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Overexpression of telomerase incites the abnormal proliferation of cancer cells. Thus, it has been
regarded as a cancer biomarker and a potential therapeutic target. Existing assays suggest a promising
sensing scheme to detect telomerase activity. However, they are complicated in terms of assay prepa-
ration and implementation. We herein report a Quenching-Exempt invader Signal Amplification Test,
termed ‘QUEST". The assay leverages on a high turnover, specific cleaving enzyme, flap endonuclease |
(FEN1), and graphene oxide (GO) for background (BG) filtering. In response to the target, FEN1 signifi-
cantly boosts the signal with invader signal amplification. To distinguish the target signal, GO filters out
the BG. It captures residual reporter invader probes (RP) to quench undesired signals. QUEST is straight-

Received 17th August 2023,
Accepted 16th September 2023

DOI: 10.1039/d3nr04132h

forward without any pre-preparatory steps and washing/separation. Its probe design is simple and cost-
effective. With QUEST, we investigated telomerase activities in various cell lines. Notably, we discriminated
cancer cell lines from normal cell lines. In addition, a candidate inhibitor for telomerase was screened,

rsc.li/nanoscale which showed the promising potential of QUEST in real applications.
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Introduction

Telomerase elongates the termini of chromosomes with telo-
mere sequences (TTAGGG),. Its overexpression suppresses
timely telomere shortening that induces cellular senescence
and hampers the normal cell cycle, with cells being abnor-
mally immortalized.' Most of the cancer cells overexpress tel-
omerase, and it has been regarded as a significant biomarker
for cancer diagnosis and a potential therapeutic target.*”

The telomeric repeat amplification protocol (TRAP) based
on the polymerase chain reaction (PCR) is the gold standard
for telomerase detection.® Real-time signal detection, time-
resolved fluorescence assay, and enzyme-linked immuno-
sorbent assay (ELISA) were introduced to improve the TRAP.®®
However, the need for precise temperature control and relevant
resources limited their wide use. To circumvent this issue,
various detection modes adopted isothermal nucleic acid (NA)
assay schemes such as isothermal NA amplification, nanomo-
lecular machines, and clustered regularly interspaced short
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palindromic repeats/CRISPR-associated protein (CRISPR/Cas)
systems (Table S1t).°7*¢

Although promising, they have a few drawbacks: (i) prepar-
ing assays is complicated and laborious. Electrodes or particles
are supposed to be modified with DNA probes with several
washing steps. (ii) Detection procedures are complicated. They
proceed with several separate intervening steps for reagent
addition or particle washing/separation, which would increase
the likelihood of false results. (iii) Assay components whose
cost-to-benefit ratios are poor are involved, such as a CRISPR
complex (i.e. Cas protein/guide RNA) and a lateral flow assay
kit, and (iv) assays based on isothermal NA amplification are
vulnerable to non-specific amplification, compromising the
reliability.

Here, we have developed a Quenching-Exempt invader
Signal Amplification Test, termed ‘QUEST’, for telomerase
activity detection (Scheme 1). In particular, we designed a
reporter invader probe (RP) having a short protruding
sequence (flap sequence; 4 mer)."” As the telomerase concate-
nates a telomerase substrate primer (TSP) with telomeres
((TTAGGG),), pairs of invader detection probes bind to the
extended sequences and form junction structures where a base
at the 5"-end crosses the junction site by a single base. Flap
endonuclease I (FEN1) recognizes such structures and catalyti-
cally cuts out flap sequences having fluorophores (F).
Graphene oxide (GO) is then added to capture unreacted DNA
and turn off the fluorescence signal.'”’® However, the flap
sequences are short enough to exempt themselves from
quenching by GO. Thus, high signal is retained. Notably,
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Scheme 1 Working principle of QUEST for telomerase activity detec-
tion. Telomerase synthesizes tandem repeats of telomeres (TTAGGG),))
to host the formation of FEN1-specific junction structures with invader
probe pairs. Cyclic cleavage amplification proceeds to cut out F-labeled
short fragments, freeing them from GO. Thus, high fluorescence is
retained. Light gray box: details of the FEN1-catalyzed cleavage reaction.

: Telomerase

QUEST is seamless. It concurrently executes the telomere
extension reaction and invader signal amplification, minimiz-
ing hands-on steps. Its probe design is simple and cost-
effective. By using GO as a quencher (Q), the assay eliminates
the need for dual-labeling with F/Q. FEN1 has a high turnover
rate and is quite specific to the junction structure, which
would ensure high sensitivity and specificity.'**

Experimental
Materials

We purchased oligonucleotides from Integrated DNA
Technology Inc. (Coralville, IA, USA); details are given in
Table S2.7 Flap endonuclease I (FEN1; M0645S) and HotStart
Taq DNA polymerase were purchased from New England
Biolabs Inc. (Beverly, MA, USA). Graphene oxide (GO) was pur-
chased from Graphene Supermarket (Ronkonkoma, NY, USA)
(Fig. S7t). Nuclease-free water (DW) was purchased from
Invitrogen Co. (Carlsbad, CA, USA). 1x CHAPS lysis bulffer, tris
(hydroxymethyl)amino-methane (Tris), MgCl,, KCl, ethylene
glycol-bis(2-aminoethyl-ether)-N,N,N',N'-tetraacetic acid
(EGTA), 3'-azido-3'-deoxythymidine (AZT), SYBR Green I, and
Tween 20 were purchased from Sigma Aldrich (St Louis, MO,
USA).

Cell culture and preparation of cell extracts

We cultured HeLa, MRC-5, A549, MCF-7 and HepG2 cell lines
(American Type Culture Collection) in DMEM (Welgene,
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Korea) supplemented with 10% fetal bovine serum (RMBIO,
Missoula, MT, USA) and 1% penicillin-streptomycin (Gibco,
Scotland) under a humidified atmosphere with 5% CO, at
37 °C. 10° cells in the exponential growth phase were collected
and washed three times with ice-cold 1x PBS (4000g, 3 min).
Cell pellets were then resuspended in 200 pL of ice-cold 1x
CHAPS lysis buffer (0.5% CHAPS, 1 mM MgCl,, 1 mM EGTA,
0.1 mM phenylmethylsulfonyl fluoride (PMSF), 5 mM mercap-
toethanol, 10% glycerol, 10 mM Tris-HCl, pH 7.5). After
30 min of incubation on ice, the lysed sample was centrifuged
at 4 °C (12 000g, 20 min) to remove cell debris and the super-
natant was transferred to a clean tube. The cell extract was
stored at —80 °C until use.

Protocols of QUEST for telomerase assay and inhibitor
screening

Telomerase assay. We prepared a QUEST mix by combining
50 nM TSP, 100 nM reporter invader probe (RP), 50 nM invad-
ing probe (IP), 0.4 U uL~" FEN1, 250 pM dNTP and a certain
amount of cell extract in 0.5x telomerase reaction buffer
(20 mM Tris-HCI, 1.5 mM MgCl,, 63 mM KCl, 0.05% Tween
20, 1 mM EGTA, pH 8.3 at 1x) and 0.5x ThermoPol buffer
(20 mM Tris-HCl, 10 mM (NH,),SO,, 10 mM KCl, 2 mM
MgSO,, 0.1% Triton X-100, pH 8.8 at 1x). The QUEST mix was
incubated at 37 °C for 1 h for invader signal amplification and
mixed with 0.04 mg mL™" GO at room temperature for 10 min
for background (BG) filtering. The fluorescence signal was
measured with a Tecan Infinite M200 pro microplate reader
(Mannedorf, Switzerland).

Inhibitor screening. HeLa cell extracts (10" cells) were mixed
with varying concentrations of AZT and incubated at 37 °C for
10 min. The extracts with AZT were then analyzed using the
QUEST mix for telomerase activity according to the telomerase
assay protocol. The relative activity of telomerase was defined
as (Fazr — Fo)l/(F — F,), where F,, F, and F;y are the fluo-
rescence signals at 522 nm without telomerase, with telomer-
ase, and with both telomerase and AZT, respectively.

Telomeric repeat amplification protocol

Using a TRAPeze Telomerase Detection Kit (MilliporeSigma,
Burlington, MA, USA), we conducted the TRAP according to
the manufacturer’s protocol with slight modification. We pre-
pared 50 pL of TRAP solution by mixing 400 nM TSP, 1 pL of
TRAP primer mix, 2 U of HotStart Taq DNA polymerase, 1x
SYBR Green 1, 1x dNTP, and 10 cell extract of the intended
cell line in 1x TRAP reaction buffer (20 mM Tris-HC], 1.5 mM
MgCl,, 63 mM KCl, 0.05% Tween 20, 1 mM EGTA, pH 8.3 at
1x). After 30 min of telomerase elongation at 30 °C, we exe-
cuted the PCR according to the following protocol: 95 °C,
2 min, 35 cycles of 94 °C, 15 s; 59 °C, 30 s; 72 °C, 1 min, and
72 °C, 1 min. Fluorescence signals of SYBR Green I were then
measured to reflect the telomerase activity.

Gel electrophoresis

We loaded the reaction solutions in 1x loading buffer
(Bioneer, Korea) on a 15% polyacrylamide gel and ran the elec-
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trophoresis at 110 V for 3 h in 1x TBE running buffer. After
GelRed (Biotium, Fremont, CA, USA) staining, we obtained the
gel image using a GelDoc™ EZ Image (Bio-Rad, Hercules, CA,
USA).

Results and discussion
Overall scheme and feasibility of QUEST

QUEST proceeds with telomerase-triggered invader signal
amplification and BG filtering with GO (Scheme 1). In the
presence of telomerase, the TSP is concatenated with telo-
meres that recruit invader probe pairs (IP and RP) to form
junction structures. At such structures, a base at the 5-end of
the IP invades beyond the junction site by a single base,
enabling FEN1 to initiate cyclic cleavage reactions. The reac-
tion proceeds at 37 °C at which FEN1 retains substantial
activity (Fig. S1t). The hybridization sequence of the RP was
intentionally designed such that its melting temperature
(37.2 °C, IDT Oligo Analyzer) with the extended TSP would be
close to the reaction temperature (37 °C).'”?"?> The RP
becomes less complementary to the extended TSP by a single
base upon the cleavage reaction (light gray box, Scheme 1). In
addition, the number of intact RPs is higher than that of
cleaved RPs. These conditions facilitate the intact RP to dis-
place the cleaved RP for the cyclic cleavage reactions.>'>*
Thus, a large number of flap sequences are released and go
through GO filtering for signaling. As the flap length was
designed to be too short to adsorb onto GO (4 mer),"” the free
flap sequences retain high fluorescence.

We verified the feasibility by carrying out QUEST under
varying conditions (Fig. 1). In the absence of FEN1, the signal
was significantly quenched even in the presence of telomerase.
In contrast, a high signal was attained by telomerase when
FEN1 took part in the assay. Heat-inactivated telomerase was
added to confirm that the signal essentially came from telo-
mere elongation. As we expected, the signal was almost
quenched (Fig. 1(a)).

Furthermore, in order to verify the cyclic cleavage reaction,
we designed a model experiment (Fig. S2t). A TSP appended
with (TTAGGG), (pre-concatenated TSP, Fig. S2(b)t) was
used as a template for the FEN1-catalyzed reaction to restrict
the reaction such that only a single molecule of the IP and RP-
Q/F can bind to a single pre-concatenated TSPpyi,;. The
expected form of cleaved RP-Q/F, RP.—F (Fig. S2(b)t), was pre-
pared to be concentration-matched with TSPy, samples.
Their signals were assumed as the signals for a one-to-one
cleavage reaction and subsequently compared with those of
the FEN1-catalyzed reaction. At all concentrations, signals of
the FEN1-catalyzed reaction were much higher than those of
controls in which the same concentrations of RP.,—F as those
of the pre-concatenated TSPy, were included (*p < 0.005,
Fig. S2(c)t). This result supports that FEN1 executes multiple
cleavage reactions for a single template.

We further investigated the assay with gel electrophoresis
(Fig. 1(b)). With telomerase, bands for the extended TSP (lane
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Fig. 1 Feasibility of QUEST. (a) High signal was observed with active tel-
omerase when FEN1, a key component for signal amplification, was
present. (b) In the presence of active telomerase, a complex between
the extended TSP and invader probe (TSP/IP/RP) was formed (lane 5).
FEN1 recognized the junction structure in TSP/IP/RP-F/Q and cut out
the Q-labeled short flap sequence, causing the fluorescence (inset).
[HeLa cell extract]: 10* cells, HI: prior to the control experiment, telo-
merase was incubated at 95 °C for 30 min.

2) and a complex formed between the extended TSP and
invader probe (TSP/IP/RP; lane 5) were observed whereas none
of these were present without telomerase or with heat-inacti-
vated telomerase (lanes 1, 3, 4, and 6, Fig. 1(b)). To check the
FEN1 reaction, we intended to use fluorescence intensities
rather than bands, considering that the flap sequence is too
short to (i) be detected and (ii) provide the complex (TSP/IP/
RP) with enough size difference after the FEN1 reaction in gel
electrophoresis. So, we used another type of RP (RP-Q/F). In
RP-F/Q, the F is internally labeled, while the Q is labeled at
the 5'-end (Table S27). As FEN1 cuts out Q-labeled fragments,
intense fluorescence was observed (lane 5 and inset, Fig. 1(b)).
As we envisioned, FEN1 played a key role in the telomere-
fueled cyclic cleavage reaction.

Optimization of QUEST

To maximize the performance of QUEST, we optimized key
reaction conditions (Fig. S3 and S4t). Excess amounts of the
invader probes would enhance the signal, but also increase
the BG as they unnecessarily occupy vacant sites of GO to com-
promise its filtering efficiency. QUEST requires a sufficient
amount of FEN1 to promote the cyclic cleavage reaction. In
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addition, an appropriate supply of dNTP is required because
an excess of dNTP would inhibit target’s elongation activity.
Accommodating such a consideration, we chose the optimal
reagent concentrations showing the highest signal-to-noise
ratios (SNRs): [RP]: 100 nM, [IP]: 50 nM, [FEN1]: 0.4 U uL™",
[GOJ: 0.04 mg mL ™", and [ANTP]: 250 pM (Fig. S31). We further
tried to shorten the assay time, while maintaining high sensi-
tivity (Fig. S41). 60 min of QUEST reaction and 10 min of GO
incubation enabled the assay to exhibit good detection
performance.

Sensitivity of QUEST

Under the optimized conditions, we evaluated the sensitivity
of QUEST (Fig. 2). Serially diluted HeLa cell extracts were pre-
pared and tested for telomerase activity. The fluorescence
signals were well commensurate with the number of cells. The
signals were linearly correlated with the logarithmic cell
numbers over 1-1000 cells (AFs,, = 0.400 x log N + 0.315, R*=
0.9937, where N is the number of cells; inset in Fig. 2(b)).
Based on the 36/S rule for the limit of detection (LOD), where
o is the standard deviation at the lowest concentration of the
linear range and S is the slope, the LOD was 2 cells (36 cells
per mL). This value is lower than or comparable to those of
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Fig. 2 Quantitative telomerase activity assay with QUEST. (a) We ana-
lyzed the serially diluted Hela cell extracts. Fluorescence signals were
well commensurate with the amounts of Hela cell extract. (b)
Background-subtracted peak fluorescence intensities (AFsz> = Fspp Hela
— Fs22b1ank) Were plotted versus the number of cells. AFsy, shows an
excellent linear relationship with the number of cells from 1 to 10°
(AFs5, = 0.400 X log N + 0.315, R? = 0.9937, where N is the number of
cells).
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the previous telomerase assays (Table S1t). Moreover, QUEST
is straightforward. It can be executed without starting material
preparation and extra hands-on steps such as washing/
separation.

QUEST application to cell line test and inhibitor screening

To pursue its practical application, we applied QUEST to other
types of cell lines (normal: MRC-5, cancer: A549 (lung), MCF-7
(breast), and HepG2 (liver)). Their cell extracts were prepared
and telomerase activities were investigated by QUEST. As
shown in Fig. 3, the signal from the normal cell extract was
comparable to that of blank whereas cancer cell extracts
resulted in higher signals. The results were consistent with
those of the standard TRAP assay, ensuring the reliability of
QUEST (Fig. S57). Also, this suggests the great potential of
QUEST in cancer diagnosis.

Lastly, we implemented QUEST to screen candidate inhibi-
tors of telomerase activity (Fig. 4). We selected AZT as a model
inhibitor and confirmed that it did not affect the QUEST reac-
tion (Fig. S6t). Then, we assessed telomerase activities against
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Fig. 3 Application of QUEST in telomerase activity assay of various cell
lines. We investigated telomerase activities in various cell extracts.
Cancer cells led to higher signals than normal cells, reflecting their over-
expression of telomerase. [Cell extract]: 10 cells. BL: blank, where cell
extract was not added.
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Fig. 4 Telomerase inhibitor screening with QUEST. Relative activities of
telomerase (see the Experimental section) decreased with increasing
AZT concentration. ICso was determined to be 0.91 nM. [Hela cell
extract]: 10%.

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3nr04132h

Published on 19 September 2023. Downloaded on 18.03.26 04:00:39.

Nanoscale

different AZT concentrations, measuring the signals and con-
verting them into relative activities (see the Experimental
section). With increasing AZT concentration, relative telomer-
ase activities decreased. The half maximal inhibitory concen-
tration (ICso), which is the inhibitor concentration that
reduces the enzyme activity to 50%, was about 0.91 nM. The
result was in accordance with those from previous reports.*
The assay has the capability to screen candidate telomerase
inhibitors and would be advanced to be an analytical tool for
the discovery of new anticancer drugs.

Conclusions

We developed QUEST for sensitive telomerase activity detec-
tion. QUEST seamlessly combined invader signal amplification
and GO-based BG filtering to take advantage of beneficial fea-
tures of the key components. FEN1 has a high turnover rate
and delicate junction structure recognition, conferring high
sensitivity and specificity on QUEST. GO discriminates short
DNA from longer ones. That is, it does not capture short flap
sequences from the QUEST reaction, but captures unreacted
F-labeled DNA (i.e. RP). With such a setup, QUEST assayed the
telomerase activity in the HeLa cell extract down to 2 cells (36
cells per mL) within 70 min. It was able to distinguish the telo-
merase activities from those of other cell lines and screen can-
didate inhibitors against telomerase. In addition, QUEST has
the following merits: (i) the entire assay procedure is stream-
lined. It does not need material preparation such as probe con-
jugation and washing and several intervening steps for reagent
loading and washing/separation and (ii) probe design is
simple and cost-effective. GO, as a universal quencher, expels
the need for dual-labeling of the probe with F/Q.

Meanwhile, we could advance the system by the following
endeavors. The first is to introduce a secondary invader probe
to redouble signal amplification. By designing the flap
sequence to bind to the secondary invader probe to initiate
further cyclic cleavage reactions, higher sensitivity would be
attained. The second is to challenge the cellular imaging of tel-
omerase activity with further optimization. GO is known to be
biocompatible and stably carry single-stranded DNA and
enzymes with non-covalent interactions.>*>° In particular, GO
can directly enter cells via endocytosis.”””*® Thus, the QUEST
assay components would be dispatched into cells by GO to
initiate the cellular imaging of telomerase activity. Lastly, the
fluorescence polarization (FP) mode would replace the current
signal mode due to its benefits. As a ratiometric signal mode,
it is tolerant to external noise, which would allow for robust
signal detection and a higher SNR.* In addition, the FP mode
only requires the F for signal detection so it would enable the
assay to be implemented without any Q. Thus, the assay pro-
cedure and probe design would be simplified. Being empow-
ered by such improvements, the core detection principle of
QUEST would be widely applied to develop various biosensors
where target-induced concatenation precedes.

This journal is © The Royal Society of Chemistry 2023
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