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Amplification-free and direct fluorometric determination of telomerase
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Abstract

A fluorogenic probe has been developed for determination of telomerase activity using chimeric DNA-templated silver nanoclusters
(AgNCs). The formation of AgNCs was investigated before (route A) and after (route B) telomerase elongation reaction. Both routes
caused selective quenching of the yellow emission of the AgNCs (best measured at excitation/emission wavelength of 470/557 nm) in
telomerase-positive samples. The quenching mechanism was studied using synthetically elongated DNA to mimic the telomerase-
catalyzed elongation. The findings show that quenching is due to the formation of parallel G-quadruplexes with a —77A— loop in the
telomerase elongated products. The assay was validated using different cancer cell extracts, with intra- and interassay coefficients of
variations of <9.8%. The limits of detection for MCF7, RPMI 2650 and HT29 cell lines are 15, 22 and 39 cells/uL. This represents a
distinct improvement over the existing telomeric repeat amplification protocol (TRAP) assay in terms of time, sensitivity and cost.

Keywords Cancer probe - AgNCs - Biomarker - Biosensor - TRAP - G-quadruplex - Telomers - MCF7 - HT29 - RPMI 2650

Introduction

Telomerase is a ribonucleoprotein that plays an important role
in maintaining chromosome ends and preventing them from
degradation, recombination and end-to-end fusion [1-4].
Structurally, telomerase consists of (1) a recognition site, i.e.
an RNA template that binds to telomeric repeats in situ and
telomerase substrate (TS) primer in vitro, and (2) a catalytic
site, i.e. telomerase elongated reverse transcriptase (TERT)
that adds repetitive TTAGGG nucleotides onto the 3'-end of
telomeres in situ or the TS primer in vitro [5, 6]. While
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telomerase is absent in human somatic cells, it is highly
expressed in 85% of cancer cells [7], demonstrating its poten-
tial role as a biomarker for cancer detection and prognosis.
The gold standard assay to detect telomerase in vitro is known
as telomeric repeat amplification protocol (TRAP) [8]. However,
TRAP assay often suffers from polymerase chain reaction (PCR)
associated artifacts and is relatively time-consuming. Thus, sev-
eral PCR-free measurement methods have been developed to
detect crude telomerase extracts, which include electrochemical
[9, 10], chemiluminescence [11, 12], colorimetric [13, 14] and
fluorescence [15-20]. These methods are either clinically not
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feasible or have restricted practical applicability. For instance,
catalytic activity of enzymes used in chemiluminescence assays
is sensitive to enzyme degradation and often limited due to em-
bedment of activity centre in the macromolecules [21]. Hence the
chemiluminescence often requires additional methods to enhance
its operational stability and signal amplification, which subse-
quently increases the assay cost. Similarly, not only the dye-
labeling in fluorescence methods increases production cost, the
covalent attachment of the reporter molecules to the functional
oligonucleotides may also affect the recognition event [22, 23]. In
light of this, a new kind of fluorescent probe has been developed
for direct detection of telomerase activity on cell lysates [24-26].
Lietal. [26] and Huang et al. [25] have recently reported on using
DNA-templated silver nanoclusters (DNA-AgNCs) for direct de-
tection on telomerase activity through fluorescence enhancement
by guanine (G)-rich telomerase elongated product. Not only
AgNCs are small in size (i.e. 2 nm in diameter), photostable
and biocompatible, but the easy integration of this nanomaterial
in DNA template has further added versatility in assay design.

While both aforementioned studies employed a
NanoCluster beacon that promotes fluorescence enhancement
via proximal G-rich repetitive sequence TTAGGG [27]; anoth-
er simpler design can be achieved utilizing a chimeric DNA
template, i.e. combining a AgNCs-nucleation sequence and
functional DNA as a single-stranded DNA (ssDNA). This
study stemmed from our previous findings on the use of chi-
meric DNA-templated AgNCs to detect adenosine [28]. To
further leverage the chimeric design for telomerase detection,
here we employ a DNA template called ‘CtyTS’ that consists
of (i) Cto as a known nucleation sequence of AgNCs [28] and
(it) TS primer for telomerase to bind and induce elongation
reactions. The principle of detection is based on the fact that
formation of telomerase-elongated products can affect stabil-
ity of the neighboring AgNCs hosted in the same ssDNA. By
measuring the emission intensity of AgNCs, one can selec-
tively and quantitatively detect the telomerase activity in
cell extracts, in a more rapid manner relative to convention-
al TRAP. To prove that AgNCs are confined in Cto, two
different ways of detection were investigated: formation
of AgNCs before and after telomerase elongation reaction,
depicted as route A and route B, respectively, in Scheme 1.
To support the working principle, a proof-of-concept study
was conducted using synthetically elongated DNA, i.e.
CtoTSR#n (n =3, 5 and 7), where n is the number of TTAG
GG repeats.

Materials and methods
Materials

All desalted DNA oligonucleotides were purchased from
Integrated DNA Technologies (IDT) (www.idtdna.com).
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Details of the DNA sequences are listed in Table 1. The
chemicals used include silver nitrate, sodium borohydride
and EDTA from Nacalai Tesque (www.apicalscientific.com);
ammonium persulfate, N,N,N',N'-tetramethylethane-1,2-
diamine, magnesium chloride, potassium chloride and boric
acid from R&M Chemicals (www.evergainful.com.my); 40%
bis-acryamide and acrylamide solution (29:1), Tris, deoxyri-
bonucleotide triphosphate, Taq buffer and Taq DNA polymer-
ase from Ist Base (www.apicalscientific.com); ethylene
glycol-bis(2-aminoethylether)-N, N, N', N'-tetraacetic acid
(EGTA), hydrochloric acid and phosphate buffered saline
(PBS) pellets from Sigma Aldrich (www.sigmaaldrich.com);
1X CHAPS lysis buffer (0.5% CHAPS, 10 mM Tris-HCI,
pH 7.5, 1 mM MgCl,, 1 mM EGTA, 0.1 mM benzamidine,
5 mM 2-mercaptoethanol, 10% glycerol) from Merck (www.
merckmillipore.com); Tween 20 from Systerm Chemicals
(www.systermchemicals.com); SYBR Safe DNA Gel Stain
from Invitrogen (www.thermofisher.com).

Instrumentation

Fluorescence measurements were conducted on a
Hitachi F-7000 spectrofluorometer (Tokyo, Japan,
www.mecomb.com) with a Xenon lamp as excitation
source. The excitation and emission slit widths were
both set at 10 nm, with photomultiplier tube voltage at
950 V and scanning speed of 2400 nm/min. UV-visible
absorption spectra were acquired using an Epoch
Microplate Reader (Biotek, U.S.A, www.biotek.com).
High-resolution transmission electron microscopy (HR-
TEM) images were acquired using FEI Tecnai G2-F20
operated at 200 kV with 0.2 nm resolution (www.fei.
com). Circular dichroism (CD) measurements were con-
ducted on a Jasco J-815 spectropolarimeter (Tokyo,
Japan, www.jascoinc.com). Centrifugation was
performed on a Beckman Coulter (California, U.S.A,
www.beckmancoulter.com). Telomerase extension
reaction was accomplished using a Biorad thermal
cycler (California, USA, www.bio-rad.com). A
ChemiDoc MP Imaging system (Bio-Rad, USA, www.
bio-rad.com) was used to capture fluorescence images.

Telomerase extract preparation

Telomerase was extracted using the CHAPS method
[19]. Briefly, cells were grown to 90% confluence and
pelleted by centrifugation (60 x g for 5 min). The cell
pellet was washed twice with 1x ice-cold PBS buffer to
remove residual culture medium. Then, the pellet was
resuspended in 200 puL 1X CHAPS lysis buffer by
retropipeting five times before incubating in an ice bath
for 30 min. The mixture was centrifuged at ~14,000 x g
for 20 min at 4 °C. The concentration of total cellular
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Scheme 1 Schematic Route A
presentation of two different ways

to detect telomerase activity via

formation of silver nanoclusters

(AgNCs) before (route A) and

after (route B) telomerase elon-

gation reaction. The DNA tem- Ct, TS template
plate (CtyTS) used for AgNCs
synthesis consists of nucleation
sequence (Cto) and telomerase
substrate (TS) primer

Route B

5 CtyTS-AgNCs
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i Flongated Ct,TS-AgNCs
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protein was determined using the Bradford assay, where
200 ng/uL corresponds to ~1000 cells/uL.. The superna-
tant containing telomerase was diluted using 1X CHAPS
lysis buffer before used. Three different cancer cell
types, namely, breast cancer (MCF7), colon cancer
(HT29) and human nasal squamous cell carcinoma
(RPMI 2650), were used.

Preparation of the AgNCs modified with Ct,
nucleation sequence and the telomerase substrate
(TS) primer (Ct9TS-AgNCs), and quantitation

of telomerase activity

In general, AgNCs were prepared via one-pot synthesis
and used without further purification. For telomerase
detection, AgNCs were added to cell extracts via either
route A or route B (as listed below), before subjected
for fluorescent measurement using optimized excitation/
emission wavelengths (Aexc/Aerm 470/557 nm). For nega-
tive controls, the telomerase extracts were heat-treated at
90 °C for 15 min. To clearly distinguish the changes of
fluorescence intensities in the presence of telomerase,
the relative fluorescence intensity (Fo — F/ Fj) was

calculated, where F and F, represent fluorescence inten-
sity of AgNCs samples in the presence and absence of
telomerase extracts, respectively. Unless otherwise stat-
ed, the concentration of as-synthesized DNA-AgNCs is
referred to the final concentration of DNA used.

Route a

Preparation of AgNCs: 20 uL of 100 uM CtoTS primer
was heated in a 90 °C water bath for 5 min and left for
10 min to cool down to room temperature. Next,
120 uL of telomerase extension buffer (a.k.a. TRAP
buffer, containing 5 mM Tris-HCI, pH 8.3, 375 uM
MgCl,, 15.75 mM KCl, 0.0125% Tween 20 and
250 uM EGTA) and 30 pL of 300 uM AgNO; were
added sequentially. The mixture was incubated in an ice
bath for 15 min before 30 uL of 300 uM NaBH,; was
added. The resulting solution was further incubated for
1 h.

The as-prepared AgNCs were then mixed with 4 uL of
telomerase extracts and 200 uM dNTP. The mixture was in-
cubated at 30 °C for 1 h for telomerase elongation reaction.

Table 1 DNA templates used.
Nucleation sequence (Cto), Name

Sequence (5’ — 3’)

primers (TS and rTS) and
synthetically elongated telomeric CtoTS

repeats are shown in red, black CtoTSR3
and blue, respectively Ct,TSR5
CtyTSR7

Reverse TS (rTS)

ACC CAC CCA AAT CCG TCG AGC AGA GTT

ACC CAC CCA AAT CCG TCG AGC AGA GTT (AGGGTT), AGG G
ACC CAC CCA AAT CCG TCG AGC AGA GTT (AGGGTT)4 AGG G
ACC CAC CCA AAT CCG TCG AGC AGA GTT (AGGGTT)s AGG G
CTA ACC CTA ACC CTA ACC
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Route B

10 uM of CtoTS primer was heat-treated and cooled as de-
scribed above, before adding 4 uL of telomerase cell extract
and 200 uM dNTP. The mixture was then incubated at 30 °C
for 1 h for telomerase elongation reaction.

Next, the solution containing the telomerase elongated prod-
uct was subjected to synthesis of DNA-AgNCs, by sequentially
adding 120 pL of telomerase extension buffer, 30 pL of 300 pM
AgNO; and 30 pL of 300 uM NaBHy, as described above.

Proof-of-concept

CtoTSRn (n=3, 5 and 7) was heat-treated at 90 °C for
5 min, then incubated at 30 °C for 1 h to mimic the
condition of telomerase elongation reaction. Next,
CtyTSRn was subjected to preparation of AgNCs under
similar conditions as described in section “Route A”.
The resulting emission intensity was compared with that
of CtoTS-AgNCs.

Conventional telomeric repeat amplification protocol
(TRAP) assay

10 pL of elongated CtyTS produced through route B
was added to 40 pL of solution contains 1X Taq buffer,
200 uM dNTP, 2.5 U of Taq DNA polymerase and
200 nM of reverse primer (rTS). PCR was conducted
with the following program: 95 °C for 5 min; 33 cycles
at 95 °C for 1 min; 60 °C for 1 min; 72 °C for 1 min;
72 °C for 5 min; 4 °C hold. 25 uL of the PCR product
was then loaded onto 4.5% (w/v) agarose gel. The gel
was run at room temperature for 100 min at 80 V and
visualized by SYBR Safe DNA gel staining.

Results and discussion
Characterisation of the CtoTS-AgNCs

We first characterized CtoTS-templated AgNCs by
means of HR-TEM, UV-vis and fluorescence spectros-
copies (Fig. 1). The TEM micrographs depict formation
of spherical CtoTS-AgNCs (~3 nm) and devoid of larger
aggregates (Fig. la). Similar to other DNA-templated
AgNCs studies, both UV-vis and fluorescence results
of CtoTS-AgNCs reveal the presence of multiple emit-
ting species [28-31] (Fig. 1b and c¢). The UV-vis peaks
at 372 and 547 nm correspond to the absorptions of
blue- and red-emitting AgNCs. The band in 400—
500 nm region is broad, attributed to surface plasmon
resonance of a trace amount of larger silver nanoparti-
cles and absorption from the dominant yellow-emitting

@ Springer

AgNCs [32]. Given the response of both blue- and red
emitters towards telomerase clongation reaction is neg-
ligible (“Detection of telomerase activity in crude telo-
merase cell extract” section), the following studies focus
only on the yellow species (optimized Aq /Ay =470/
557 nm) that remains stable for at least 3 h (Fig. 2;
Fig. S1). Notably, the emission properties of CtoTS-
AgNCs is very similar to the previously reported study
that used the same nucleation sequence, i.e. Cty [28].
This implies that AgNCs are also selectively confined
in Cty in this context, while TS primer site remains
intact for telomerase binding. However, the A, of
CtyTS-AgNCs is more blue-shifted as compared to that
of the reported CtyApta-AgNCs (Aexe =490 nm), possi-
bly due to different multi-base bonding between AgNCs
and the neighboring region (TS vs adenosine aptamer)
[28].

Determination of telomerase activity in crude cell
extract

The telomerase-elongated product, i.e. G-rich telomeric se-
quence, renders another possible region to host AgNCs [33] or
may induce cluster-transfer [34]. To determine whether AgNCs
preferably reside in the nucleation sequence (i.e. Cto) or in the
elongated telomeric sequence, we examined the emission spec-
tra of CtoTS-AgNCs before (route A) and after (route B) telo-
merase elongation reaction, using MCF7 as telomerase extract.
The heat-treated MCF7 cells were used as negative controls,
whereas 1X CHAPS lysis buffer served as a blank to represent
the absence of cell extracts. We reasoned that if AgNCs are
hosted in the elongated telomeric sequence, emission spectra
collected from route A and route B will be different.

Interestingly, both routes produced the same types of
emitters, implying neither cluster-transfer occurred [34]
nor additional emitting-species was formed (Fig. 2) [35].
Among the three emitters (i.e. blue, yellow and red
species), only the major yellow species shows obvious
quenching in the presence of telomerase-positive sam-
ples (Fig. 2). Notwithstanding the quenching efficiency
in route B is lower than that of route A. We reasoned
that adding Ag* to the more complex synthesis medium
in route B (i.e. containing telomerase cell extract,
telomeric sequence and dNTP) has not only diminished
the amount of AgNCs encapsulated in Cty region, but
the chelation of Ag* to G bases may also disrupt the G-
quadruplexes of the elongated telomeric sequence [36].
Considering greater practicability of a ready-made probe
in the clinical setting, route A was thus chosen for the
subsequent studies.

As indicated from the above finding, CtoTS-AgNCs were
not only stable in cell extracts, but also showed selective
quenching in the presence of telomerase-positive samples.



Microchim Acta Page 5 of 10
S 4000- -0.4
s Excitatio Emission
z >
‘7 30004 ro3 g
£ :
£ g
"= 2000 F02 B
1> o
= o
3 =
7 10004 F0.1 =
7
S N’
o
=
£ 0 : , , 0.0
300 400 500 600 700
Wavelength (nm)
Cc
5000-
)
<
S 4000 — 440 nm
.‘5 — 450 nm
= | — 460 nm
g 00 — 470nm
o — 480 nm
£ 20001 — 490 nm
; — 500 nm
& — 510 nm
g 1000 520 nm
=
0 r T T T ]
450 500 550 600 650 700
‘Wavelength (nm)

Fig. 1 a HR-TEM images of CtoTS-AgNCs. b UV-visible (black) and fluorescence spectra (blue) of CtoTS-AgNCs. Only fluorescence data of yellow
emitters are shown (Agx/Aey, =470/557 nm). The concentration used was 450 nM. ¢ Emission spectra of CtyTS-AgNCs excited from 440 to 520 nm

Control study proved that ANTP used in telomerase extension
reaction does not contribute to the quenching of CtyTS-
AgNCs, reinforcing the hypothesis that quenching is specific
to telomerase elongated products (Fig. S2). To determine if
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CtyTS-AgNCs can be generally applied to different cancer cell
lines, we further evaluated the assay on MCF7, HT29 and
RPMI 2650 using different cell numbers. Fig. 3 shows that
all telomerase-positive samples display distinctive
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Fig. 2 Emission spectra of different CtyTS-AgNCs emitters prepared according to (a) route A and (b) route B using 250 MCF7 cells (Aexe/Aemof blue
emitters = 365/416 nm; Aexo/Aer 0f yellow emitters =470/557 nm; Aexo/Aer 0f red emitters = 540/585 nm)
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fluorescence quenching from the negative controls. Results
for precision, expressed as coefficients of variation (CV%),
are 0.304-12.209% and 2.194-8.333% for intra- and
interassay comparison (Table S1). These results suggest the
reliability and selectivity of the assay over a range of oncolog-
ical cell lines.

Interestingly, at the same number of cells, quenching
ratios for RPMI 2650 and MCF7 are ~70%, compara-
tively higher than that of HT29, implying that the for-
mer two cell lines might have higher telomerase activ-
ity than HT29. As an independent confirmation of the
telomerase activity trend, we performed the gold stan-
dard TRAP assay to crosscheck the findings. Based on
the number and intensity of the telomerase-elongated
PCR products, with reference to the 100 bp marker
on an agarose gel (Fig. S3), an identical trend of tel-
omerase activity was observed, with RPMI 2650 =
MCF7>HT29. Notably, gel analysis often requires
higher amounts of elongated DNA to visualize bands
in the gels [25, 37], compared to our assay which
needs only nanomolar concentrations of elongated
CtyTS (Fig. S4). Furthermore, the difference between
emission intensity of telomerase-positive and that of
negative controls was achieved without any amplifica-
tion steps, indicating the higher sensitivity of chimeric
DNA-templated AgNCs towards subtle changes (i.e.
elongated CtoTS-AgNCs) in the subject.

Next, to examine sensitivity, all three types of telo-
merase cell extracts were serially diluted and the emis-
sion response of AgNCs in each sample was plotted as

@ Springer

a function of concentration (i.e. number of cells)
(Fig. 4). We observed a good linear correlation in the
range of 10 to 250 cells for MCF7; 25 to 250 cells for
RPMI 2650; and 50 to 750 cells for HT29. The limits
of detection (LOD) for MCF7, RPMI 2650 and HT29
are 15, 22 and 39 cells, respectively, calculated based
on 30/m, where o is the standard deviation of the
lowest concentration and m is the slope of the calibra-
tion curve. These results surpass the optimal sensitivity
performance of conventional TRAP assay and other
PCR-free methods, in the context of LOD and assay
time (Table S2). Additionally, with AgNCs being label-
free probes, the whole assay involves only simple
mixing steps, thus enabling low-cost fabrication.

Proof-of-concept

To gain insight into how the telomerase-positive sam-
ples quench the fluorescence of CtyTS-AgNCs, we
employed synthetically elongated DNA templates, i.e.
CtyTSRn (n=3, 5 and 7) to mimic different lengths of
elongated products. As illustrated in Fig. 5a, the emis-
sion intensity of CtyTSR3-, CtyTSR5- and CtyTSR7-
AgNCs decreased by >50% as compared to that of
CtyTS-AgNCs without any telomeric sequence, which
agrees well with the results in “Detection of telomerase
activity in crude telomerase cell extract” section. The
CD spectra of CtyTSRnr templates and CtoTSRn-
AgNCs prepared in TRAP buffer reveal the presence
of parallel G-quadruplex structures (Fig. 5c¢ and d).
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Fig. 4 Plots of quenching ratio with respect to different number of cells
for (a) MCF7, (b) RPMI 2650 and (¢) HT29. Insets show as the respective
linear range of detection of different cell types. Error bars represent
standard deviations of independent repeated measurements (n = 5)

This is evidenced from the characteristic signatures of
positive bands at 210 and 260 nm, in addition to a less
intense negative band at 240 nm. Comparatively, no
characteristic positive band at 210 nm was observed
for CtoTS and CteTS-AgNCs, implying its B-form like
structure [38]. Considering TRAP buffer contains addi-
tional components (e.g. EGTA and Tween 20) that may
influence the optical properties of AgNCs, we have also
investigated CD spectra of CtyTSRn and CtyTSRn-
AgNCs prepared in Tris-HCI buffer (pH 8) for compar-
ison (Fig. 5S¢ and f). The CD results of CtoTSRn

templates in Tris-HCI buffer are generally similar to that
in TRAP buffer. However, upon formation of AgNCs,
CtoTSRn-AgNCs in Tris-HCl demonstrate typical CD
peaks of unfolded G-rich DNA [39—41].

TRAP buffer cannot be the main factor that is re-
sponsible for the fluorescence quenching, as CtoTS-
AgNCs remained fluoresced. Thus, we postulate that
the quenching effect observed in telomerase-positive
samples is due to the formation of parallel G-
quadruplexes. Noteworthy, in our previous study, sam-
ples with anti-parallel G-quadruplex (i.e. Apta5-AgNCs)
showed relatively higher emission intensity than that of
parallel topology (i.e. Apta3-AgNCs) [28]. This is also
in accordance with the results reported by Tao et al.,
where parallel G-quadruplex has weaker fluorescence
intensity than that with anti-parallel conformation. On
top of G-quadruplex topology, thymine-rich loop bases
adjacent to G-tetrads (i.e. T7TA in this context) was also
found to diminish the fluorescence signal [42]. At pres-
ent, we do not fully understand how TRAP buffer con-
tributes to the consistency of G-topology, both in
CtoTSRn-AgNCs containing different lengths of elongat-
ed products, as well as different telomerase cell extracts
with varying degrees of telomerase activity. Note that an
active telomerase is capable of elongating TS primer by
hundreds of TTAGGG nucleotides through multiple
rounds of repeat-addition [43, 44]. In comparison to
those prepared in TRAP buffer, CtyTSRS5- and
CtyTSR7-AgNCs in Tris-HCI buffer show fluorescence
enhancement, which is due to the proximity of G-rich
tail that is known to increase the emission of adjacent
AgNCs [45], similar as in NCB design. In contrast, the
relatively shorter G-rich telomeric repeats of CtyTSR3
not only constraint their association with AgNCs hosted
in Ctg, but also undesirably disrupts the encapsulation
of AgNCs.

Conclusion

A simple mix-and-detect assay for telomerase activity
was successfully developed using CtoTS-AgNCs. We
found that the probes were stable in cell extracts (tested
up to 1000 cells) and showed selective quenching in
different telomerase-positive cell extracts. A meticulous
study on the quenching mechanism has shed important
light on the impacts of G-quadruplexes topologies and
buffer on the optical properties of AgNCs. Despite the
assay is stable in cell extracts, its applicability in more
complex matrices such as tissue samples requires careful
investigations before clinical applications can be fully
realized.

@ Springer
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