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We report on the activity of nucleases derived from cancer cells as a
means for specific targeting using nucleic acid probes (substrates).
We hypothesize that cancer cells can be diﬀerentiated from healthy
cells based on their nuclease activity profile, and thus, any method
based on this property represents a novel alternative for diagnostic
and therapeutic intervention.

Over-expression of nucleases in bodily fluids or tissues has been
closely related to carcinogenesis, progression and prognosis of
various cancers.1 From this observation, it can be inferred that
nucleases are promising biomarkers for cancer. Therefore,
detection of nuclease activity (functionality) may also be associated with the presence of tumor cells, such as colon tumor
cells,2 pancreatic tumor cells3,4 or breast tumor cells,5 among
others. The detection of such nucleases has been reported via
microRNA amplification using PCR2 or antibodies using immunohistochemistry;6 however, their functionality of degrading specific
oligonucleotides (substrates) has not yet been exploited. Thus,
nuclease activity could represent an attractive strategy for diagnostic
and therapeutic intervention.
Previously, we and others have reported the utility of nucleases
as recognition molecules.7,8 In our studies, we have demonstrated the capability of nucleases to detect specific bacteria in
animal models of disease.9 With this strategy we have developed
an oligonucleotide probe with high sensitivity and specificity that
allows in vivo detection of bacteria in 45 min, thus clearly
demonstrating the great potential of this technology for targeting
applications where nuclease activity could be detected. In the
present work, we sought to exploit the potential of our technology
in cancer, where the presence of nucleases as biomarkers has
been previously reported.6 Herein, we hypothesize that cancer
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Fig. 1 Schematic concept of the specific targeting of cancer cells by
nucleic acid probes.

cells can be diﬀerentiated from healthy cells based on their
nuclease activity, and thus any method based on this property
(nuclease degradation activity) represents a novel alternative for
diagnostics and therapeutics. Fig. 1 shows the schematic concept
of nucleic acid probes for targeting cancer cells. The cancer probe
is made of a chemically modified oligonucleotide that is flanked
at the 5 0 -end with a fluorophore (FAM) (excitation/emission
(ex/em), 494/521 nm) as the reporter molecule, and at the
3 0 -end with a quencher (TQ2). A schematic representation of
the probe FRET system is provided in Fig. S1 (ESI†) and the
oligonucleotide probe synthesis is described in the Methods
section. In the initial state, the fluorescence of the cancer probe
is quenched by the close proximity of the fluorophore and
quencher. Upon degradation of the cancer probe, both the
fluorophore and the quencher diﬀuse away, and subsequently
the fluorophore recovers its functionality by emitting a fluorescence signal. The intensity of the fluorescence signal is thus
proportional to the nuclease activity of a specific oligonucleotide
substrate. The oligonucleotide probe is designed to be specific to
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the nuclease activity associated with cancer cells while being
resistant to nucleases derived from healthy cells. As a proof of
concept study, we have evaluated the nuclease activity of normal
cell lines and various cancer cell lines, using several nucleic acid
chemistries. Notably, chemical modifications of nucleic acids,
such as 2 0 -O-methyl, 2 0 -fluoro, LNAs and others, are commonly
used in oligonucleotide based therapeutics to increase their
stability against endogenous nucleases. Using a combination
of chemistries (DNA, RNA, 2 0 -O-methyl, and 2 0 -fluoro) and
sequences, we designed nucleic acid probes for each chemistry,
as well as chimeric probes, by combining diﬀerent chemistries
and sequences. In order to identify oligonucleotide substrates
specific for cancer nuclease activity, we began by performing an
initial screening against healthy cell lines (fibroblasts) and
various cancer cell lines, such as cervical (HeLa) and three
diﬀerent breast cancer cell lines (MCF-7, MDA-MB-231 and
SKBR3), along with the buﬀer control (PBS+/+). Targeted nucleases
could be secreted in the media or surrounding environment
(extracellular)10 and could be located on the cell membrane11 or
at the intracellular compartments (e.g. cytosol, nucleus, etc.).12
Our experiments were designed to screen for membraneassociated as well as for intracellular and secreted cancer
nucleases, in order to determine the localization of nuclease
activity and its profile, so it could be exploited as a possible
biomarker. These parameters are critical for the further development of diagnostic and therapeutic strategies. In this initial
screening, we used the above-mentioned samples (buﬀer,
healthy cells and cancer cells) and 10 nucleic acid probes (see
Table S1, ESI,† for probe details). The nucleic acid chemistries
used in this study are DNA and RNA (as natural nucleic acids),
and oligonucleotides containing 2 0 -fluoro (4 probes) and
2 0 -O-methyl (4 probes) modifications. First, we tested the
nuclease profile of secreted (Fig. S2, ESI†) and intracellular
space nucleases (Fig. S3, ESI†) for both healthy and cancer cells.
In both cases, healthy and cancer cells showed similar nuclease
activity profiles for all the nucleic acid probes tested, indicating
their limited capability to diﬀerentiate between healthy and
cancer cells. Next, we investigated the nuclease activity on the
cell surface (Fig. S4, ESI†). In this case, both the DNA and RNA
probes were digested eﬃciently by the cancer cell nucleases;
however, significant degradation was observed for healthy cells
as well, suggesting a high background signal for these types of
probes. The sequences containing the 2 0 -fluoro modification
showed a consistent pattern in the ability to diﬀerentiate
healthy cells from all cancer cells used in this study. The fully
modified 2 0 -fluoro probe showed the least diﬀerence in degradation eﬃciency, when comparing healthy and cancer cells,
even though a significant and specific surface nuclease activity
was observed for the SKBR3 breast cancer cells. The other three
probes containing the 2 0 -fluoro chemical modification were
eﬃciently digested by all the cancer cell lines and to a much
lesser extent by the healthy cells. This trend was most clearly
observed in the 2 0 -fluoro purine-modified probes (Fig. S4, ESI†).
These results suggest that probes containing the 2 0 -fluoro
chemistry have the ability to recognize a wide range of nucleases
associated with cancer cells. In the case of oligonucleotides
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containing 2 0 -O-methyl chemistry, the following responses were
observed. The 2 0 -O-methyl fully modified and 2 0 -O-methyl
pyrimidine-modified probes showed significantly less nuclease
degradation activity, as indicated by a reduction in the fluorescence signal intensity (Fig. S4, ESI†), for both cancer and healthy
cells, when compared to the DNA and RNA probes. In addition,
similar fluorescence values were observed for the healthy and
cancer cells, indicating the lack of ability of these probes to detect
the transition from the healthy to cancer cell state, as depicted in
Fig. 1. In contrast, both 20 -O-methyl containing probes (purinemodified/DNA and purine-modified/RNA) have shown a specific
nuclease activity profile for the surface of the SKBR3 breast
cancer cells. Moreover, the nuclease activity observed for the
healthy cells, as well as the cervical cancer cell line (HeLa) and
the two other breast cancer cell lines (MCF-7 and MDA-MD-231),
was significantly lower. These findings suggest that this chimeric
oligonucleotide (2 0 -O-methyl purine), in particular, could be
highly specific and sensitive for detecting nucleases derived
from the cell surface of SKBR3 cells. Interestingly, the major
feature of the SKBR3 breast cancer cells (and also when compared
to the MCF-7 and MDA-MB-231 cells)13 is the overexpression of
the Her2/neu receptor, a very important marker for deciding
the therapeutic strategy for the breast cancer patients. Fig. 2
shows in more detail the specificity reached by the 2 0 -O-methyl
purine-modified probes for targeting the specific nuclease activity
on the surface of SKBR3 cells. In particular, the purine-modified/
DNA probe has shown the most promising results. Altogether,
these data suggest the possibility of using nuclease activity as a
means of discriminating between healthy cells and cells undergoing a transition to a cancer state. Next, we sought to explore
more thoroughly the nuclease activity observed on the surface of
SKBR3 cells, using the 2 0 -O-methyl purine-modified probes. The
nuclease activity is tightly regulated not only by the substrate

Fig. 2 Specific nuclease activity derived from SKBR3 breast cancer cells.
Three probes containing the 2 0 -O-methyl chemistry were used to evaluate
the nuclease activity associated with the cell surface of various cancer cell
lines and control healthy cells (fibroblasts). Cancer associated nuclease
activity is reported as increase in mean fluorescence intensity (triplicates)
upon reaction with each probe. The bars represent the mean  s.d. of triplicate
fluorescence measurements. Data are representative of at least 3 individual
experiments.
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Fig. 4 Inactivation of nucleases on the cell surface of SKBR3 cells by
trypsin treatment. Breast cancer cells (SKBR3) and healthy cells (fibroblasts)
were treated with 2-fold dilution of trypsin in PBS (100% represents
0.05%trypsin/EDTA and 0% represents PBS+/+ only) and assayed with
the Pur 2 0 -OMe DNA probe. Data represent mean fluorescence values of
3 individual experiments.

Fig. 3 Nuclease activity profile of breast cancer cells (SKB3) treated under
(A) diﬀerent chemical conditions: cells in buﬀer only (PBS/ and PBS+/+),
presence of chelators of Ca2+ (EGTA), Mg2+ (EDTA), and Fe3+ (NTA), and
addition of divalent cations, and (B) diﬀerent temperatures for 30 min. The
bars represent the mean  s.d. of triplicate fluorescence measurements.
Data are representative of at least 3 individual experiments.

specificity and its confined localization, but also by the catalytic
mechanism and metal ions requirements.14 Fig. 3 shows the first
attempt to characterize the type of nuclease activity observed in
SKBR3 cells by changing the chemical as well as the temperature
conditions. We compared the previous nuclease activity reported
in PBS buﬀer (cells only) with the eﬀect induced by several
chelators and the addition of divalent cations (Fig. 3A).
It is well known that Mg2+ and Ca2+ are the most abundant
divalent cations in living organisms,15 with Mg2+ being the most
abundant divalent cation inside cells.16 Notably, we observed
that the nuclease activity derived from SKBR3 cells is significantly reduced in the presence of chelators such as EDTA and
EGTA, with a predominant chelation eﬀect for those nucleases
with dependence on magnesium (Mg2+)17 and calcium (Ca2+),18
respectively. Moreover, and as expected, in the case of the NTA
chelator, which mostly chelates Fe3+ and other divalent cations
with low physiological abundance,19 only a limited eﬀect on the
nuclease activity of SKBR3 cells was observed. On the other
hand, several divalent cations were evaluated individually
(Ca2+, Mg2+, Mn2+, Cu2+ and Zn2+) and only the addition of
Mg2+ seems to promote the nuclease activity expected for the
SKBR3 cells. These data suggest that the nuclease activity found
in SKBR3 cells is mostly dependent on Mg2+. Furthermore,
thermal analysis was carried out at three diﬀerent temperatures

12348 | Chem. Commun., 2016, 52, 12346--12349

(37, 65 and 95 1C) for 30 min (Fig. 3B). The nuclease activity was
clearly reduced at 65 1C and eliminated at 95 1C, indicating that
the nuclease activity derived from the SKBR3 cells is sensitive to
high temperature conditions. Next, we sought to confirm that
the nuclease activity observed in SKBR3 is indeed located on
the cell membrane. To do so, cells were treated with trypsin,
a protease frequently used to remove cell receptors located on
the cell membrane.20 We expected to see a reduction of nuclease
activity if the nucleases located on the cell surface were aﬀected
by the trypsin action. Fig. 4 shows the eﬀect of trypsin on the
nuclease activity using the 2 0 -O-methyl purine-modified/DNA
probe for healthy (fibroblasts) and breast cancer cells (SKBR3).
We have also evaluated diﬀerent concentrations of trypsin in PBS
(from 0 to 100%) at three diﬀerent time points (1, 10 and 15 min).
Finally, the nuclease activity assay was carried out under the
same conditions as previously described. Notably, in the absence
of trypsin (0%), a clear diﬀerence in the nuclease activity profile
was observed between the healthy (fibroblasts) and breast cancer
(SKBR3) cells, as expected from our previous experiments.
Moreover, as a function of time and trypsin concentration, we
observed a proportional reduction in the nuclease activity of
SKBR3 cells, which is in agreement with the inactivation or
disruption of proteins, including nucleases, on the surface
of SKBR3 cells. At the highest concentration of trypsin and a
longer time point (100% for 15 min, red bars), no diﬀerence in
nuclease activity was observed between the healthy and cancer
cells. These results confirm the presence of nucleases on the
SKBR3 cell surface, and also suggest that the nuclease activity
observed could be exploited as a biomarker for breast cancer.
In summary, we describe for the first time that nuclease
activity in cancer cells, particularly breast cancer cells (SKBR3),
could be exploited as a functional biomarker for the development
of targeted strategies using chemically modified oligonucleotide
probes. More specifically, 20 -O-methyl purine-modified sequences
(and possibly others) are powerful tools for designing specific
targeting probes for cancer. We anticipate that other cancer types
could be targeted by using our nucleic acid-based technology.
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