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ABSTRACT

Current molecular liquid biopsy assays to detect recurrence or moni-
tor response to treatment require sophisticated technology, highly trained
personnel, and a turnaround time of weeks. We describe the devel-
opment and technical validation of an automated Liquid Biopsy for
Breast Cancer Methylation (LBx-BCM) prototype, a DNA methylation
detection cartridge assay that is simple to perform and quantitatively de-
tects nine methylated markers within 4.5 hours. LBx-BCM demonstrated
high interassay reproducibility when analyzing exogenous methylated
DNA (75–300 DNA copies) spiked into plasma (coefficient of variation,
CV = 7.1%–10.9%) and serum (CV = 19.1%–36.1%). It also demonstrated
high interuser reproducibility (Spearman r = 0.887, P < 0.0001) when
samples of metastatic breast cancer (MBC, N = 11) and normal control
(N = 4) were evaluated independently by two users. Analyses of interplat-
form reproducibility indicated very high concordance between LBx-BCM

and the reference assay, cMethDNA, among 66 paired plasma samples
[MBC N = 40, controls N = 26; Spearman r = 0.891; 95% confidence
interval (CI) = 0.825–0.933, P < 0.0001]. LBx-BCM achieved a ROC
AUC= 0.909 (95% CI= 0.836–0.982), 83% sensitivity and 92% specificity;
cMethDNA achieved a ROC AUC = 0.896 (95% CI = 0.817–0.974), 83%
sensitivity and 92% specificity in test set samples. The automated LBx-BCM
cartridge prototype is fast, with performance levels equivalent to the highly
sensitive, manual cMethDNA method. Future prospective clinical stud-
ies will evaluate LBx-BCM detection sensitivity and its ability to monitor
therapeutic response during treatment for advanced breast cancer.

Significance: We technically validated an automated, cartridge-based,
liquid biopsy prototype assay, to quantitatively measure breast cancer
methylation in serum or plasma of patients with MBC, that demonstrated
high sensitivity and specificity.

Introduction
Breast cancer is now the most common type of cancer worldwide (1). In newly
updated data, Globocan 2020 estimates that there were nearly 2.3 million new
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breast cancer cases detected worldwide, with 685,000 deaths occurring due to
metastatic breast cancer (MBC; ref. 1). In underdeveloped regions, most breast
cancer is first detected as metastatic disease because patients remain asymp-
tomatic for long periods of time before showing clinical manifestations (2). To
increase survival and reduce morbidity and breast cancer–related deaths, clini-
cians need sensitive techniques to detect cancer, monitor therapeutic response,
and recognize disease progression.

In recent years, there has been a shift toward evaluating liquid biopsy methods
to detect cancer and monitor breast cancer progression in circulating tumor
DNA (ctDNA) of patients with advanced disease (3–6). While not yet stan-
dard of care, these approaches have enabled clinicians to use tests for ctDNA in
plasma or serum as a less invasive indicator of the presence of disease. A sim-
ple, noninvasive, liquid biopsy test would potentially allow clinicians tomonitor
disease burden and response to therapymore closely, enabling changes in treat-
ment regimens that provide the highest probability of success, thereby using
imaging modalities more cost-effectively.

Previously we developed cMethDNA, a highly sensitive and specific liquid
biopsy laboratory assay based on multiplex, nested, real-time PCR to identify
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cumulative methylation (CM) levels of a panel of markers (7, 8). In patients
with MBC, a 10-gene panel consisting of AKRB, COLA, HOXB, RAS-
GRF, RASSF, HISTHC, GPX, ARHGEF, TMEFF, and TMSF detected
ctDNA in 300 μL sera with high sensitivity (91%) and specificity (96%; ref. 7).
In the Translational Breast Cancer Research Consortium (TBCRC005) cohort
of patients undergoing chemotherapy for MBC, the index of CM (CMI) of a
minimal 6-gene subset (AKRB, HOXB, RASGRF, RASSF, HISTHC, and
TMSF) was a strong predictor of survival outcomes in MBC (8). Yet, because
cMethDNA involves a minimum of 1 week to complete and requires high tech-
nical competency, translation into awidely available diagnostic laboratory assay
would be very challenging.

In fact, to date there is no commercially available in vitro diagnostic (IVD) cir-
culating cell-free DNA (cfDNA) methylation assay developed for breast cancer
(9–11). Therefore, our long-term goal is to use the principles of cMethDNA to
develop an assay for routine use as a clinical management tool by making it
faster and easier to perform through automation. As a first step, in collaboration
with the diagnostics company Cepheid, and using their GeneXpert® platform
(refs. 12–15; https://www.cepheid.com/) we have developed a prototype assay.
The cartridge-based, Liquid Biopsy for Breast Cancer Methylation (LBx-BCM)
assay is intended to be used at point of care as a rapid ancillary assay to support
current clinical approaches to evaluate breast cancer. LBx-BCM is a prototype
in development and is not for use in clinical diagnostic procedures and not
reviewed by any regulatory body. Here, we report technical validation of LBx-
BCM, demonstrating that it is possible to automate processing of plasma and
serum samples and quantitatively assess DNAmethylation for nine target genes
within 4.5 hours, with less than 15 minutes of hands-on time.

Materials and Methods
Study Design and Sample Collections
We used prospective blood collections from studies that followed women with
metastatic breast carcinoma at Johns Hopkins (JH): (i) A training set obtained
from the JH Breast Program Repository (J0888, NCT01937039, collected from
March 2015 to December 2015), (ii) a test set obtained from patients with MBC
enrolled in the IMAGE II study (Individualized Molecular Analyses Guide
Efforts in Breast Cancer, J16146, NCT02965755) and control normal or benign
samples from J0888 collected from 2016 to 2020 and, (iii) two longitudinal
studies (J0214, NCT00080665 and J0425, NCT00274768), collected at JH from
2004–2008. All J0888 samples used in training and test studies were from
different donors.

Ethics Approval and Consent to Participate
We obtained written informed consent from the patients following approval of
each study from the JH Institutional Review Board. The studies were conducted
in accordance with recognized ethical guidelines (Belmont Report).

DNA Marker Selection
To ensure good breast cancer coverage for the LBx-BCM prototype assay, we
chose nine CpG DNA markers from among a larger panel of cMethDNA
genes that, together, recognized all four histologic subtypes of breast cancer
(7, 8, 14, 16).

The Prototype LBx-BCM
TheGeneXpert® system (Cepheid) is a closed, automated PCR-basedmolecular
diagnostic testing platform using self-contained cartridges to perform nucleic

acid extraction and PCR. The LBx-BCM prototype was developed to meet
the increased technical sensitivity required for detection of picograms of free
ctDNA in blood. One cartridge is used for bisulfite conversion of unmethylated
cytosine residues to uracil, which changes the DNA sequence specifically for
unmethylated DNA, but not for methylated DNA (the conversion cartridge).
Two additional cartridges are used for the performance of methylation-specific
PCR (themethylation detection cartridges); these two detection cartridges con-
tain reagents, in each cartridge, for nested multiplex real-time quantitative
PCR of 4–5 target genes and ACTB as the internal reference, using six differ-
ent fluorophores. Primer and probe sequences are presented in Supplementary
Table S1. The entire assay is completed within 4.5 hours and requires ap-
proximately 15 minutes of hands-on time. LBx-BCM is a research use only
prototype in development, not for use in diagnostic procedures, and has not
been reviewed by any regulatory body.

LBx-BCM Algorithm for Methylation
The method of calculating CM is described in Supplementary Table S2. Step 1:
GeneXpert® software assigns the Ct at the end of the run; the user assigns Ct =
45 if no signals were detectable during the run; �Ct (Ct gene − Ct ACTB) is
calculated to normalize all results to the ACTB reference DNA. If some samples
have negative�Ct (Ct gene−Ct ACTB) for a gene, all samples are transformed
by adding a constant value to give positive integers for that gene. Step 2: If
�Ct (Ct gene − Ct ACTB) is higher than the historical replicate median of
300 copies + 13 �Ct units, the user adjusts to �Ct (Ct gene − Ct ACTB) = 0,
thereby removing signals from the analysis that are too low to quantitate (less
than 0.04 copies of target; Supplementary Fig. S1; Supplementary Table S2).
Step 3: Gene methylation (M) = [1/�Ct (Ct gene − Ct ACTB)] * 1,200. This is
a robust transformation intended to raise the methylation values from baseline
and increase the assay dynamic range. Step 4: Calculate CM as follows, where
CM = sum of M in the 9-gene panel.

Sample Processing
Plasma from STRECK Cell-free DNA BCT tubes (STRECK, Omaha, NE,
#218962) was collected, harvested, and frozen at −80°C within 5 days. Two
sequential centrifugation steps ensured that the plasma was free of cells prior
to freezing. Serum was harvested from serum separation tubes (BD, #367988),
and frozen at −80°C within 4 hours. Plasma and serum were stored frozen at
−80°C in aliquots. Before using, the samples were thawed at room temperature,
inverted 10 times, then microcentrifuged at 14,000 rpm for 15 minutes at room
temperature.

The LBx-BCM Assay
For the LBx-BCM assay, plasma or serum (1.0 mL) was mixed with 50 μL pro-
teinase K (600 units/mL; PK; Roche Diagnostics Corp.), 2.0 mL Lysis Buffer
(Cepheid) and incubated for 10minutes at room temperature. After incubation,
absolute ethanol (1.5mL)was added and the samplewas loaded into the bisulfite
conversion cartridge for processing (2.5 hours). The bisulfite-converted DNA
sample was divided equally into two LBx-BCM methylation detection car-
tridges and methylation specific-PCR was performed (1 hour and 45 minutes;
AKRB, TMSF, ZNF, TMEFF target genes and ACTB reference gene in
Cartridge A; COLA, HISTHC, RASGRF, HOXB, RASSF target genes
and ACTB in Cartridge B). The following reactions were run in each methy-
lation detection cartridge: (i) a methylation-independent, nested multiplexed
PCR that preamplified the 9-gene panel for 20 cycles, and (ii) a methylation-
specific, nested quantitative 6-plex real-timePCR that uses internal primers and
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6 fluorophores (one per marker) to quantitate amplicons generated in the
first PCR. The assay is completed within 4.5 hours including approximately
15 minutes of preparation time.

Preparation of Analytic Replicates
We spiked 600, 300, 150, or 0 copies of a laboratory stock of methylated hu-
man control DNA (#N2131, Promega Corp.) that was previously quantified by
digital droplet PCR into 1.0mL of commercial normal plasma or serum (female
human pooled plasma, K2EDTA anticoagulated or pooled serum, BioIVT). Af-
ter adding PK (50 μL), lysis buffer (2 mL) and absolute ethanol (1.5 mL), each
sample was transferred to a bisulfite cartridge. Within this cartridge, DNA was
extracted, then converted with sodium bisulfite (D5030-1, Lightning Conver-
sion Reagent, Zymo Research) and afterward transferred in equal amounts to
each of two detection cartridges for quantitative nested methylation-specific
real-time PCR.

Interuser Reproducibility
J0888 repository samples obtained from patients with MBC (N = 11) and nor-
mal controls (N = 4) were aliquoted into duplicate sample sets. One set was
tested by User A and the other set was tested by User B on separate days using
the same reagents. Users were blinded to the origin of the samples. LBx-BCM
was performed as described above. Interuser concordance was evaluated using
the Spearman correlation coefficient.

Statistical Analysis
Analyses of independent groups were performed and data were visualized us-
ing box whisker plots. Differences between groups were evaluated using the
nonparametric Mann–Whitney test. The performance of the 9-gene panel was
characterized by estimating the area under the receiver operating characteris-
tic curve (AUC), sensitivity, specificity, and likelihood ratio along with the 95%
confidence intervals (CI). Classification accuracy=TP+TN/TP+TN+ FP+
FN using ROC-derived laboratory methylation cutoffs (38.5 CM units for LBx-
BCM; 1.5 CM units for cMethDNA). All statistical tests were two sided and
considered statistically significant at P < 0.05. Spearman correlation was per-
formed to compare the CM of the reference laboratory assay, cMethDNA, with
CM obtained in the LBx-BCM system in the test set samples (40 cancer and 26
control noncancer samples). GraphPad Prism version 9.0 (GraphPad Software)
was used for all analyses.

Data Availability
Patient datasets generated and/or analyzed during this study are not pub-
licly available due to the sensitivity of the data, but are available from the
corresponding author upon reasonable request.

Results
The LBx-BCM Prototype Assay
The LBx-BCM’s quantitative PCR workflow is depicted in Fig. 1A. Steps 1–4
involve pre-processing of the sample for DNA extraction. In step 5, the mixture
is placed in the bisulfite conversion cartridge. In step 6, the bisulfite-treated
DNA is divided equally into two LBx-BCM methylation detection cartridges
to amplify and detect nine methylated genes (up to five methylated genes plus
ACTB per cartridge). At the end of the assay (4.5 hours), the cycle threshold
(Ct) for each gene is provided.

For LBx-BCM marker development, we selected a 9-marker panel. We se-
lected primer/probe combinations that performed optimally in the presence
of the other markers and fluorophores in the 6-plex reaction in each cartridge
(7, 8, 14). The final 9-gene panel consisted of HOXB, RASGRF, AKRB,
TMSF, COLA, HISTHC, TMEFF, RASSF, and ZNF. Primer and
probe sequences for the gene panel are shown in Supplementary Table S1.

Evaluation of the Analytic Performance of the LBx-BCM
Prototype
Interassay Reproducibility

The challenge in development of an automated assay for ctDNA is the ability to
detect only a few hundred picograms or less of target DNA in a vast abundance
of normal cfDNA.We developed the cartridge-based LBx-BCM assay (Fig. 1A),
including the method for calculating CM (Supplementary Fig. S1; Supplemen-
tary Table S2). The analytic performance of the assay was evaluated by spiking
replicates of 300, 150, 75, and 0 copies (1 ng–250 pg) of fully methylated target
DNA into 0.5 mL of either commercial pooled normal plasma (Fig. 1B and C;
Supplementary Table S3) or normal serum (Supplementary Fig. S2A and S2B;
Supplementary Table S3). On the basis of the �Ct (Ct Gene − Ct ACTB), scat-
ter diagrams showed that nearly all replicates of 75–300 copies of target DNA
were detected. In the absence of target DNA (0 spiked copies), either the input
DNAwas too low to quantitate, or no PCR amplification was observed (Fig. 1B;
Supplementary Fig. S1; Supplementary Table S3). The �Ct increased with de-
creasing number of copies of target for each gene. CM of the 9-gene panel was
significantly different for 0 versus 75 copies (P < 0.0001), 75 versus 150 copies
(P= 0.0003), and 150 versus 300 copies (P< 0.0001; Mann–Whitney Analysis;
Fig. 1C) in spiked normal plasma. Similar results were observed in spiked nor-
mal serum (Supplementary Fig S2A; Mann–Whitney analysis; Supplementary
Fig. S2B). For calculation of gene methylation (M) and CM of all genes (Sup-
plementary Table S2), we used the replicate control median �Ct of 300 copies,
as shown in Supplementary Table S3.

Interuser Reproducibility

We evaluated LBx-BCM reproducibility between users to determine whether
the method gave similar results independent of the operator. A total of 15 sam-
ples, including patients with MBC (N= 11), and healthy controls (N= 4), were
divided into duplicate sets and assayed on different days using cartridges from
the same batch. The Spearman r = 0.887 indicated a high level of interuser
reproducibility (Fig. 1D).

LBx-BCM–Based Detection of MBC in the Training Set

The LBx-BCM ctDNA method was initially evaluated in JH repository J0888
samples (patient characteristics and sample sets presented in Tables 1 and 2)
to verify that LBx-BCM could distinguish between MBC versus normal serum
using circulating cfDNA. For many of these patients, blood was collected while
they were undergoing chemotherapy. We examined CM of the 9-marker panel
in serum samples (MBC,N= 20; control normal,N= 20), and observed signif-
icantly higher methylation in the cancer sera compared with normal controls
as shown in the histogram (Supplementary Fig. S3A) and in box whiskers plot
(Supplementary Fig. S3B; Mann–Whitney test P = 0.002). The ROC-derived
threshold that provided the highest combined sensitivity and specificity was
38.5 CM units (Supplementary Fig. S3C). At this threshold the ROC AUC =
0.766 (95%CI, 0.616–0.916; P= 0.004), with 75% sensitivity (95%CI, 53.1–88.8)
and 65% specificity (95% CI, 43.3–81.9).
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A

1. Combine 1 mL of plasma or serum
with Proteinase K

2. Add Lysis buffer
3. Add ethanol
4. Transfer to conversion cartridge

5. Bisulfite conversion in
conversion cartridge

6. Nested qPCR amplification in
two detection cartridges (9-
genes)

15 min                     2 h 30 min         1 h 45 min

Workflow of the liquid biopsy for breast cancer methylation (LBx-BCM) assay
prototype: quantitation of methylated ctDNA in 4.5 hours (9 genes)
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FIGURE 1 LBx-BCM and its technical validation. A, Workflow of the LBx-BCM assay. B, Analytic sensitivity of LBx-BCM for each gene in the 9-gene
panel relative to ACTB. We spiked 300, 150, 75, and 0 copies of fully methylated DNA into 0.5 mL aliquots of pooled commercial normal plasma.
Replicate LBx-BCM assays were performed. The �Ct (Ct Gene − Ct ACTB) of samples is plotted on the y-axis for each gene. Number of copies of
methylated DNA spiked into plasma is indicated on the x-axis. For each gene, the median �Ct (Ct Gene − Ct ACTB) for 300 copies of spiked DNA is
indicated numerically in red to the left of the y-axis and by the bottom dotted line. The top dotted line indicates median �Ct for 300 copies + 13 for
each marker. C, CM. The CM of 9 genes was calculated for each run of 300, 150, 75, and 0 copies as described in the Materials and Methods. Box plots
represent the median and range of CM of the 9-gene panel among spiked-in replicates. Mann–Whitney analysis was performed to determine whether
methylation was significantly different as indicated by P values. The CV, expressed as percent (CV %) is indicated. For the calculation of gene
methylation (M) and CM, we utilized the replicate median �Ct300 DNA copies indicated in Supplementary Table S2. Methylated DNA was spiked into
serum for training and longitudinal sets and spiked into plasma for the test set. D, Interuser reproducibility. To test reproducibility between users, a
total of 15 plasma samples including 11 from patients with MBC, and four from healthy controls were aliquoted in duplicate and each set was assayed
for LBx-BCM by two users on different days. Data from user A (x-axis) and user B (y-axis) are plotted (Spearman r = 0.887, P < 0.0001).
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TABLE 1 Clinical characteristics of cases and controls in the study

Characteristics J0888 J16146 (IMAGE II)—J0888 J0214—J0425

A. Metastatic breast cancer Training set Test set Longitudinal set

Patient characteristics n = 20 n = 40 n = 22
Race

Caucasian 17 25 16
Black 1 12 5
Other 2 3 1

Location of disease
Visceral 0 4 3
Nonvisceral 8 5 1
Both 12 28 18
Unknown 0 3 0

Receptor status
ER/PR-positive, HER2-negative 17 29 12
ER/PR-positive, HER2-unknown 0 1 0
HER2-positive 2 1 4
Triple-negative (ER,PR,HER2 negative) 1 8 6
Unknown 0 1 0

Received prior chemotherapy for MBC 8 33 9
No. of prior treatment regimens (all, incl. hormone)

0 1 1 13
1 6 8 2
2 2 9 5
3 3 9 1
≥ 4 8 13 1

Age
Median 58 59 54
Range 29–82 27–80 28–73

B. Benign/Normal Controls Training set Test set Longitudinal set

Patient characteristics n = 20 n = 26 n = 0
Race

Caucasian 10 16
Black 10 9
Other 0 1

Age
Median 58 53

Accuracy of LBx-BCM to Detect MBC in the Test Set

We then locked existing assay parameters and tested an independent, well an-
notated and prospectively collected set of plasma samples. The cancer samples
were from the IMAGE II trial [MBC N = 40, and controls from the J0888
repository (benign breast disease, N = 17; healthy normal, N = 9)]. Patient
characteristics and sample sets are shown in Tables 1 and 2. Consistent with the
results in the training set, LBx-BCMdetected significantly moremethylation in
plasma samples from breast cancer than in normal or benign samples as shown
in the histogram (Fig. 2A) and box whiskers plots (Fig. 2B; Mann–Whitney test
P < 0.0001). At the training set CM threshold of 38.5 units (Supplementary
Fig. S3C), the test set ROC AUC = 0.909 (95% CI = 0.836–0.982, P < 0.0001),
with a sensitivity of 83% (95% CI = 68.1–91.3) and a specificity of 92% (95%
CI = 75.9–98.6; Fig. 2C). The endogenous reference gene ACTB Ct in the test

set for stage IV samples ranged from 16.0 to 27.8, and in the normal sam-
ples ranged from 21.0 to 27.4; the difference between cancer and normal was
statistically significant (Supplementary Fig. S4; Mann–Whitney P < 0.0001).

Interplatform Concordance between LBx-BCM and cMethDNA

LBx-BCM and cMethDNA assays utilize nearly identical primer/probe se-
quences and similar nested quantitative multiplex methylation-specific PCR
strategies. However, cMethDNA normalizes methylation to a gene-specific re-
combinant standard of 50 methylated copies spiked into 300 μL of plasma or
serumprior to purification ofDNA,while LBx-BCMnormalizesmethylation to
the endogenous actin reference in the DNApresent in 500μL plasma or serum.
As a technical verification step to determine whether LBx-BCM achieved a
similar level of performance as cMethDNA, we performed cMethDNA on the
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TABLE 2 Study design and sample sets used for evaluating performance of LBx-BCM

Sample sets

A. Performance in training and test sets

Blood

Serum Plasma

Sample sets Cancer Normal Cancer Benign Normal

Training set for LBX-BCM—J0888 Metastatic Breast Cancer, Healthy Controls,
Supplementary Fig. S3

20 20 0 0 0

Test set—for LBx-BCM and cMethDNA—IMAGE II Trial Metastatic Breast Cancer
and J0888 Benign and Healthy Controls, Figs. 2 and 3

0 0 40 17 9

B. Changes in methylation during chemotherapy-longitudinal study

Serum, Baseline + follow-up

Sample sets, Figs. 4 and Supplementary Fig. S5 Patients Total samples

J0425 Metastatic Breast Cancer 13 46
J0214 Metastatic Breast Cancer 9 28
IMAGE II—Individualized Molecular Analyses Guide Efforts in Breast Cancer, J16146
All normal samples are from different individuals

FIGURE 2 Performance of LBx-BCM in test set of IMAGE II/J0888 study samples. A, Histograms indicate the magnitude of CM (y-axis) in each
plasma sample (x-axis). The height of each colored segment indicates the extent of methylation for each individual gene. B, A box plot of CMs shows
significant differences in ctDNA methylation between cancer and benign/normal samples (P < 0.0001, Mann–Whitney). C, Detection sensitivity and
specificity. The ROC analysis indicated LBx-BCM had 83% sensitivity and 92% specificity to detect cancer with an AUC of 0.909. The ROC analysis
utilized the 38.5 CM unit cutoff established in training set samples (Supplementary Fig. S3).
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LBx-BCM: A Liquid Biopsy Test for Methylated Markers

FIGURE 3 Assay concordance between LBx-BCM and cMethDNA. We also tested the IMAGE II/J0888 test set samples using the reference
cMethDNA assay to directly compare the methylation measures by both platforms when tested on the same samples. A, Histogram analysis. cMethDNA
histogram indicates the magnitude of CM (y-axis) for each sample (x-axis). The height of each colored segment indicates the extent of methylation for
individual genes. B, Box plot shows CM in samples of normal/benign versus cancer ctDNA methylation (P < 0.0001, Mann–Whitney). C, Detection
sensitivity and specificity. ROC analysis indicated cMethDNA had 83% sensitivity and 92% specificity to detect cancer using a cutoff of 1.5 CM units.
D, Interplatform assay concordance. CM was plotted for LBx-BCM (y-axis) and cMethDNA (x-axis) for individual samples. The Spearman r = 0.891
indicated high level of concordance between these two platforms.

entire IMAGE II/J0888 test set (Fig. 3). Consistent with the LBx-BCM results,
cMethDNA detected significantly more methylation in plasma samples from
breast cancer than from normal or benign individuals as shown in histogram
and box whiskers plots (Fig. 3A and B; Mann–Whitney test P < 0.0001). At the
CMI threshold of 1.5 units, for cMethDNA the ROC AUC = 0.896 (95% CI =
0.817–0.974; P < 0.001), with a sensitivity of 83% (95% CI = 68.1–91.3) and a
specificity of 92% (95% CI = 75.9 –98.6; Fig. 3C). LBx-BCM and cMethDNA

methylation results were highly concordant (Spearman r = 0.891, P < 0.0001;
N = 66 paired samples; Fig. 3D). Descriptive statistics for interplatform
reproducibility between LBx-BCM and cMethDNA are provided in Table 3.

Changes in LBx-BCM Methylation During Treatment of MBC

We had previously reported results of longitudinal studies in serial blood
collections for cMethDNA (7, 8). Because LBx-BCM demonstrated excellent
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TABLE 3 Interplatform reproducibility between LBx-BCM and
cMethDNA

A. Cumulative
methylation (nine
genes) in MBC and
normal sera, test set
samplesa

LBx-BCM cMethDNAb

Control MBC Control MBC

N 26 40 26 40
Minimum 0 0 0 0
25% Percentile 0 79 0 10
Median 0 428 0 85
75% Percentile 0 1,651 0 258
Maximum 231 11,729 17 801
Mean 12 1,117 1 166
Lower 95% CI of mean 0 490 0 103
Upper 95% CI of mean 31 1,744 3 229

B. ROC analysis LBx-BCM cMethDNA

Area under the curve 0.909 0.896
95% confidence interval 0.836 to 0.982 0.817 to 0.974
P < 0.0001 < 0.0001
Sensitivity 83% 83%
Specificity 92% 92%
ROC CM thresholdc > 38.5 > 1.5
Likelihood ratio 11.1 10.7
Classification accuracy 89% 85%

aThe test set samples from the J16146 (IMAGE II)/J0888 studies were used.
bcMethDNA was used as a reference assay.
cPositive for methylation is defined as ≥ the ROC CM threshold.

concordance with this assay, we predicted that LBx-BCM methylation levels
would also change during the course of chemotherapy. We analyzed CM by
LBx-BCM in serum samples obtained from MBC patients in two prospec-
tive clinical studies conducted at JH—J0214 and J0425. Serum was collected
prior to the initiation of treatment (baseline), 18–49 days (median 21 days) after
starting a new line of treatment, and upon completion of additional cycles. Pa-
tients received either 28-day cycles of docetaxel or 21-day cycles of capecitabine.
Representative plots of LBx-BCM methylation are shown in Fig. 4 and Sup-
plementary Fig. S5. In these heavily pretreated patients with stage IV breast
cancer, changes in CM occurred frequently during the course of treatment.
For many patients, there was an initial reduction in methylation after the ini-
tiation of therapy. Increased methylation was observed among patients who
progressed on treatment and among some patients with stable disease (Fig. 4;
Supplementary Fig. S5).

Discussion
Widespread diagnostic implementation of assays that detect ctDNA has not oc-
curred. This is largely due to the technical complexities of such assays and the
extensive time required to conduct them (9, 17–19). We sought to overcome
these obstacles by developing, to the best of our knowledge, the first automated
ctDNA methylation assay capable of simultaneously quantitating methylation

levels in a panel of markers. Our goal was to develop an assay that would be so-
phisticated yet simple to perform in underserved regions worldwide, and could
be used at point of care to provide same-day feedback to clinicians and patients
(7, 8, 14, 20). We report the development of a nested, quantitative, multiplexed
methylation-specific PCR assay, called LBx-BCM run on the GeneExpert® sys-
tem. It can be performed in approximately 4.5 hours sample to answer and it
uses many of the same markers and principles as the highly sensitive man-
ual cMethDNA method that served as its foundation (7, 8, 14). LBx-BCM is
a prototype for research use only.

In the current study, we report technical development and validation of
LBx-BCM. We chose a ctDNA marker panel consisting of HOXB, RASGRF,
AKRB, TMSF, COLA, HISTHC, TMEFF, RASSF, and ZNF (7, 8,
14) and then developed LBx-BCM using the training set of J0888 repository
samples. LBx-BCM was validated by performing interassay, interuser and
interplatform reproducibility studies comparing LBx-BCM with the reference
method cMethDNA (7). Interassay reproducibility studies demonstrated that
LBx-BCMwas able to detect statistically significant differences in CM between
cartridges spiked with 75, 150, and 300 copies of methylated DNA (P < 0.0001
to P = 0.0003). Interuser reproducibility studies showed that the LBx-BCM
assay run by two different users on different days performed consistently at
a high level of concordance (N = 15; Spearman r = 0.887, P < 0.0001). Most
importantly, with the test set of prospectively collected IMAGE II MBC trial
samples, the interplatform reproducibility study demonstrated impressive
overall concordance between LBx-BCM CM and cMethDNA CMI results run
on the same samples (Spearman r = 0.891, P < 0.0001, N = 66 paired test set
samples). ROC performance and diagnostic accuracy were nearly identical
between LBx-BCM and cMethDNA. LBx-BCM achieved high sensitivity
(83%) and specificity (92%) for an overall diagnostic accuracy of 89%, and
a ROC AUC of 0.909. By comparison, for cMethDNA, the sensitivity was
83%, specificity was 92%, for an overall diagnostic accuracy of 85% and ROC
AUC = 0.896.

Our automated LBx-BCM system has several important strengths. It is
highly sensitive and specific, is technically simple and convenient, has a fast
turnaround time, and performs with a high level of accuracy. The detec-
tion sensitivity of LBx-BCM is as good or better in advanced breast cancer
as other reported quantitative methylation—specific PCR assays, reviewed in
Constancio and colleagues (21). For example, Shan and colleagues (22) re-
ported that six methylated markers could discriminate between breast cancer
patients and healthy women with a sensitivity of 79.6% and a specificity of
72.4% (AUC, 0.727 (95% CI, 0.712–0.742), P < 0.001. Klein and colleagues
reported that amulticancer early detection (MCED) blood test that usesmethy-
lated cfDNA sequencing combined with machine learning. The assay detected
cancer signals and predicted its origin in multiple cancer types with high
accuracy (23). Using large study sets, for cancer signal detection, an overall
sensitivity of 51.5% (49.6%–53.3%) at a high specificity of 99.5% was achieved.
Analyzing a relatively small set of stage IV breast cancers (N = 20), signal de-
tection reached a sensitivity of 90.9% at the same high level of specificity (23),
although the sensitivity to predict tumor origin was only 29.6%. Shen and
colleagues (24) used 1–10 ng cfDNA to perform methyl-DNA immunoprecipi-
tation followed by high-throughout sequencing to profile methylation patterns
typical of tumor cfDNA in several tumor types. However, validation of the
method based on differentially methylated regions was not performed in breast
cancer (24).
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FIGURE 4 Changes in methylation in ctDNA by LBx-BCM in response to chemotherapy. Patients with MBC were enrolled in the J0214 and J0425
studies and received either 21-day cycles of capecitabine or 28 days of docetaxel, indicated by C1, C2, and so on, and the shaded background.
A–O, Blood was collected from each patient at baseline, and on days indicated in the plots after the start of the new chemotherapy. CM measured by
LBx-BCM in each patient sample is shown on the x-axis, indicated by dots. Additional diagrams are presented in Supplementary Fig. S5. PD,
progressive disease; SD, stable disease.

A second strength of LBx-BCM is the minimal number of off-board steps.
The short time requirement of only 4.5 hours is unique to this assay. Another
strength is the fact that, unlike many other blood-based assays based on ge-
nomic sequencing (25–27), a sample of the primary or metastatic tumor is not
required, resulting in substantial savings in time and cost. Taken together, these
considerations suggest that our assay could be widely applied at the point of
care. We also believe it can be easily adapted to a variety of cancer types.

However, the main limitation of our study is its small sample size. Also, in
our studies we noted that LBx-BCM performed less well on serum in com-

parison with plasma. In reproducibility analyses of 75–300 copies of spiked
exogenous methylated DNA, the coefficient of variation (CV) was tighter
in plasma (CV = 7.1%–10.9%; Fig. 1D) than in serum (CV = 19.0%–36.1%;
Supplementary Fig. S2). Consistent with these observations, plasma samples
in the test set showed better sensitivity and specificity (83% and 92%, respec-
tively) than serum in the training set (75% sensitivity and 65% specificity).
However, this small training set of sera was from patients who were cur-
rently on treatment. We cannot definitively determine whether it was the
quality of the sample or the assay itself that contributed to the lower perfor-
mance in the training set. In addition, although our results are promising,
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our study cohort was primarily from patients (29/39) with ER+/PR+/HER2−

breast cancer. The LBx-BCM assay needs to be evaluated in large, prospec-
tively designed studies which include a balanced representation of all histologic
subtypes of breast cancer and a greater ethnic diversity. Such a cohort has
already been identified in the prospective TBCRC 005 trial of patients with
stage IV breast cancer for whom serial blood sampling was performed at base-
line, 3–4weeks after initiation of a new chemotherapy treatment and 8–12weeks
later (8). It would also be important to evaluate the performance of this au-
tomated system in detecting disease in patients with earlier stages of breast
cancer.

In conclusion, we have developed and technically validated a quantitative mul-
tiplexed and automated assay formethylatedmarkers in the GeneXpert® system
for assaying cfDNA from a liquid biopsy which can be implemented at the point
of care.
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