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A challenge for circulating tumor cell (CTC)-based diagnostics
is the development of simple and inexpensive methods that reliably detect the diverse cells that make up CTCs. CTC-derived
nucleases are one category of proteins that could be exploited
to meet this challenge. Advantages of nucleases as CTC biomarkers include: (1) their elevated expression in many cancer
cells, including cells implicated in metastasis that have undergone epithelial-to-mesenchymal transition; and (2) their enzymatic activity, which can be exploited for signal ampliﬁcation
in detection methods. Here, we describe a diagnostic assay
based on quenched ﬂuorescent nucleic acid probes that detect
breast cancer CTCs via their nuclease activity. This assay
exhibited robust performance in distinguishing breast cancer
patients from healthy controls, and it is rapid, inexpensive,
and easy to implement in most clinical labs. Given its
broad applicability, this technology has the potential to have
a substantive impact on the diagnosis and treatment of many
cancers.

INTRODUCTION
Breast cancer (BCa) is the most common cancer diagnosed in women,
with approximately 247,000 new cases reported in 2016, and is the
second leading cause of death from cancer among women.1 Death
from BCa is a result of metastatic disease, which remains largely
incurable despite advances in chemotherapeutic drugs with a 5-year
survival rate of only 26%.1 Early and robust detection of hematogenous circulating tumor cells (CTCs) holds the promise of greatly
reducing the morbidity and mortality from metastatic BCa.2 CTCs
are rare cancer cells detected in the circulation of cancer patients.3
CTC-negative patients present improved survival of up to 14 months
compared with CTC-positive patients.4,5 Based on these ﬁndings,
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CTCs are thought to provide a means to diagnose the likelihood for
metastatic spread6 and assess response to therapy in advanced and
early-stage disease settings.5,7,8 However, the accuracy, robustness,
and ease of implementation of current CTC tests are insufﬁcient for
this approach to have its anticipated impact in clinical practice. Diagnostic tests that robustly detect CTCs, while being simple to operate
and inexpensive, would: (1) enable the identiﬁcation of women at
greater risk of developing metastatic disease; (2) allow oncologists
to aggressively treat high-risk patients while their tumor burden
remains small; (3) identify low-risk patients who would not beneﬁt
from further treatments, thereby sparing them the harmful side
effects of systemic therapies; and (4) enable the monitoring of the
effectiveness of therapy. However, the accuracy, robustness, and
ease of implementation of current CTC tests are insufﬁcient for this
approach to have its anticipated impact in clinical practice.
Despite the obvious importance of CTCs, incorporation into standard screening and treatment guidelines has been challenging
because of several factors.9 First, CTCs are extremely rare in comparison to hematologic cells (about one tumor cell per 1 billion
blood cells), making their isolation difﬁcult. Second, a lack of biomarkers that capture and measure the diverse cells that collectively
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make up CTCs limits the sensitivity of diagnostic assays and results
in inaccurate interpretation of disease state. Although there are no
US Food and Drug Administration (FDA)-approved CTC diagnostic assays, a CTC enumeration test by CELLSEARCH was
recently approved by the FDA. This test relies on an antibody capture agent that binds the cell-surface epithelial cell marker (epithelial
cell adhesion molecule [EpCAM]) coupled to an antibody detection
agent that binds an intracellular epithelial cell marker (cytokeratin).10 Although breast carcinomas, which are of epithelial origin,
express high levels of both EpCAM and cytokeratin, EpCAM and
cytokeratin expression are lost when cancer cells enter the bloodstream and begin colonizing distant sites. This process, known as
the epithelial-to-mesenchymal transition (EMT), is thus characterized by loss of epithelial cell markers (e.g., EpCAM, E-cadherin,
and cytokeratin) and gain of mesenchymal cell markers (e.g.,
N-cadherin and vimentin).11 Indeed, it is estimated that less than
30% of BCa cells that undergo metastasis express EpCAM.12–14 As
such, detection of two or more CTCs in 7.5 mL of blood was reported in only 37% of CTC-positive BCa patient samples analyzed
by the CELLSEARCH approach.8,15–18 The paucity of molecular
markers for screening those CTCs primed for metastatic spread is
a weakness of this and other antibody-based capture and analysis
methods (e.g., ApoCell).15,19 Other CTC enumeration and diagnostic methods under development, which are not dependent on
molecular markers for capture and identiﬁcation of CTCs, rely on
microﬂuidic or ﬁlter capture technologies followed by an RNA or
DNA puriﬁcation step prior to downstream analysis (e.g., ampliﬁcation/detection of CTC-speciﬁc DNA or RNA sequences with nextgeneration sequencing [NGS] and microarray technologies).19–21
Although these methods capture CTCs of both epithelial and
mesenchymal type, drawbacks include long processing times, difﬁculty of implementation in clinical pathology laboratory tests
(requiring microﬂuidic and NGS expertise and infrastructure), and
high cost per sample (kits to perform isolation and RNA hybridization and ampliﬁcation steps). Other fee-for-service technologies
like those offered by Epic Sciences, SRI International, and
CELLSEARCH have similar drawbacks and require samples to be
shipped to the outsourcing company, which often results in loss
of sample viability.15,19
The goal of this study was to perform in stage IV BCa patients (with
expected positive CTC counts) proof-of-concept studies of an
emerging diagnostic technology, nuclease-activated probe (NucAP),
which exploits cancer-derived nucleases as signal-amplifying biomarkers. This novel nuclease-based approach is coupled with stateof-the-art CTC capture technology from SCREENCELL, which enables the capture of both epithelial and mesenchymal cancer cells
from blood based on cell size (Figure 1A). Advantages of nucleases
for the detection of CTCs include: (1) their elevated expression in
most cancer cells, including cells implicated in metastasis that have
undergone EMT; and (2) their enzymatic activity, which can be
exploited for signal ampliﬁcation in detection methods (Figure 1B).
Additional advantages of this diagnostic assay include its simplicity
(which can facilitate on-site implementation), low cost, and broad

applicability (because of the widespread expression of nucleases in
other cancers).
Due to their central role in DNA repair and chromosomal stability,
nucleases are essential for life and are overexpressed in most cancer
cells (even those cells that have undergone EMT), including BCa cells,
highlighting their broad potential as biomarkers for cancer detection.22–27 In this study, we conﬁrmed that nuclease gene expression
is elevated in BCa cell lines compared with whole blood and that, unlike EpCAM expression, it is ubiquitously present in BCa cell lines
and patient tumor samples. Based on these ﬁndings, we developed
and characterized three different nuclease-activated probes that act
as global substrates (are digested and activated) for nucleases overexpressed in BCa. After optimizing conditions to detect CTCs in blood
with these probes, we evaluated their ability to detect CTCs in patient
blood samples and to thereby provide a simple, rapid, and robust
diagnostic readout.

RESULTS
Assay Sensitivity

We previously described the development of chemically modiﬁed,
nuclease-activated probes that are speciﬁcally digested (activated)
by bacterial nucleases.28,29 Recently, we optimized the nuclease probe
methodology to enable detection of attomolar (1018 molar) levels of
a bacterial nuclease in the human plasma.30 Given the high sensitivity
of this technology, we reasoned that nuclease-activated probes could
be useful in detecting low numbers of cancer cells in blood. Figure 1
outlines the workﬂow of the assay presented here.
Analysis of gene expression data from the European Molecular
Biology Laboratories – European Bioinformatics Institute (EMBLEBI) database31,32 revealed that 143 out of 160 genes that encode
putative nucleases are upregulated in BCa cell lines compared
with whole blood, including cell lines that lack EpCAM expression
(Figure 2A; Table S1). The expression of nucleases that have been
implicated in cancer progression (EXO1, NEIL3, FEN1, DNA2,
and ERCC1)23,24,33–37 was also higher in cancer cells versus blood.
In addition, nuclease gene expression is elevated in the clear majority of BCa cell lines (Figure 2B, left panel) and in analyzed patient
tumor samples (Figure 2B, right panel). This result is in contrast
with EpCAM gene expression, which varies greatly based on the nature of the sample analyzed (Figure 2B). More importantly, unlike
EpCAM, nuclease expression is retained in those cells that undergo
EMT (Figure 2C). Together, these ﬁndings suggested that nuclease
activity could be employed as a means of detecting cancer cells in
blood.
To detect nuclease activity, we screened a pool of chemically modiﬁed, nuclease-activated oligonucleotide probes (nuclease pool previously described in Hernandez et al.28,29) and identiﬁed three distinct
nuclease probes (double-stranded DNA [dsDNA], single-stranded
DNA [ssDNA], and 20 ﬂuoro [20 F]-RNA) that are digested by nucleases expressed in human BCa cell lines. The sequences of the probes
are shown in the Materials and Methods. The dsDNA probe has a
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Figure 1. Nuclease-Activated Probe Assay for the Detection of Circulating Tumor Cells in Blood
(A) Freshly drawn patient blood was filtered using a microfiltration column device to capture cancer cells. Cancer cells were then lysed in nuclease buffer, and lysates were
incubated with nuclease-activated probes. Probe fluorescence indicates the presence of cancer cells in blood. The assay was typically carried out in less than 1 hr from the
time of blood draw to the fluorescence readout, and thus provides a rapid turn-around for point-of-care diagnostics. (B) Schematic of the enzymatic nature of the nucleaseactivated probe assay. The sequences of the three probes (dsDNA, ssDNA, and ssRNA) used in this study are shown in the Materials and Methods. All three probes are
flanked by a FAM fluorophore (50 terminus) and a pair of fluorescence quenchers (30 terminus).

self-complementary sequence that forms a duplex DNA oligo. The
ssDNA probe is a DNA oligo. The 20 F-RNA probe is a single-stranded
probe with 20 F modiﬁcation of all pyrimidines in the sequence. All
three probes are ﬂanked by a ﬂuorescein amidite (FAM) ﬂuorophore
(50 terminus) and a pair of ﬂuorescence quenchers (30 terminus).
First, we optimized assay conditions, which included components of
the probe digestion buffer (e.g., Mg+2 and Ca+2 concentration, pH)
(Figure S1A) and the concentration of the probes in the digestion reaction (Figures S1B and S1C). Fluorescence intensity, due to probe
digestion, was monitored for a total of 6 hr. Alkaline conditions
(pH 8–10) were optimal for all three probes tested (data shown
only for ssDNA probe) (Figure S1A). Ten millimolar Mg+2 were
found to be optimal for digestion, whereas no requirement for Ca+2
in the digestion buffer was observed (Figure S1A). Furthermore, a
small amount of probe (2.5 pmol corresponding to a ﬁnal concentration of 250 nM) yielded the greatest activity when incubated with low
numbers of BCa cells (Figure S1C). Based on the optimal assay conditions (optimized digestion buffer: 10 mM MgCl2, 50 mM NaCl, and
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100 mM Tris-HCl [pH 9.0], 1 mM DTT, and 1% Triton X-100; probe
concentration: 250 nM), we proceeded to determine the sensitivity of
the assay for detecting nuclease activity in BCa cells (Figure 3). Varying amounts of SKBr3 BCa cells (0–30 cells) were lysed in optimized
digestion buffer and incubated with the three nuclease-activated
probes for a total of 6 hr. Sensitivity was approximately four cancer
cells for the dsDNA and eight cancer cells for the ssDNA and the
20 F-RNA probe (Figure 3A). We also noted that optimal ﬂuorescence
intensities over background for the three probes varied based on
detection time. For example, while the ssDNA probe could reliably
predict the presence of eight cancer cells in buffer at 150 min, the
dsDNA and 20 F-RNA probes did so for four and eight cells, respectively, at incubation times of less than 60 min. The dsDNA probe
also had the strongest correlation between signal intensity and number of cancer cells in buffer. Importantly, the ﬂuorescence signal intensity of the dsDNA probe displayed a strong linear correlation
within the range of 1–30 cancer cells in an assay sample of 10 mL
for incubation times >40 min (Figure 3B). To determine the broad potential of the dsDNA probe, we also evaluated lysates of low cell
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Figure 2. Nuclease Gene Expression in BCa Cell Lines and Patient Samples
(A) BCa nuclease gene expression data were obtained from the EMBL-EBI database. Nuclease gene expression in BCa cells was normalized to that in the blood. Normalized
fold expression is defined as the average mRNA expression of every nuclease gene across 60 BCa cell lines divided by the expression of the same genes in blood. Nucleases
known to be upregulated in CTCs are highlighted (i.e., EXO1, NIEL3, FEN1, DNA2, and ERCC1).61 (B) Left panel: mRNA expression of EpCAM and nuclease genes from 60
different cell lines was normalized before plotting. Normalized EpCAM expression: EpCAM mRNA expression for each cell line was normalized to the average EpCAM mRNA
expression level detected across these 60 cell lines (blue bars). Normalized nuclease gene expression: the sum of all 160 nucleases in each cell line was normalized to the
(legend continued on next page)
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numbers (0–30 cells) generated from other BCa cell lines as shown for
SKBr3 cells. Similarly, strong signal correlations to cell numbers and
sensitivities were observed (Figure 3C). Together, these data indicate
high sensitivity (four cancer cells in buffer) of the nuclease-activated
probe assay with the dsDNA probe for an assay run time of as little as
40 min.
Nuclease-Activated Probe Assay Specificity

Next, we determined the speciﬁcity of the nuclease-activated probe
assay for BCa subtypes (e.g., triple-negative versus hormone-positive
versus Her2-positive). We compared lysates of various BCa cell lines,
broadly categorized as triple-negative or hormone and/or Her2-positive BCa, with the three nuclease probes (Figure 4A). The ﬂuorescence intensities of the BCa cell lysates for each probe were normalized to those of white blood cells (WBCs) from healthy donors
(Figure 4A). Importantly, in contrast with WBCs, all BCa cell lines
activate the nuclease probes, including BCa cell lines that are reported
to have low-to-no EpCAM expression (e.g., MDA-MB-231 and
MBA-MB-468).38,39 Although no clear difference is observed between
BCa subtypes with the tested cell lines, these data suggest that the
nuclease probes can broadly detect diverse BCa subtypes (Figure 4A).
Although cancer cells had at least a 10-fold higher nuclease activity,
the data in Figure 4A also suggested that the nuclease activity signal
generated from blood was high, potentially increasing the background
signal and affecting the overall sensitivity of the nuclease-activated
probe assay. Thus, we next assessed the sensitivity of the nucleaseactivated probe assay in blood (Figure 4B). In contrast to Figure 3A,
the data in Figure 4B demonstrated that the sensitivity of the assay in
the presence of blood was relatively low due to the non-speciﬁc activity in blood, requiring greater than 10,000 BCa cells per 1 mL of blood.
Based on these data, we reasoned that a cancer cell capture and/or
enrichment step performed prior to the nuclease assay detection
step was warranted.
CTC Capture Methods

Several methods for the capture of CTCs have been described previously.19,40 Filter-based methods that capture cancer cells based on size
(e.g., ISET and SCREENCELL; Rarecells) are easy to use and do not
rely on biomarker expression, which often limits their application.41
Initially, we compared two commercially available microﬁltration
methods (ISET and SCREENCELL ﬁlters) for their ability to ﬁlter
out red blood cells (RBCs) and WBCs based on cell size (Figure S2).
As shown in Figure S2A, the use of the SCREENCELL ﬁlter resulted in
a lower background signal from blood compared with the use of the
ISET ﬁlter. The difference in the signal between the two microﬁlters
was due to the number of WBCs retained on the ﬁlter. We next reevaluated the sensitivity of the nuclease-activated probe assay when

combined with a capture and/or enrichment step that includes the
SCREENCELL microﬁltration unit (Figure 4C). As shown in Figure 4C, the addition of the capture and/or enrichment step resulted
in a 400-fold increase in sensitivity (25 versus 10,000 BCa cells in
1 mL of blood). To conﬁrm that the ﬂuorescence signal obtained
from the SCREENCELL ﬁlter unit was indeed from BCa cells
captured onto the ﬁlter membrane, we performed immunoﬂuorescence for cancer cell markers (EpCAM and cytokeratin) (Figure 4D).
These data revealed that the sensitivity of the nuclease-activated
probe assay can be greatly enhanced by prior capture and/or enrichment of cancer cells.
We then determined the percentage of cancer cells retained on the
SCREENCELL ﬁltration unit as a function of the number of cancer
cells present in the blood (Figure 5). Deﬁned numbers of HCC1937
BCa cells (100, 50, and 25 cells/mL) were either directly lysed in
nuclease digestion buffer or were subjected to the SCREENCELL capture and/or enrichment step prior to digestion and quantiﬁcation of
nuclease activity. Retention efﬁciency of the cancer cells on the microﬁlters varied with cell number. The greater the concentration of cancer cells in suspension (PBS) was, the higher the percentage of recovery for all three probes tested (ranges for the three probes are
provided: 100 cells/mL = 66%–72% retention; 50 cells/mL = 53%–
67% retention; 25 cells/mL = 41%–57% retention) (Figure 5; Figure S3). Because the diameter of the cancer cell dictates how well it
will be retained by the ﬁlter unit, we evaluated the percentage of retention using a different cancer cell line presenting a smaller diameter
(e.g., SKBr3) (Figure S4a). As expected, the percentage of recovery
was reduced by approximately 25% for cells with a smaller diameter
(comparing the retention efﬁciency for dsDNA probe of HCCC1937
and SKBr3 cells) (Figure 5; Figure S4A). To conﬁrm that the ﬂuorescent signal obtained from these ﬁlters was indeed due to the retention
of SKBr3 (EpCAM+ BCa cell line) cells onto the ﬁlter unit, we performed both qRT-PCR (Figure S4B) and immunohistochemistry
(Figure S4C) for established cancer cell markers (EpCAM, cytokeratin
19, plastin 3, and Her2).
Confirmation of Assay Robustness in Patient Samples

Initially, blood samples from different healthy donors (n = 9) were
evaluated using the SCREENCELL ﬁltration method prior to performing nuclease probe assay to assess potential variability in the
background signal from donor to donor (Figure S2B). Overall,
the average signals from healthy donor blood had an SEM <4%. The
earlier assay run times exhibited even lower SEMs (<3% for time
points <140 min, <2% for time points <40 min) compared with the
longer assay run times (Figure S2B). In addition, no difference was
observed in the background signal from the same donor sampled on
different days (Figure S2C; data for three different donors are shown).

average value across all 60 cell lines (orange line). Right panel: an analogous analysis was carried out with data from BCa patient tissues (n = 941) from The Cancer Genome
Atlas (TCGA). (C) Nuclease expression in breast cancer cell lines during epithelial-to-mesenchymal transition (EMT). 60 breast cancer cell lines were ranked based on the
expression of epithelial (EpCAM, cytokeratin 19, and E-cadherin) and mesenchymal (N-cadherin and vimentin) markers. Expression of EpCAM and nucleases (average
expression of 161 nuclease genes) for each cell line was plotted. Yellow box: breast cancer cell lines with little-to-no EpCAM expression that are missed by EpCAM immune
capture methods.
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Figure 3. Nuclease-Activated Probe Assay Sensitivity
(A) The sensitivity of the nuclease-activated probe assay was measured using SkBr3 BCa cells. Nuclease-activated probes were incubated at 37 C for 6 hr with lysates
derived from varying amounts of SKBr3 BCa cells (0–30 cancer cells). Fluorescence was measured every 20 min over the course of 6 hr using a microplate reader. (B) Signals
derived from the digestion of the dsDNA nuclease-activated probe showed a linear correlation in the range of 1–30 cells (data based on 3–100 cells/mL fluid evaluated in the
assay). Trend lines are given for all single-measurement time points in the standard assay procedure (0–360 min with 20 min increments). Coefficient of determination (R2)
(legend continued on next page)
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These data revealed the effectiveness of the SCREENCELL ﬁltration
unit at removing excess blood cells from the blood sample and
conﬁrmed that the background signal from blood in the nuclease-activated probe assay is low.
To test the ability of this assay to detect CTCs in blood of patients with
BCa, we compared the nuclease activity from blood of BCa patients
with established CTCs in blood (stage IV) (n = 29) and healthy donors
(n = 15). We detected higher nuclease activity in the blood of patients
with BCa with all three probes tested (Figure 6A shows a dot plot for
the 6 hr time point). We then investigated the entire time course of the
assay run and found that at the ﬁnal assay run time (0–6 h), signals
from patient samples were 4.5-fold (for dsDNA), 3.4-fold (for
ssDNA), or 2.7-fold (for 20 F-RNA) higher than those of healthy donor
blood samples (Figure 6B, top panels). We also determined the assay
run time that was the best predictor of cancer cells present in
blood based on ﬂuorescence intensity (Figure 6B, bottom panels).
A 20 min assay run time was found to be the best predictor for the
two DNA probes. An assay run time of 120 min was found to be
the best predictor for the RNA probe. Receiver operating characteristic (ROC) curves were generated for each time point of the nuclease
probe assay for each probe. Each ROC curve estimates probe sensitivity and speciﬁcity over the range of ﬂuorescence intensity cutoffs
that could be used to classify patients as diseased or non-diseased.
The accuracy of the nuclease probe assay as an indicator of disease
status (samples from patients with BCa versus healthy donors) was
evaluated by measuring the area under the ROC curve. Speciﬁcally,
area under the curve (AUC) estimates can be interpreted as the probability that ﬂuorescence intensity for a patient with BCa is higher than
that for a healthy donor. A maximum AUC value of 1.0 indicates perfect diagnostic accuracy, and a value of 0.5 indicates no diagnostic
value. The assay run time that best predicted the presence of CTCs
in blood (highest AUC values) varied from probe to probe. An assay
run time of 20 min was optimal for the dsDNA probe (AUC = 0.902)
with a 95% conﬁdence interval (CI) of 0.82–0.96. For the ssDNA
probe, an assay run time of 20 min was optimal, with AUC = 0.903
(95% CI 0.80–1.00). For the 20 F-RNA probe, the best predictor time
point was at 120 min with AUC = 0.851 (95% CI 0.76–0.94) (Figure 6B, bottom panels). The high AUC values indicated a high degree
of diagnostic accuracy, and the exclusion of 0.5 (which represents no
diagnostic value) from the CIs signiﬁcantly indicated that the probes
are diagnostic indicators of the disease. ROC curves for the corresponding AUC estimates are included in Figure 6B (bottom panels).
The cutoff values for best speciﬁcity/sensitivity combination in the
ROC curves at the optimal time points are listed in Table 1.
For each patient and healthy donor blood sample, we also performed
whole blood cell counts to conﬁrm that the differences in ﬂuorescence
intensity between the two blood sample groups did not result from

differences in blood cell numbers between the two groups (e.g., higher
numbers of WBCs), but reﬂected the presence of BCa cells (Figure S5).
On average, patient blood samples presented fewer WBCs compared
with healthy donor blood samples. These data conﬁrmed that the
higher nuclease activity observed in patient samples did not result
from higher numbers of WBCs in patient blood, but likely reﬂected
the presence of CTCs in blood.

DISCUSSION
This is the ﬁrst report of a nuclease-activated probe-based diagnostic
assay for the detection of cancer cells in patients. In this study, we show
that chemically modiﬁed, nuclease-activated probes can robustly
detect cancer cells in blood of patients with stage IV BCa (96%
true positive hits; 15% false-positive hits). Based on the National
Cancer Institute Surveillance, Epidemiology, and End Results (NCI
SEER) database, the BCa prevalence (incidence) for women >18 years
of age was 2% in 2014 (year of latest report) (https://seer.cancer.gov/
statfacts/html/breast.html). At 2% incidence rate, our assay has a
positive predictive value (PPV) of 11.9% and a negative predictive
value (NPV) of 99.9%. The low PPV indicates that a NucAP assay
positive result has a high probability of being a false positive. Thus,
our assay is not an optimal screening test for women in the general
population but instead a diagnostic test, intended to identify women
at high risk for developing metastatic BCa and to potentially spare
women with a negative test from the toxic effects of unnecessary
therapies.
Because nucleases are ubiquitously expressed27 and their expression is
greatly elevated in cancer cells, our approach does not suffer from
the drawbacks of current antibody-based capture and analysis
methods (e.g., CELLSEARCH and ApoCell) that rely on biomarkers
(e.g., EpCAM) whose expression varies in cancer.8,15,16 Furthermore,
the nuclease-activated probe assay is rapid (the assay can be
completed within 1 hr of the initial blood draw), sensitive (can detect
less than ﬁve BCa cells), cost-effective (under $100 per sample), and
easy to operate (requires a common ﬂuorescence plate reader for
signal detection). The assay steps include: (1) capture of cancer cells,
which is performed within 10 min with commercially available microﬁltration units from SCREENCELL, (2) lysis of cancer cells using
an optimized nuclease digestion buffer that contains the chemically
optimized nuclease probes, and (3) signal detection using standard
ﬂuorometry technology.
We previously demonstrated the utility of quenched ﬂuorescent nucleic acid probes for the detection of bacterial nucleases.28,29 In this
initial study, we demonstrated a sensitivity in the low attomolar
(1018 molar) range for the detection of a bacterial nuclease in human
plasma.30 In this study, we performed key technical modiﬁcations for
adapting this technology for the detection of endogenous nucleases in

was >0.99 for time points >60 min. A linear correlation was found for several BCa cell lines tested. Shown is a representative plot from an experiment with the SKBr3 BCa cell
line. By investigating lysates from six different cell numbers (1, 2, 4, 8, 15, and 30), a linear regression plot was used to assess signal-to-cell number correlation. (C) Additional
BCa cell lines were examined for the sensitivity and correlation of assay signal to cell number as shown in (A) and (B) for SKBr3 cells. The table sums up the sensitivity levels
and R2 values at the different time points of the 6 hr assay.
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Figure 4. Nuclease-Activated Probe Assay Specificity
(A) Nuclease-activated probes (dsDNA, ssDNA, and 20 F-RNA) were incubated with lysates of 100 white blood cells isolated from the blood of a healthy donor or various BCa
cell lines (BT20, MDA-MB-468, HCC1937, MDA-MB-231, MDA-MB-453, Iowa1T, MCF7, SKBr-3, and BT474). Fold WBC is defined as the fluorescence signal generated
from each individual BCa cell line divided by that generated by the white blood cells. Fluorescence was measured in a microplate reader every 20 min for a total of 6 hr. The
4-hr time point is plotted. (B) Sensitivity of detection of cancer cells in blood without prior cancer cell capture and/or enrichment step. A defined amount of healthy donor blood
(about 1 mL) with the addition of increasing amounts of MDA-MB-453 cells (1–100,000 cells per 1 mL of blood) was subjected to the nuclease-activated probe assay using
the three nuclease-activated probes (dsDNA, ssDNA, and 20 F-RNA). (C) Nuclease-activated probe assay sensitivity. Blood samples from a healthy donor were spiked with
(legend continued on next page)
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approach. Here, we overcome many of the limitations of current CTC
detection assays through the development of chemically modiﬁed,
nuclease-activated probes that are speciﬁcally digested (i.e., activated)
by nucleases expressed in BCa cells. Importantly, we demonstrate the
clinical relevance of our approach in blood samples from patients
with stage IV BCa (Figure 6).

Figure 5. Cancer Cell Retention and/or Capture Efficiency Using the
SCREENCELL Filters
Signal intensity (%) of lysates from cells filtered with SCREENCELL filters compared
with lysates of the same number of cells without filtration. Lysates were incubated
with the nuclease-activated probes, and fluorescence measurements were
obtained as described above. Varying number of HCC1937 cells (0–100 cells) were
either directly lysed in nuclease lysis buffer or subjected to the filtration capture
and/or enrichment step.

cancer patients. The challenge we faced was to design chemically optimized probes capable of rapid and robust detection of nucleases,
which are overexpressed in cancer cells, despite the presence of a
diverse mixture of endogenous non-target nucleases present in human blood. To promote selectivity, we used nucleotide chemical
modiﬁcations and assay conditions (cation composition in assay
buffer) that provide resistance to serum nucleases but are susceptible
to nucleases overexpressed in BCa cells. Assay conditions and probes
with these modiﬁcations that are sensitive to nucleases in BCa cell
lysates provide the foundation of our NucAP assay.
The release of CTCs from the primary tumor into the bloodstream
is thought to give rise to the formation of distant metastases that
are central to the often devastating outcomes of this complex
illness.4,42–45 In recent years, CTCs have been extensively studied
because they are readily accessible and afford a non-invasive
“blood biopsy” of potential metastatic cells.42,45 The ability to detect,
quantify, and characterize CTCs would afford several advantages in
the clinic. They may be advantageous in screening, staging, monitoring of overall and speciﬁc chemotherapy responses, and potentially
differentiating tumor types. However, a notable challenge for developing broadly useful CTC-based diagnostic tests is the development
of an easy-to-operate method that is sufﬁciently sensitive and capable
of capturing the molecular heterogeneity of CTCs present in the circulation.6,16,19 The current absence of methods that solve these problems is a critical barrier to the clinical applicability of this promising

There are currently no approved diagnostic tests for CTCs.
CELLSEARCH, which is currently the only FDA-approved CTC
enumeration method (used for BCa), is an immunomagnetic capture
and/or enrichment method that relies on targeting a marker speciﬁc
to epithelial cells, the EpCAM.46,47 The CELLSEARCH approach
captures CTCs from blood with magnetic particles coated with
anti-EpCAM antibodies and automates their imaging using ﬂow
cytometry. CELLSEARCH deﬁnes CTCs as cells that display a
DAPI-stained nucleus and express EpCAM and cytokeratins, while
being negative for the pan-leukocyte marker CD45. Although the
CELLSEARCH approach has been validated in clinical studies and allowed more thorough studies of the clinical relevance of CTCs, it has
several limitations, including inherent lack of sensitivity and limited
applicability.16,19,48 These limitations stem primarily from the loss of
EpCAM expression (during the EMT) in those BCa cells that are
implicated in metastasis.12–14,19,49,50 Similarly, our analysis of gene
expression data available from the EMBL-EBI and The Cancer
Genome Atlas (TCGA)51 databases indicated that EpCAM expression
can also vary substantially in BCa cell lines and patient samples
(derived from primary epithelial tumors), whereas nucleases are overexpressed across all the BCa cell lines and patient samples analyzed
(Figure 2B). Furthermore, unlike EpCAM, nuclease expression is
retained in those cells that undergo EMT (Figure 2C).
Nucleases and their activity have been proposed as valuable
prognostic markers for cancer.52–58 For example, the expression of
ERCC1, a DNA repair enzyme with nuclease activity, has been shown
to be elevated in BCa CTCs that are resistant to chemotherapy.59
Similarly, the expression of several other nuclease genes that belong
to the class of DNA repair enzymes has also been shown to be elevated
in cancer stem cells, which are thought to lead to metastasis.60,61
Several of these genes (e.g., EXO1, NEIL3, FEN1, DNA2, and
ERCC1) were the top hits in our bioinformatics analysis of BCa
gene expression databases (Figure 2A; Table S1). A notable advantage
of nucleases versus most alternative biomarkers is that their enzymatic activity can be used for signal ampliﬁcation; this often enables
very high detection sensitivity.
In previous studies, we took advantage of the unique properties
that distinguish bacterial nucleases from mammalian nucleases, to
develop chemically optimized nuclease probes that are preferentially

either 100 or 25 HCC1937 cancer cells per milliliter of blood, and samples were evaluated using the nuclease-activated probe assay. Blood, not spiked with cancer cells,
served as a control (blood). The signal intensity was normalized to the background fluorescence of the corresponding probe. (D) Blood samples from a healthy donor with and
without the addition of 200 HCC1937 cancer cells per milliliter of blood. Cancer cells in blood were immunostained with mouse anti-human PanCytokeratin (green) and rat
anti-EpCAM (red). Scale bars: 25 mm.
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Figure 6. Detection of Cancer Cells in Blood of Patients with Stage IV BCa
Samples from patients with stage IV BCa were examined using the nuclease-activated probe assay. Fluorescence intensity from the stage IV BCa samples was compared
with that of healthy donor samples. (A) Nuclease activity detected after 6 hr from blood of stage IV BCa patients (blue) or healthy donors (orange). The black line indicates the
median of the two groups. (B) Plotted are mean values and corresponding SEM for patients (closed circles, n = 29) and healthy donors (open circles, n = 15). Asterisks indicate
statistical significance (p values of a two-way ANOVA are described in the depicted table: **p < 0.01; ***p < 0.001; ****p < 0.0001). Statistical analysis of the time points that
are the best predictors of the nuclease-activated probe assay. Area under the curve (AUC) plot based on receiver operating characteristic (ROC) analysis of the data.
Additionally, Table 1 gives the cutoff values for sensitivity and specificity at these best predictor time points.

digested by bacterial nucleases versus mammalian nucleases. We
demonstrated the sensitivity of our nuclease-activated probe technology by detecting attomolar (1018 molar) levels of a bacterial nuclease

in the human plasma.30 In the present study, we sought to exploit the
potential of the nuclease-activated probe technology to diagnose
cancer. The challenge here was to reliably distinguish between
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Table 1. Cutoff Values with Best Specificity/Sensitivity Combination in the
ROC Curves with Highest AUC Values
Signal
Sensitivity/ Samples above True
Threshold Speciﬁcity Threshold
Positive

False
Positive

dsDNA
(20 min)

400

83%/77%

49/59 (83%)

28/29 (97%)

3/13 (23%)

ssDNA
(20 min)

1,018

86%/92%

52/60 (87%)

29/29 (100%) 1/13 (8%)

20 F-RNA
2,854
(120 min)

80%/85%

47/59 (80%)

26/29 (90%)

2/13 (15%)

ROC curves are shown in Figure 6B.

mammalian nucleases expressed in cancer cells versus those expressed in leukocytes. Although we determined that nuclease gene
expression is elevated in BCa compared with whole blood (Figure 2A),
the sheer number of WBCs is still likely to overcome any signals from
the cancer cells (Figure 4A versus 4B). Fortunately, the tantalizing
possibility that CTCs can serve as a liquid biopsy to diagnose the likelihood of metastatic spread or to assess treatment outcome has
prompted intensive efforts focused on the development of novel
high-performance CTC capture methods, which provided a solution
to this problem.62–65
Although improvements in afﬁnity-capture methods (e.g., microﬂuidics) offer signiﬁcant improvements in the sensitivity and speciﬁcity
of CTC capture and analysis compared with the gold standard
(CELLSEARCH), these methods have an obvious drawback that limits
their use: the difﬁculty of implementation requiring complex technical
expertise and infrastructure.19,66,67 Next-generation size-based separation approaches are emerging as a promising alternative to this
problem. Size-based separation approaches leverage the difference
in size of tumor cells versus the normal cell types detected in blood.
Many tumor cells have diameters that are signiﬁcantly larger than
normal WBCs or RBCs, thus enabling their capture with highprecision ﬁltration. A clear advantage of the size ﬁltration methods
is the ease of operation and implementation. In our proof-of-concept
study, we evaluated two different microﬁltration methods for the capture of CTCs (Figure S2). We found that the SCREENCELL microﬁltration unit was superior to the Rarecells (ISET) ﬁltration device and
displayed a signiﬁcantly lower normal blood cell retention rate, resulting in an overall lower assay background signal (Figure S2). While the
fraction of cancer cells recovered from blood with the SCREENCELL
microﬁlter unit positively correlates with the number of cancer cells
present in blood and was lower in samples with fewer cancer cells (Figure 5), the effective capture of BCa cells of small diameter was also
possible (e.g., SKBr3) (Figure S3). Importantly, the sensitivity of the
nuclease-activated probe assay was increased by 400-fold with the
addition of the SCREENCELL capture and/or enrichment step (Figures 4B and 4C), enabling the robust detection of cancer cells in patient
blood (Figure 6). Based on recent estimates of CTC concentrations in
blood of patients with BCa, as expected, this level of sensitivity enabled
the robust detection of cancer cells in patient blood (Figure 6). These
data are also consistent with the notion that previous estimates of CTC
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concentrations (e.g., as low as 1–5 cells per 1 mL of blood), which are
derived from data obtained with EpCAM-based CTC capture methodology (CELLSEARCH), are gross underestimates.13,14,50,68
In summary, we describe a novel protocol for the detection of CTCs
that overcomes many of the limitations of current CTC detection assays and provides a promising avenue for clinical implementation of a
robust diagnostic tool for BCa in combination with mammography.
Our two-step assay (step 1 = capture; step 2 = detection), which combines novel advances in CTC capture technology with the nucleaseactivated probe technology, is easily performed within 1 hr and requires minimal technical expertise and infrastructure. Finally, because
the expression of nucleases is upregulated in many cancers, the technology can be readily extended to develop diagnostic assays for other
cancers in need of better diagnostic options, including pancreatic,
lung, and ovarian cancers. Although the initial intended uses of the
NucAP assay are as a surveillance test or a therapy treatment response
tool in patients with known BCa, future studies will explore reﬁnements that might allow development of a related screening test.

MATERIALS AND METHODS
Patient Population

This study was reviewed and approved by The University of Iowa Internal Review Board (IRB 201505719). Patients with stage IV BCa,
ages 18–90, hemoglobin levels R10.5 g/dL, with no history of blood
transfusions in the prior month provided informed consent at the
Holden Comprehensive Cancer Center to contribute extra blood
samples and clinical data to the study. Any patient blood samples
were de-identiﬁed by using a code ID. Clinical data on age, gender,
and information about disease and treatments were abstracted from
the subjects’ electronic medical record linked to the blood samples
with a code ID. Written informed consent was also obtained from
all participants (healthy donors and patients).
Cell Culture

Cell lines used in this study include BT20 (catalog number [Cat. No.]
HTB-19; ATCC, Manassas, VA, USA), BT474 (Cat. No. HTB-20;
ATCC), HCC1937 (Cat. No. CRL-2336; ATCC), K562 (Cat. No.
CCL-243; ATCC), MCF-7 (Cat. No. HTB-22; ATCC), MDAMB-231 (Cat. No. HTB-26; ATCC), MDA-MB-453 (Cat. No. HTB131; ATCC), MDA-MB-468 (Cat. No. HTB-132; ATCC), Iowa1T
(Cat. No. CRL-3292; ATCC), SKBr3 (Cat. No. HTB-30; ATCC). All
cell lines were cultured under the conditions recommended by the
vendor.
Patient Samples

A maximum of about 20 mL of blood at three time points was provided by the subjects at the Clinical Cancer Center. Blood was
collected in portions of 6 mL in EDTA-K2-containing vacutainers
and was pooled before use.
Oligonucleotide Probes

The oligonucleotide probes used in this study were obtained from Integrated DNA Technologies (Coralville, IA, USA). The sequences of
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the probes were as follows: dsDNA: 50 -FAM-CTACGTAG-ZENRQ-30 ; ssDNA: 50 -FAM-TCTCGTACGTAC-ZEN-RQ-30 ; and 20 F
RNA: 50 -FAM-UFCFUFCFGUFACFGUFACF-ZEN-RQ-30 . The 20 F
RNA probe includes 20 -ﬂuoro-modiﬁed pyrimidines (CF and UF);
the purines are unmodiﬁed DNA nucleotides. ZEN and RQ are the
ZEN and Iowa Black RQ ﬂuorescence quenchers, respectively, of IDT.
Lysis Buffer Optimization

The nuclease activity in cell lysates was measured in buffers containing different concentrations of MgCl2 (0, 2, 5, and 10 mM) and CaCl2
(0, 2, 5, and 10 mM), and different pH levels (pH 7, 8, 9, and 10).
SKBr3 or MDA-MB-231 BCa cells were lysed in a solution of PBS
plus 1% Triton X-100. Buffers were exchanged using 3.5K MWCO
96-well microdialysis plates (product #88262; Pierce, Thermo Scientiﬁc, Rockford, IL, USA) by dialyzing 50 mL of cell lysate against the
various buffers. The dialysis buffer was exchanged three times, with
dialysis occurring for 2 hr with two buffer exchanges, and a third dialysis buffer exchange occurring overnight. The composition of the
optimized lysis buffer was 10 mM MgCl2, 150 mM NaCl, and
10 mM Tris-HCl (pH 9.0), 1 mM DTT, 1% Triton X-100, and 1/10
tablet of protease inhibitor (product #05 892 791 001; Roche) per
milliliter.
BCa Cell Line Nuclease Activity Screening

Lysates of 100 BT20, MDA-MB-468, HCC1937, MDA-MB-231,
MDA-MB-453, Iowa1T, MCF7, SKBr3, or BT474 cells in optimized
lysis buffer were incubated with 2.5 pmol of ssDNA, dsDNA, or
20 F-RNA probe at 37 C for 6 hr. Fluorescence (due to probe digestion) was measured every 20 min using a Synergy Mx Multi-Mode
Microplate Reader. The fold activity of each BCa cell line lysate was
compared with that of lysates of 100 K562 cells.
ISET Filtration Capture Method

Three milliliters of whole blood spiked with BCa cells was centrifuged
at 750  g for 10 min at room temperature, and plasma was separated
from the RBC pellet containing leukocytes and cancer cells. The RBCs
in the pellet were lysed by resuspension in 10 mL of 0.42% NH4Cl and
rocking for 10 min at room temperature. The leukocytes and cancer
cells were pelleted by centrifugation at 750  g for 10 min, and the
supernatant containing the lysed RBCs was removed. The pelleted
leukocytes and cancer cells were washed twice by resuspension in
PBS and pelleted by centrifugation at 750  g for 10 min. Following
the lysis and washing steps, the cell samples were resuspended in
1.5 mL of PBS. The cell samples were then ﬁltered using pre-wet
polycarbonate membranes containing 8-mm diameter pores (Maine
Manufacturing; product #4663G49 purchased from Thomas Scientiﬁc, Swedesboro, NJ, USA). The polycarbonate membranes were cut
into 3 cm  3 cm squares and placed on a 25-mm diameter Easy
Pressure Syringe Filter Holder (Pall; Cat. No. FMFNL1050). The
membranes were initially wetted by placing 1 mL of PBS onto the
membrane and applying a vacuum to pull the liquid through
the membrane, which allowed the membrane to be stabilized onto
the ﬁlter holder before ﬁltering the resuspended cells. After ﬁltration
of 1.5 mL of cells, the membrane was washed twice with 1 mL of PBS

and by applying gentle vacuum to pull the liquid through the membrane. The membrane was then placed into a 1.5 mL Eppendorf
tube, fully submerged into 200 mL of optimized lysis buffer, vortexed
for 30 s, and frozen at 80 C. For the nuclease activity assays, 10 mL
of cell lysate plus 1 mL of 2.5 mM ssDNA, dsDNA, or 20 F RNA
probe was placed into a well in a black 384-well ﬂat-bottom plate
(product #264705; Nunc, Thermo Fisher Scientiﬁc, Rochester, NY,
USA). Three replicate wells were used per cell lysate and probe combination. Digestion of the probe was monitored by measuring ﬂuorescence every 20 min in a Synergy Mx Multi-Mode Microplate Reader
for 6 hr at 37 C.
SCREENCELL Filtration Capture Method

Cancer cells were isolated from blood using ﬁlters purchased from
SCREENCELL (Sarcelles, France). SCREENCELL MB-V2 kits were
used for obtaining CTCs for the nuclease activity assays. Filtration
of the whole blood samples was performed per the manufacturer’s
instructions immediately after drawing the blood in K2 EDTA vacutainers (BD, Franklin Lakes, NJ, USA). Brieﬂy, for the MB-V2 ﬁlters, 6 mL of blood was placed in a 15 mL RNase-/DNase-free
conical tube and 1 mL of the SCREENCELL LC Buffer was added
to the blood, which was then inverted ﬁve times and incubated at
room temperature for 5 min. The blood plus LC Buffer was then
placed in the top of the MB-V2 ﬁlter, which was then pressed
onto the vacutainer included with the kit to pull the blood through
the ﬁlter. After the blood reached the appropriate level (indicated
by a yellow line on the ﬁltration module), 1.6 mL of PBS was added
to rinse the ﬁlter. Once the PBS had ﬂowed through the ﬁlter, the
capsule ﬁlter was ejected into the Eppendorf tube included with the
kit, and 66.7 mL of optimized lysis buffer was added to the ﬁlter,
which was then capped, vortexed, and incubated on ice for
5 min. The Eppendorf tube containing the capsule ﬁlter was then
centrifuged at 3,000  g for 2 min to collect the lysate in the bottom of the Eppendorf tube. This was repeated two more times, resulting in a ﬁnal lysate volume of 200 mL. Before centrifuging the
third time, the Eppendorf tubes containing the capsule ﬁlter were
frozen at 80 C to maximize lysis of the cells on the ﬁlter and
were stored until the nuclease-activated probe assay was performed.
Upon thawing the lysates, the Eppendorf tube containing the
capsule ﬁlter was vortexed and centrifuged at 3,000  g a ﬁnal
time for 2 min. For the nuclease-activated probe activity assays,
10 mL of cell lysate plus 1 mL of 2.5 mM ssDNA, dsDNA, or
20 F-RNA probe was placed into a well in a black 384-well ﬂat-bottom plate (product 264705; Nunc, Thermo Fisher Scientiﬁc). Triplicate wells were used per cell lysate and probe combination. Degradation of the probe was monitored by measuring the ﬂuorescence
every 20 min in a Synergy Mx Multi-Mode Microplate Reader
for 6 hr at 37 C.
RNA Isolation from BCa Cell Lines and Whole Blood

For RNA extraction of BCa cells in cell culture, TRIzol Reagent
(15596-026; Ambion; Life Technologies, Carlsbad, CA, USA) was
directly added to pelleted cells. For whole blood, 1 mL of freshly
drawn blood, collected in a collection tube containing EDTA
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(367856; BD Medical), was centrifuged at 2,500  g for 10 min,
and the interphase layer (“buffy coat” containing WBCs) between
the upper plasma phase and the lower RBC phase was collected.
After three washes with 500 mL of chilled PBS (centrifugation
at 3,500  g for 2 min), the resulting cell pellet was resuspended
in 1 mL of chilled 0.42% NH4Cl solution and incubated with constant rocking on ice for 20 min to lyse RBCs. WBCs were then
pelleted at 3,500  g for 2 min and washed with PBS (3,500  g
for 2 min).
Total RNA was extracted by using TRIzol Reagent following the manufacturer’s instructions. Brieﬂy, 1 mL of TRIzol was added to the cell
pellet in a 1.5 mL reaction tube (containing WBCs from 1 mL of
blood), mixed by pipetting up and down, and incubated at room temperature for 5 min. Then, 200 mL of chloroform was added, vortexed
for 15 s, incubated for 3 min on ice, and centrifuged at 12,000  g for
10 min for phase separation. The aqueous phase was pipetted into a
new vessel, and 500 mL of chilled isopropanol was added. Mixing
and incubation of the sample for at least 10 min on ice was then followed by centrifugation at 12,000  g for 10 min to yield the ﬁnal
RNA pellet. After aspiration of the supernatant, the pellet was washed
by addition of 300 mL of chilled 70% EtOH and centrifuged at
12,000  g for 5 min. The dried pellet was resuspended in RNase-free
water, and the RNA concentration was determined using a NanoDrop
UV-Vis spectrometer. RNA was stored at 20 C until the qRT-PCR
was performed.
qRT-PCR

To obtain the cDNA from the RNA from whole blood and whole
blood spiked with cancer cell samples, we used SuperScript III
Reverse Transcriptase (18080093; Thermo Fisher Scientiﬁc)
following the manufacturer’s instructions. Brieﬂy, in 20 mL reaction
volume, 2 mg of total RNA was incubated in the presence of 1 mM
dinucleotide triphosphate (dNTP) and 5 ng/mL random hexamer
primers at 65 C for 5 min, then placed on ice for at least 1 min
prior to the addition of the cDNA Synthesis Mix that included
RT-enzyme and reaction buffer. Temperature conditions during
the ﬁrst strand synthesis were 25 C for 10 min, 50 C for 50 min,
followed by 85 C for 5 min. The synthesized cDNA was then quantiﬁed and ampliﬁed via qPCR using the iQ SYBR Green Supermix
(#170-8880; Bio-Rad, Hercules, CA, USA) following the manufacturer’s instructions. Sequences (the annealing temperature was
58 C for all primers) for each primer pair were as follows: b-actin:
50 -CAAGAGATGGCCACGGCTGCT-30 (forward [fwd]), 50 -TCCT
TCTGCATCCTGTCGGCA-30 (reverse [rev]); CD45: 50 -TGTTTC
TTAGGGACACGGCT-30 (fwd), 50 -CCACCAACTGAAGGCTGA
AC-30 (rev); CK19: 50 -GAGCAGGTCCGAGGTTACTG-30 (fwd),
50 -GCTCACTATCAGCTCGCACA-30 (rev); EpCAM: 50 -CATGTG
CTGGTGTGTGAACA-30 (fwd), 50 -CGCGTTGTGATCTCCTTC
TG-30 (rev); ERa: 50 -CCACCAACCAGTGCACCATT-30 (fwd),
50 -GGTCTTTTCGTATCCCACCTTTC-30 (rev); Her2: 50 -TGTG
TGGGAGCTGATGACTT-30 (fwd), 50 -TCTTGGCCGACATTCA
GAGT-30 (rev); Plastin3: 50 -CCTTCCGTAACTGGATGAACTC-30
(fwd), 50 -GGATGCTTCCCTAATTCAACAG-30 (rev).
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Immunostaining of Cancer Cells Captured by SCREENCELL
Filtration

ScSCREENCELL CYTO kits were used for immunostaining of cancer
cells isolated from the blood. For immunostaining, the protocol provided by SCREENCELL was followed. Brieﬂy, cytoﬁlters used for
ﬁltration were washed with 1 Tris-buffered saline (TBS) for
10 min. For antigen retrieval, samples were treated with Target
Retrieval Solution (S1700; Dako) at 95 C for 20 min. The cytoﬁlters
were allowed to cool to room temperature before rinsing with
1 TBS, followed by a 5 min incubation in permeabilizing buffer
(1 TBS, 0.2% Triton X-100). Next, the samples were incubated in
3% BSA at room temperature for 30 min. Cytoﬁlters were subsequently incubated with the following primary antibodies in parallel
in 3% BSA at 4 C overnight: anti-Pan Cytokeratin (MA5-17687;
Dako) at 1:50 and anti-EpCAM (Ab71916; Abcam) at 1:100. After
rinsing with Wash Buffer (1 TBS, 0.05% Tween 20), the samples
were stained with the following secondary antibodies in parallel at
1:1,000 in 3% BSA for 1 hr at room temperature: goat anti-mouse
Alexa 488 and goat anti-rat Alexa 594 (A11001, A11007; Life Technologies). Finally, cytoﬁlters were rinsed with Wash Buffer and protected with ProLong Diamond Mountant containing DAPI nuclear
stain (P36962; Life Technologies). Images were acquired using a Leica
SP8 STED at the University of Iowa Central Microscopy Research
Facility.
Bioinformatics Analysis of Genes Corresponding to Nuclease
Proteins

Curated RNA sequencing data were queried from the RNA
sequencing (RNA-seq) of 675 commonly used human cancer cell
lines and from the RNA-seq from 53 human tissue samples from
the Genotype-Tissue Expression (GTEx) Project datasets located on
the EMBL-EBI expression atlas. From these datasets, 160 genes
with putative nuclease activity (GO: 0004518) from the AmigoGene Ontology Consortium were queried in 60 BCa cell lines and
whole blood. The average gene expression for the 160 genes was
calculated across the 60 BCa cell lines. To calculate the fold change,
we divided the average of each nuclease gene from the BCa cell lines
by the corresponding gene’s expression in whole blood. mRNA
expression of EpCAM and the 160 nuclease genes from 60 BCa cell
lines (675 commonly used human cancer cell lines) or 941 tissue samples (TCGA) were normalized as follows: for EpCAM expression, the
EpCAM mRNA expression in each cell line or tissue was normalized
to the average EpCAM mRNA expression across all cell lines or tissues. For the nuclease genes, the sum of all 160 genes was calculated
across all cell lines or tissues and normalized to (divided by) the
average nuclease gene expression for each of the cell lines or tissues.
Statistical Analysis

All values are expressed as means with SDs if not stated otherwise.
Comparisons between two groups were performed using GraphPad
Prism 6 (Graph Pad, San Diego, CA, USA) by a two-tailed unpaired
t test. Differences between two means with *p < 0.05 considered signiﬁcant, **p < 0.01 very signiﬁcant, and ***p < 0.001 extremely significant, with ****p < 0.0001 being the highest level of signiﬁcance. ROC
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analysis was performed to assess the diagnostic accuracy of the
nuclease-activated probes studied. Speciﬁcally, the accuracy of probe
ﬂuorescence intensity in discriminating between BCa patients and
healthy donors was estimated with area under the ROC curve
(AUC). AUCs were estimated over the range of assay run times
(0–360 min) for each of the three probes (dsDNA, ssDNA, and
20 F-RNA). Estimates are reported along with 95% CIs. ROC analysis
results were assessed for statistical signiﬁcance at the 5% level and
obtained with the IBM SPSS statistical software version 23.0.
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