
rase extracted from the cancer cells is added into the solution,
the TS will be elongated with catalysis of telomerase by adding
tandem repeats (5-TTAGGG-3'), at its 3’ terminus to form
a longer single-stranded DNA molecule in the presence of the
dNTP mixture. We design an RNA probe (14 nucleotides) con-
taining a complementary sequence to the telomerase extension
products is modified with 6-carboxyfluorescein (FAM) as a fluo-
rophore at its 5’ terminus and Black Hole Quencher® (BHQ1) as
a quencher at its 3’ terminus. The RNA probe gives a very weak
fluorescence signal from FAM due to fluorescence resonance
energy transfer (FRET) from FAM to BHQ1. The extended TS
telomeric repeat strand can hybridize with multiple RNA probes
to form RNA-DNA hybrids. RNase H is a ribonuclease endo-
nuclease that specifically hydrolyzes the phosphodiester bonds
of RNA hybridized to DNA strand. The enzyme cannot digest
single strand or double strand DNA. These RNA-DNA hybrids
can be recognized by RNase H, leading to the digestion of the
RNA probe incorporated in the hybrids.

More importantly, this digestion process not only makes the
fluorophore-quencher pair of the RNA probe separated from
each other, but also releases the telomerase extended products,
which then hybridized with fresh RNA probe to continually
initiate the recycling digestion process leading to significantly
enhanced fluorescence. The digestion process can be per-
formed in coordinately with telomerase extension reaction at
37 °C. Therefore, the fluorescence signal of the telomerase
extension reaction can be real-time monitored, that is to say,
only one step is needed to complete the detection of telomerase
activity, which greatly simplifies the operation process of the
telomere activity analysis.

2.2. Feasibility of the proposed telomerase assay

To investigate feasibility of the RNA probe and RNase H-assisted
signal recycling amplification assay, we first detected synthetic
telomerase extension product (TEP) with eight TTAGGG repeats.
As shown in Fig. 2A, the RNA probe showed a very weak fluo-
rescence signal, which indicated the fluorescence of FAM was
quenched effectively by BHQ1 (curve a). After incubating with
the TS primer and RNase H at 37 °C for 120 min, no significant
fluorescence change of RNA probe could be observed as well
(curve b), demonstrating that RNase H cannot digest the RNA
probe due to its high specificity to hydrolyze the phosphodiester
bonds of RNA hybridized to DNA strand. In contrast, a strong
fluorescence signal was obtained (curve d) when 1 nM TEP is
mixed with 1 pM RNA probe, suggesting that the RNA probe was
digested by RNase H only after being hybridized with the
synthetic TTAGGG repeats, resulting in the separation of fluo-
rescence and quenching groups and the enhanced of fluores-
cence signal. Interestingly, when the added RNA probe
concentration (1 nM) was equal to the concentration of the TEP
(1 nM) (curve c), the fluorescence signal showed a much smaller

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra01816f

Open Access Article. Published on 14 May 2019. Downloaded on 12/6/2025 5:09:41 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
1000 1.2345M
2 o] ® a > ® —a = st
2 1200 72 2 a0 _E §1otm
2 1000 — 2 =
'E d = 600
® 800 ‘o - 20bp
- :
600
g g 400
g 3
200
o e
o = 5 /\
s, ER
™ [

480 500 620 540 560 680 600 620 640 660

Wavelength/nm

430 500 520 540 560 530 600 620 640 660

Wavelength/nm

Fig. 2 (A) Fluorescence spectra of (a) 1 uM RNA probe, (b) reaction
products with 1 uM RNA probe and 1 uM TS primer, (c) reaction
products with 1 nM RNA probe and 1 nM TEP, and (d) reaction products
with 1 uM RNA probe and 1 nM TEP. (B) Fluorescence spectra of
reaction products with (a) lysis buffer, (b) heat-inactivated telomerase
extracts, (c) telomerase extracts equivalent to 800 Hela cells. Inset:
non-denaturing PAGE analysis of the telomerase activity. Lane M:
double strand DNA ladder, lane 1: TS primer (100 nM), lane 2: reaction
products with telomerase extracts, lane 3: reaction products with
heat-inactivated telomerase extracts, lane 4: telomerase extracts, lane
5: heat-inactivated telomerase extracts equivalent to 800 Hela cells.

increase. This means that, without the presence of an excess of
RNA probes, TEP cannot repeatedly hybridize with the excess
RNA probes, causing the target recycling amplification reaction
to fail to occur. Therefore, we conclude that our telomerase
activity detection scheme is specific to TTAGGG repeats, and
a great of signal amplification is obtained. Next, we used this
scheme to test the telomerase extract. The telomerase extract,
TS, RNA probe and RNase H were incubated together at 37 °C
for 2 h. That is, along with the telomerase reverse transcrip-
tional extension reaction and RNase H hydrolysis reaction were
also conducted. As shown in Fig. 2B, in the presence of telo-
merase extracts from 800 HeLa cells, obviously enhanced fluo-
rescence was observed (curve c). No noticeable fluorescence
signal was obtained using telomeres extract-free lysis buffer
(curve a). This is due to the high selectivity of RNase H for
hydrolyzing RNA probes hybridized with the extended products
of telomerase. A negative control that telomerase extracts from
800 HeLa cells were preheated at 95 °C for 5 min to inactivate
telomerase activity is simultaneously detected and no observed
fluorescence signal was produced (curve b), confirming that
enhanced fluorescence is specifically derived from telomerase
activity. Such phenomenon is further validated by poly-
acrylamide gel electrophoresis (inset of Fig. 2B). TS primer
shows a defined band corresponding to 18 bp (lane 1). After
incubation of TS with HeLa extracts, as depicted in lane 2, the
TS primers with 18 bases were dispersed on the polyacrylamide
gels because telomerase added different numbers of repeats
(TTAGGG),, to the TS. Meanwhile, the negative control (lane 3),
in which the HeLa cell extract is heat-inactivated, has no telo-
merase reverse transcriptional extension reaction. However,
there are some light-colored stripes in lane 2 and lane 3, and we
also performed electrophoresis with the telomerase extracts
(lane 4) and heat-inactivated telomerase extracts (lane 5). Lane 4
and lane 5 also have light-colored stripes as same as lane 2 and
lane 3, which confirmed that these stripes are not reaction
products of elongate TS by telomerase and are from the cell
extract containing large amounts of proteins and nucleic acids.
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These results demonstrated that the proposed telomerase
activity scheme was feasible.

2.3. Detection of telomerase activity in HeLa cells

To verify the effectiveness of the proposed strategy for detecting
the activity of telomerase extracted from cancer cells, the HeLa
cell was used as a model cancer cell, which is human cervical
carcinoma with positive telomerase activity. 6 U RNase H are
found to be optimum for the proposed assay (see Fig. S1 in
ESIY). In the experiment, all reaction components including the
telomerase, TS, dNTPs, RNase H, and RNA probe were added to
the reaction solution, the mixture was incubated at 37 °C for
120 min. As depicted in Fig. 3A, the well-defined fluorescence
signals in response to the diluted extracts of telomerase equiv-
alent to a series of different number of HeLa cells can be
observed. As expected, the fluorescence intensity increased with
the number of HeLa cell in the range from 5 to 1000 cells, and
the plot of fluorescence intensity with the number of HeLa cells
is shown in Fig. 3B. These results clearly indicated that more
telomerase could produce more extension products and result
in higher fluorescence intensity. Obviously, telomerase exten-
sion reaction and RNase H enzyme digestion reaction can be
carried out simultaneously, and telomerase activity in the HeLa
cell extracts equivalent to 5-1000 cells could be detected by the
proposed strategy. When the fluorescence intensity at 520 nm
(Ir) were plotted against the number of HeLa cells (N) in the
range of 5-80 cells, the standard curve showed a linear rela-
tionship with the correlation equation of Iy = 2.1N + 220.1(inset
of Fig. 3B). According to the rule of three times standard devi-
ation over the blank, the corresponding detection limit for
telomerase activity assay was estimated to be equivalent to 2
HelLa cells, which is comparable to the TRAP-based method*>**
and better than that of the recently reported the majority of
PCR-free detection.'”?"?>2425 In addition, we have further
investigated feasibility of the proposed one-pot strategy for the
detection of telomerase activity in the crude lysates of 5, 10 and
20 cells, respectively. It can be seen from Fig. S2t that as low as 5
cells can also be well detected, which coincides with that for
detection of the diluted extracts.
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Fig. 3 (A) Fluorescence spectra for detecting telomerase activity in

diluted extracts equivalent to 5, 10, 20, 40, 60, 80, 100, 200, 400, 600,
800, and 1000 Hela cells, respectively. The CHAPS lysis buffer was
used as the blank. (B) The relationship between the fluorescence
intensity at 520 nm and different number of Hel a cells. Inset: the linear
plot of the fluorescence intensity versus the number of the Hela cells
(0—-80 cells). Error bars represent the standard deviation of five
repetitive tests.
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2.4 Real-time fluorescence detection of the telomerase
activity

As mentioned above, the RNA probe and RNase H-assisted
telomerase assay does not require complex DNA amplification
reactions. Reverse transcription extension reaction and signal
amplification steps by the proposed assay can be completed
under uniform constant temperature condition. Telomerase
activity detection can be achieved by laboratory conventional
fluorescence instrument. By using real-time quantitative PCR
instrument, telomerase activity assay can be accomplished in
one step. As shown as in Fig. 4, well-defined real-time fluores-
cence curves can be obtained which are produced by the
different concentration of telomerase ranging from 5-1000
HeLa cells. With increasing concentration of telomerase, the
corresponding fluorescence intensity is gradually increased,
and as low as 5 HeLa cells can be distinctly detected with the
proposed telomerase activity assay under isothermal condition.
Comparison between the proposed one-pot assay and other
reported methods'*'%17:21:2224.2529,30 for the detection of telome-
rase activity is shown in Table S1 in ESI.{ The table reveals that
present assay is among the sensitive analysis schemes of telo-
merase. The major advantages of the one-pot method, besides
its sensitivity, are, however, reflected by lack for need of

sophisticated = manipulation and the nucleic acids
amplification.
2.5. Evaluation of the generality and selectivity of telomerase

assay

To demonstrate the proposed assay is universal for telomerase
activity detection, different cancer cell lines, including breast
cancer cells (MCF-7), lung adenocarcinoma cells (A549),
leukemia cells (CEM), and normal cell line (MRC-5) were tested.
These cell lines were purchased from the cell bank of Chinese
Academy of Science. As demonstrated in Fig. 5, all the cancer
cell lines were positive for telomerase activity, which was
consistent with the telomerase overexpression of the well-
known tumor cells. The normal cell line did not generate any
enhanced fluorescence signal due to the lack of telomerase
activity in normal cells. Moreover, after mixing with the same
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Fig. 4 Real-time fluorescence signals of telomerase activity assay.
From a to m, Hela cell number was successively 0, 5, 10, 20, 40, 60,
80, 100, 200, 400, 600, 800, 1000.
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Fig. 5 Fluorescence spectra (A) and histogram (B) in response to
telomerase extracts equivalent to 200 cells from different kinds of cell
lines including of a normal cell line MRC-5, the fluorescence curves
from a to g refer to the blank, MRC-5, CEM, MCF-7, Hel.a, the mixture
of Hela and MRC-5, A549, respectively. Error bars represent the
standard deviation of three repetitive tests. The RTA of the Hela cell
extract is normalized to be 1.0.

amount of extracts from MRC-5 normal cell line, the telomerase
activity of HeLa cancer cell can still be accurately detected.
Furthermore, as shown in Fig. S3 (ESI{), the proposed assay
have high selectivity towards other proteins including of Pro-
toScript II reverse transcriptase, bull serum albumin (BSA),
horse radish peroxidase (HRP) and glucose oxidase (GOD). All of
these results demonstrate the high specificity of the one-pot
assay for telomerase activity detection, which implies the
present method has great potential to be applied in clinical
samples.

The inhibition assay of telomerase activity was also investi-
gated by adding 3’-azido-3’-deoxythymidine (AZT), a potent
inhibitor of telomerase activity, into the reaction mixture of
telomerase activity detection. As shown in Fig. S4 in ESIL¥
fluorescence intensity decreased gradually with increasing
concentration of AZT in the range 0.5-30 mM. The result indi-
cated that the RNA probe and RNase H-assisted telomerase
assay shows high specificity for detection of telomerase activity
and great potential in high-throughput screening for telome-
rase activity inhibitors and for anticancer drug development.

3 Conclusions

In summary, with the simply designed RNA probe, a sensitive
and specific telomerase assay based on RNA probe and RNase
H-assisted signal recycling amplification was proposed for the
detection of telomerase activity in this study, which can be
performed only one-step operation under isothermal condi-
tions. Compared with the conventional multi-step strategies,
telomerase reverse transcriptional reaction, the signal amplifi-
cation and detection of the as-proposed assay can be all
accomplished in one-step in a single-tube, which is easy to
operate and reduce the possibility of contamination. Addition-
ally, the RNA probe and RNase H-assisted telomerase assay not
only has remarkably specificity but also has a high sensitivity,
which is feasible for the accurate detection of telomerase
activity down to equivalent to 5 HeLa cells. By taking advantage
of its various distinct advantages, we believe this one-pot assay
but highly sensitive telomerase activity detection strategy holds

This journal is © The Royal Society of Chemistry 2019
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great potential in telomerase-related fundamental and clinical
studies.
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