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Abstract: Although breast cancer screening assays exist, many are inaccessible and have high
turnaround times, leaving a significant need for better alternatives. Hypermethylation of tumor
suppressor genes is a common epigenetic marker of breast cancer. Methylation tends to occur most
frequently in the promoter and first exon regions of genes. Preliminary screening tests are crucial
for informing patients whether they should pursue more involved testing. We selected RASSF1,
previously demonstrated to be aberrantly methylated in liquid biopsies from breast cancer patients, as
our gene of interest. Using CoBRA as our method for methylation quantification, we designed unique
primer sets that amplify a portion of the CpG island spanning the 5′ end of the RASSF1 first exon. We
integrated the CoBRA approach with a microfluidics-based electrophoresis quantification system
(LabChip) and optimized the assay such that insightful results could be obtained without post-PCR
purification or concentration, two steps traditionally included in CoBRA assays. Circumventing these
steps resulted in a decreased turnaround time and mitigated the laboratory machinery and reagent
requirements. Our streamlined technique has an estimated limit of detection of 9.1 ng/µL of input
DNA and was able to quantify methylation with an average error of 4.3%.

Keywords: microfluidic electrophoresis; combined bisulfite restriction analysis; breast cancer;
epigenetics; methylation

Key Contribution: This work describes an improved method for the screening of breast cancer-
associated RASSF1 methylation. Optimization of the analytical technique, in particular a microfluidic
electrophoresis technique, and sample preparation resulted in a more streamlined process that
reduced turnaround time and labor-intensive steps.

1. Introduction

Approximately 13% of women in the United States will develop breast cancer during
their lifetime, a proportion that increases by about 0.5% each year [1,2]. Some patients go
into remission with treatment, but often not without substantial long-term financial, phys-
ical, and psychological burdens [3]. It is crucial for symptomatic women—regardless of
age—to promptly undergo screening tests, as this can mitigate their risk of developing late-
stage breast cancer. In addition, asymptomatic patients who are over 50 years old should
undergo systematic screening tests, which can decrease mortality by 20–30% [4,5]. Some
findings suggest that recurring asymptomatic screening tests may have similar benefits
among people between 40 and 50 years of age [5]. However, these tests are often inac-
cessible, especially for patients who are socioeconomically disadvantaged, underinsured,
or uninsured.

Mammograms are considered the gold standard for non-invasive early detection, but
are generally only covered by insurance after age 40 [6]. Furthermore, the probability of

BioTech 2023, 12, 7. https://doi.org/10.3390/biotech12010007 https://www.mdpi.com/journal/biotech

https://doi.org/10.3390/biotech12010007
https://doi.org/10.3390/biotech12010007
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biotech
https://www.mdpi.com
https://orcid.org/0000-0002-3400-1998
https://orcid.org/0000-0002-5419-4539
https://doi.org/10.3390/biotech12010007
https://www.mdpi.com/journal/biotech
https://www.mdpi.com/article/10.3390/biotech12010007?type=check_update&version=2


BioTech 2023, 12, 7 2 of 12

at least one false-positive result when undergoing annual mammograms over a ten-year
period is around 50%, which may lead to anxiety and unnecessary tissue biopsies [7,8].
Genetic screening is becoming increasingly popular, but only 5 to 10% of breast cancer cases
are due to genetic predisposition [9]. Therefore, screens for mutations in genes such as
BRCA1 and BRCA2 often come up negative for patients who do have breast cancer, which
can create a false sense of security and discourage self-monitoring and future screening.

Because of the drawbacks associated with conventional screening methods, the devel-
opment of tests that are effective, affordable, timely, and as painless as possible is crucial
for the early detection of breast cancer. An emerging focus of breast cancer screening is
the analysis of epigenetic modifications, or changes that alter gene expression without the
introduction of mutations. DNA methylation is an epigenetic change involving the addition
of a methyl group to the C5 position of a cytosine residue [10], which can result in changes
in gene expression and carcinogenesis [11]. It has been established that, relative to healthy
controls, a substantial number of breast cancer patients display aberrant methylation pat-
terns (Table 1) in several tumor suppressor genes [12]. The promoter and first exon regions
of many tumor suppressor genes implicated in breast cancer contain CpG islands, which
are regions with a relatively high number of CpG dinucleotides. Abnormal methylation of
these regions can cause downregulation or silencing of tumor suppressor genes and result
in uncontrolled tumor growth. This association between methylation and breast cancer has
motivated a surge of research over the past few decades. Numerous groups have focused
on characterizing the prevalence of methylation in various breast cancer-implicated genes
(Table 1) to better understand the relationship between methylation and prognosis.

Table 1. Incidence of gene hypermethylation in breast cancer tumors or tumor cells. Note that,
depending on the study, the reported values may be specific to a single site (i.e., NotI site), to a type of
tumor (i.e., breast cancer carcinomas), or tumors with a specific gene expression profile (PR + or −),
which can significantly affect the incidence percentage and may explain the difference in reported
values across studies.

Gene Incidence (%) Source(s)

APC 10, 49, 51 [13–15]

ARHI 15–20 [16]

BRCA1 5, 13 [13,17]

CDH1 53 [14]

CDKN2A 31 [18]

DAPK1 14 [13]

E-cadherin >50 [19]

ERα 25, 79 [20,21]

FOXA1 62 [15]

GSTP1 21, 30, 40 [13,14,22]

PR 46 [20]

RARβ2 4, 24, 25 [13,14,23]

RASSF1 48, 57, 58, 62, 79, 81 [13–15,24–26]

SLIT2 43 [27]

SLIT3 16 [28]

ROBO1 19 [29]

TIMP-3 5, 27 [13,30]

TWIST 48 [14]

14-3-3σ 38–96, 91 [31,32]
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The method by which a patient sample is obtained (i.e., tissue biopsy or liquid biopsy)
is important to consider when developing screening assays. To minimize the invasiveness
of the protocol, circulating cell-free DNA (ccfDNA) from routine blood draws (i.e., liquid
biopsies) was selected as the preferred sample collection method in this study. Thus, the
genes of interest for analysis were selected partially based on their methylation incidence in
ccfDNA, which can differ from that in tissue biopsies (Table 1). Additionally, it is important
to consider the percentage of healthy individuals that also contain the aberrant marker. For
instance, when analyzed in ccfDNA, 14-3-3σ displayed hypermethylation in 65% of cancer
patient samples and 38% in non-cancer patient samples [15]. Therefore, despite having
one of the highest incidences of methylation in cancerous tissues, 14-3-3σ also displays
methylation in over one-third of healthy patients, making it difficult to use this gene as a
screening marker for breast cancer. By contrast, RASSF1 was methylated in an average of
38% of ccfDNA from cancer patients and only 6% of healthy patient samples [15]. Based
on a thorough literature search and preliminary data from analyzing several genes of the
highest diagnostic significance from ccfDNA, we decided to focus on RASSF1 as the target
of our screening assay.

The most common method for methylation detection is bisulfite sequencing, a pro-
cess by which DNA is treated with sodium bisulfite conversion reagents, amplified, and
sequenced. During this process, unmethylated cytosines are converted to thymines. Gene
sequencing enables the comparison of the number of thymines in the treated DNA with
that of the untreated DNA, revealing the methylation status of the gene [33]. However,
sequencing of a single gene can range from hundreds to thousands of dollars, and is
often costlier than the sequencing of an entire genome [34,35]. Additionally, it can take
weeks to receive sequencing results, which can lead to stress and further the progression of
the disease [36].

Combined bisulfite restriction analysis (CoBRA) was introduced in 1997 by Xiong
and Laird [37]. This technique enables the quantification of methylation in a specific gene
without the need for sequencing (Figure 1). In this method, patient DNA is extracted,
treated with sodium bisulfite conversion reagents, and amplified with primers that isolate
a region from the gene of interest. The PCR products are then digested with an enzyme,
generally BstUI, which has a recognition site of CGˆCG. In methylated genes, CG sites are
retained during the bisulfite-PCR reaction, so BstUI will digest at the preserved CGCG
sites. Conversely, in unmethylated genes, CGCG sequences are converted to TGTG during
the bisulfite-PCR process, and BstUI will not recognize these altered sites. The resulting
digestion products are run on a gel to separate fragments by size. The ratio of intact DNA
concentration to digested DNA concentration corresponds to the ratio of unmethylated
to methylated DNA in the sample. Imaging software is generally used to estimate the
concentration of DNA in each band, but visual interpretation makes accurate quantification
challenging and introduces additional variability.

Since Xiong and Laird’s publication, microfluidics has emerged as an alternative
method of quantifying DNA fragments with relatively high accuracy. In 2006, Brena et al.
published a protocol for “Bio-CoBRA,” a technique that combines the traditional CoBRA
assay with a microfluidic electrophoresis-based analysis [38]. While this technique showed
significant improvement, our study focuses on developing a system that further streamlines
this process (Figure 1).

In this study, we sought to mitigate key drawbacks of current clinical breast cancer
screening tests and improve upon existing methylation-detection technologies to develop
a streamlined, epigenetics-based approach. First, our primers were designed to isolate
part of a CpG island spanning an early region of the RASSF1 first exon (step 2, Figure 1),
which contains two distinct CGCG sites and thus increases the analytical capacity of the
system. Next, by taking advantage of recent improvements in enzyme technology, we
optimized the CoBRA assay by decreasing digestion time (step 4, Figure 1). Lastly, by using
our high sensitivity analytical method (step 5, Figure 1), we bypassed the purification and
concentration steps (step 3, Figure 1) generally required in the standard CoBRA [37] and
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Bio-CoBRA [38] protocols, significantly decreasing turnaround time, apparatus require-
ments, and reagent use. The BioAnalyzer- and the LabChip-based assays have undergone
significant advances in sensitivity and resolution since the study by Brena et al. [38] was
published, which we aimed to capitalize upon in this study.

Figure 1. Conventional CoBRA workflow with dashed blue boxes highlighting the areas improved
in this study (steps 2, 4, and 5) and a red cross the step that was eliminated (step 3). Traditionally,
(1) genomic DNA is (2) treated with bisulfite conversion reagents, which preserve methylated cytosine
residues but convert unmethylated cytosines to uracil. Then, the bisulfite-treated DNA undergoes
PCR with primers specific to the region of interest. Since PCR utilizes dNTPs, the amplified DNA will
ultimately contain thymine residues in place of uracil. PCR products are (3) purified and concentrated.
CGCG sequences in the methylated DNA remain as such, whereas those in the unmethylated DNA
ultimately become TGTG. Therefore, (4) BstUI will only digest DNA that was originally methylated.
(5) Gel electrophoresis or fragment-based microfluidic electrophoresis analysis is used to quantify
methylation. Figure created using BioRender.com.

Our high sensitivity and resolution method allowed us to assess methylation per-
centage by comparing the concentrations of the peak corresponding to RASSF1 in the
presence and absence of the restriction enzyme, instead of the ratio of the digested to the
undigested peaks [38] within a given sample. By doing so, our sample analysis did not
require the appearance of new peaks—which would have increased the limit of detection
(LOD) and sample concentrator apparatus—and enabled us to bypass the need for sam-
ple concentration. Similarly, by solely focusing on changes to the primary and intended
PCR product, we were able to bypass the need for post-PCR sample purification, as our
method does not rely on analysis of the digestion product peaks that would overlap with
the amplification byproducts, such as primer dimer. Here, we present an optimized tech-
nique that rapidly assesses methylation patterns in RASSF1 by coupling our streamlined
CoBRA protocol with a high throughput, sensitivity, and resolution microfluidics-based
electrophoretic system.

2. Materials and Methods
2.1. Bisulfite Treatment

Fully methylated (M-DNA) and fully unmethylated (UM-DNA) genomic DNA was
purchased from Zymo Research, Irvine, CA, USA. The samples of M-DNA and UM-DNA
were diluted to 25 ng/µL at a total volume of 20 µL and then treated with bisulfite-
conversion reagents from the Zymo EZ DNA Methylation-Lightning Kit following the
provided protocol (Zymo Research, Irvine, CA, USA). In the initial experiments to evaluate
primer efficacy, M-DNA and UM-DNA were assessed, coupled with a negative control
consisting of 20 µL of nuclease-free water (NFW) with no sample DNA. Separate exper-
iments were conducted to evaluate whether the efficacy of the system depended on the
initial DNA concentration. For this, the following samples were prepared: 12.5 ng/µL
M-DNA, 25 ng/µL M-DNA, and 37.5 ng/µL M-DNA, all at volumes of 20 µL. A negative
control, consisting of 2 µL TE buffer + 18 µL NFW, was also prepared to approximate the
conductivity of the samples, which is crucial for accuracy in microfluidic electrophoresis.
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Three additional samples and a negative control, with the same reagent concentrations and
volumes, were prepared in parallel using UM-DNA instead of M-DNA.

Next, the quantification accuracy of our system was evaluated by preparing sam-
ples with varying percentages of methylation. Three 20 µL samples were prepared with
the following percentage methylation: 100% M-DNA (25 ng/µL), 50% M-DNA (10 µL
of 12.5 ng/µL M-DNA and 10 µL of 12.5 ng/µL UM-DNA), and 0% M-DNA (25 ng/µL
UM-DNA). A negative control, consisting of 2 µL TE buffer + 18 µL NFW, was also pre-
pared. In all experiments, bisulfite reagents were added according to the Zymo EZ DNA
Methylation-Lightning Kit protocol. The samples were centrifuged at 15,000 x g for 30 s,
and were then incubated at room temperature for 19 min following the addition of the
L-Desulphonation Buffer.

2.2. Polymerase Chain Reaction (PCR)

The 5′ end of the first exonic region of RASSF1 was identified using Ensembl, as
described by Howe et al. [39]. Integrative Genomics Viewer was used to determine whether
the region detected by Ensembl was located within a CpG island following the steps
reported in Robinson et al. [40]. This was verified mathematically using the criteria out-
lined by Gardiner-Garden et al. (1987), who define CpG islands as sequences longer than
200 bp with GC contents of at least 50%, and a value of greater than 0.6 for the
following equation [41]:

Observed CpG
Expected CpG

=
Number of CpG

(Number of C)× (Number of G)
×N (1)

where N represents the total number of nucleotides (nt) in the sequence of interest. After
confirming that the 5′ end of the RASSF1 first exon was located within a CpG island,
PCR primers were designed using the Free Bisulfite Primer Design Tool (Zymo Research,
Irvine, CA, USA). The parameters were adjusted such that primers would be ideal for the
amplification of bisulfite-treated DNA, with primer lengths between 20 and 36 nt, annealing
temperatures between 55 and 60 ◦C, and amplicon sizes between 150 and 300 nt. Among
the amplicons generated by the software, only those containing at least one CGCG site
were considered.

To evaluate primer efficacy, 25 µL PCR reactions were prepared, consisting of 5.0 µL
of bisulfite-converted DNA, 12.5 µL OneTaq 2X Master Mix with Standard Buffer (New
England BioLabs, Ipswich, MA, USA), 1.0 µL 10X forward primer and 1.0 µL 10X reverse
primer (Integrated DNA Technologies, Coralville, IA, USA), and 5.5 µL NFW. The same
reagent volumes were used for the subsequent concentration dependency experiment, but
OneTaq Hot Start was used in place of standard OneTaq. In the quantification accuracy
experiments, OneTaq Hot Start was again used. Additionally, the template DNA volume
for PCR was reduced from 5 µL to 4 µL to preserve the sample, and was compensated for
with an additional microliter of NFW. PCR conditions for all three experiments were as
follows: 95 ◦C for 10 min, (95 ◦C for 30 s, 58 ◦C for 45 s, 72 ◦C for 60 s) for 37 cycles, 72 ◦C
for 7 min, and a final 4 ◦C hold.

2.3. Restriction Enzyme Digestion

Digestions were conducted with the PCR products from the quantification accuracy
experiments (varying methylation percentage). Digests, with total volumes of 25 µL,
consisted of 5 µL of PCR products, 2.5 µL 10X rCutSmart Buffer (New England Bio-
Labs, Ipswich, MA, USA), 0.5 µL 10,000 units/mL BstUI (New England BioLabs, Ipswich,
MA, USA), and 17 µL NFW. The negative controls were prepared using the same recipe
but with NFW in place of the enzyme. Reactions were incubated at 60 ◦C for 15 min
before analysis.
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2.4. Microfluidic Electrophoretic Analysis

The samples were analyzed using the LabChip GX Touch II platform (PerkinElmer,
Waltham, MA, USA) to control robotic motion, fluids, electric fields, and optics. The mi-
crofluidic chip used to analyze the samples was pre-loaded with a PDMS-based gel-dye
matrix prepared following the DNA High Sensitivity Assay Guide (PerkinElmer) before
each experiment. NFW was used as the sample buffer to keep the sample conductivity
low for improved fluorescent labeling and consistent electrophoretic mobility. The mi-
crochip was placed inside the LabChip platform, and negative pressure was applied to
load the sample directly from the well plate onto the chip. Then, the sample was moved
toward the detection window using electric fields. As the sample migrated through the
microchannels, it was dynamically labeled, and the DNA fragments of varied sizes were
electrophoretically separated. For both the PCR optimization and concentration depen-
dency experiments, 10 µL of each PCR product was diluted in 15 µL NFW; however, all
25 µL from the digestion reactions were analyzed to assess the digests from the quan-
tification accuracy experiments. In this study, all samples were analyzed in triplicate.
The resulting electropherograms were analyzed using LabChip GX Reviewer software
(PerkinElmer) and DNA concentrations were analyzed by averaging the areas under the
RASSF1 peaks for the three sips. In the experiments involving digests, the percent decrease
in peak size corresponded to the percent methylation in the sample. A key innovation
during the analysis of the electropherograms, as will be described later, was the way in
which the peak areas were evaluated for methylation estimation. Significant troubleshoot-
ing went into selecting and optimizing the assay conditions that would maximize the signal
yielded by the DNA products to further streamline the analytical portion of the proposed
method. The sample preparation and analysis optimization, together with the LabChip
capabilities, are what ultimately enabled us to bypass the purification and concentration
steps. These improvements allowed for a significant decrease in turnaround time, as high-
lighted in Table 2. All figures related to the electrophoretic analyses were created using
GraphPad Prism 9.

Table 2. Comparison of methods. This table displays differences between the approach described
in this paper, CoBRA-GXT, and other methods of quantifying DNA methylation. The number of
samples indicated in the automation/high-throughput row excludes the ladder. Please note that the
automation/high throughput times include chip priming times when applicable.

Bisulfite-Sequencing [33] Standard CoBRA [37] Bio-CoBRA [38] Our Method

Analysis method Sequencing PAGE gel
electrophoresis

Microfluidics
(BioAnalyzer)

Microfluidics
(LabChip)

Requires sequencing 3 7 7 7

Requires concentration step 3 3 3 7

Requires PCR
purification step 3 3 3 7

Number of CpG
sites analyzed Many One Not specified Two

Enzyme digestion time Variable ≥4 h ≥2 h 15 min

Automation/high
throughput

Barcoded samples needed,
2 days, low throughput

Manual
10 min/sample

(20 samples), medium
throughput

Automated
175 s/sample

(12 samples), medium
throughput

Automated
94 s/sample

(96 samples), high
throughput
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3. Results
3.1. Primer Design and PCR Optimization for the Amplification of Fully Methylated and Fully
Unmethylated Bisulfite Treated Samples

Pure M-DNA and UM-DNA samples were treated with bisulfite conversion reagents
and PCR-amplified using the process described in the Materials and Methods section to
evaluate the efficacy of the primers and PCR conditions. Each primer set tested yielded
varying degrees of success (Table S1, Figure S1), as analyzed with our electrophoresis-based
microfluidic analytical platform. Based on the corresponding electropherogram of each
primer set and the incidence in both tissue and liquid biopsies of the genes on interest,
RASSF1 was selected. In addition to its high incidence, RASSF1 is an attractive target,
as its primers (Table 3 and primer A from Table S1) flank an amplicon with two distinct
CGCG sites.

Table 3. Information relating to the primers and amplicons associated with the genes of interest.

Gene Sequence, Fwd.
(5′-3′)

Sequence, Rev.
(5′-3′)

Expected
Amplicon

Length (bp)

Annealing
Temperature

(◦C)

RASSF1

GGG TTT TAT
AGT TTT TGT
ATT TAG GTT

TTT ATT

CCG CAA CTC
AAT AAA CTC

AAA CT
204 56

The electropherograms generated with the selected primers display visible peaks
corresponding to amplified RASSF1 regions in 100% M-DNA and 100% UM-DNA, whereas
the negative controls did not display peaks at this location (Figure 2A,B), at around 190 bp.
While these electropherograms suggest sizes slightly smaller (190 bp) than the expected
length of 204 bp, sizing accuracy of this assay is ±10%, which means 190 bp is within the
expected region.

Figure 2. Evaluating primer efficacy. Electropherograms displaying the negative controls (N.C.; blue)
and the RASSF1 region isolated from 100% (A) M-DNA (red) and (B) UM-DNA (red).

3.2. Initial Concentration Dependency of the System

Since the amount of DNA extracted from clinical samples can differ from patient
to patient, we assessed the robustness of our method and potential clinical application
with varying input concentrations of DNA. Three 20 µL samples of both M- and UM-
DNA with concentrations of 12.5 ng/µL, 25.0 ng/µL, and 37.5 ng/µL were treated with
bisulfite conversion reagents and amplified with PCR. While an arbitrary volume of
20 µL was selected during these experiments, if needed, this volume can be scaled down
to 5–10 µL, even when analyzing the samples in triplicate. The products were analyzed
and the results were summarized by calculating the area under the curves (Figure 3). It
was found that the highest product concentration occurred when input DNA, regardless
of methylation status, was 25.0 ng/µL. However, while the initial results yield peaks at
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all three clinically relevant concentrations, it is important to assess whether higher DNA
concentrations would affect the accuracy of the system and if dilutions of the samples may
be needed. Another noteworthy observation is that the area under the curve for the peak
of interest did not appear to follow a linear relationship with concentration. Although
additional experiments may be required to determine the exact cause, we believe this
may be due to differences in the salt composition of the samples, which would ultimately
affect the labeling efficiency of the DNA. However, while this would ideally follow a linear
relationship since the proposed assay (Section 3.3) relies on comparing the areas of the
same sample digested and non-digested, the labeling efficiency of the two is expected to be
the same and should not affect the accuracy of the results.

Figure 3. Initial concentration dependency for M-DNA (A,B) and UM-DNA (C,D). (A) Electrophero-
gram displaying results from input concentrations of 12.5 ng/µL, 25.0 ng/µL, and 37.5 ng/µL of 100%
M-DNA. (B) Bar graph representing areas under the corresponding curves in the electropherogram
from part (A). (C) Electropherogram displaying results from input concentrations of 12.5 ng/µL,
25.0 ng/µL, and 37.5 ng/µL of 100% UM-DNA. (D) Bar graph representing areas under the corre-
sponding curves in the electropherogram from part (C).

3.3. Methylation Quantification Accuracy

Based on the results from the initial concentration dependency experiments, a set
of gradient experiments was conducted in which three samples with an initial DNA
concentration of 25.0 ng/µL and varying percentages of methylation (100%, 50%, and 0%)
were treated with bisulfite conversion reagents and amplified with PCR. The resulting
products were analyzed to verify successful amplification and then treated with BstUI.
Corresponding negative controls received NFW rather than enzyme.

As predicted, after digestion with BstUI, the estimated concentration of the RASSF1
peak decreased proportionately with an increasing percentage of methylation in the
sample. Following enzymatic digestion of 100% M-DNA, the RASSF1 peak decreased by
97.4 ± 4.2% (Figure 4A), compared to an expected decrease of 100% (Figure 4D). This is
consistent with the expectation that methylated DNA is not converted during bisulfite
treatment and therefore retains its BstUI recognition sequences. The 50% M-DNA (50%
UM-DNA) sample peak decreased by 57.6 ± 8.6% (Figure 4B), compared to an expected
decrease of 50% (Figure 4D). Lastly, enzymatic digestion of 0% M-DNA (100% UM-DNA)
resulted in a peak of approximately equal magnitude to that of the undigested sample,
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with a decrease of only 2.6 ± 2.0% (Figure 4C), compared to an expected change of 0%
(Figure 4D). The general inability of BstUI to digest the unmethylated sample implies a lack
of CGCG sequences, indicating the successful conversion of most unmethylated cytosines
to thymines. It must be noted that 100% efficiency is generally not possible, and that all
three samples displayed an average change that overlapped with the expected changes in
peak concentration. Furthermore, experimental results deviated from the expected results
by an average of only 4.3%. Here, we show how a methylation-based difference can be
translated into a size-based difference for increased separation potential.

Figure 4. Electropherograms before and after digestion of (A) 100% M-DNA, (B) 50% M-DNA,
and (C) 0% M-DNA, with digested samples in red and negative controls (no enzyme) in dark blue.
(D) Summarized results of the actual change (purple) compared to the expected change (light blue)
in concentration after digestion.

Unexpectedly, two adjacent peaks appear at ~200 bp when UM-DNA is analyzed. One
potential explanation is that PCR yielded two slightly different products. Amplification of
bisulfite-treated UM-DNA poses unique challenges: due to the conversion of all cytosines
to thymines, the DNA only contains three distinct bases, which can lead to non-specific
primer annealing due to lack of sequence variability. Nonetheless, each of the two adjacent
peaks displays a proportional decrease in their area upon digestion (Figure 4B), indicating
that both correspond to the RASSF1 peak and do not interfere with the analysis.

4. Discussion

In this study, we sought to devise an epigenetics-based approach for rapid and accessi-
ble breast cancer screening. We designed unique primers that isolated a region of a RASSF1
CpG island containing two distinct sequences of interest, and optimized PCR conditions to
obtain high product yields. We proposed several novel modifications to streamline existing
CoBRA protocols which, combined with a high-resolution, high-sensitivity system, re-
duced turnaround time and eliminated the necessity of some steps that required additional
reagents and apparatus.

Of the various concentrations of input DNA assessed, 25.0 ng/µL resulted in the
highest product yield. Surprisingly, results indicated that the higher concentration may
have hindered the amplification and analysis process. However, even 12.5 ng/µL, the
lowest concentration of DNA evaluated, was sufficient for analysis. We estimate that
RASSF1 methylation would be quantifiable in a sample with a DNA concentration as low
as 9.1 ng/µL, a value obtained by extrapolating the experimental limit of detection of the
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system (concentration/area), assuming up to 95% methylation, and accounting for sample
dilution during digestion. This indicates that our proposed method would be sufficient
for detecting methylation in clinical samples containing relatively low concentrations of
genomic DNA. Experimental validation of this proposed limit of detection is a necessary
next step, along with the evaluation of DNA concentrations exceeding 37.5 ng/µL, the
highest value evaluated in this study.

Additionally, the digestion experiments indicated that our system was able to ac-
curately quantify methylation in fully methylated, partially methylated, and fully un-
methylated samples, deviating from expected values by only 4.3%. Overall, we obtained
promising results that demonstrate the potential of our streamlined system for quantifying
methylation in breast cancer samples with high accuracy. To validate the clinical signifi-
cance of this work, our next steps will involve the use of clinical samples, which will enable
us to evaluate the success of our method in the presence of various levels of methylation.
This will involve ccfDNA extraction from a blood sample using a standard extraction kit,
followed by the workflow outlined in Figure 1 and the Materials and Methods section, as
previously shown by other groups [15]. Based on the success in detecting methylation from
ccfDNA using the bisulfite treatment, we believe the integration of these samples with our
method will be smooth.

Furthermore, the scope of our system is not limited to breast cancer screening. Nu-
merous studies have found that RASSF1 is a potential biomarker for the diagnosis of lung,
cervical, and prostate cancer, implying that our assay and primers could be effective in
screening for other diseases [42–44]. On the other hand, this indicates that the current
specificity of the method would be improved by incorporating additional genes impli-
cated in breast cancer into our assay. Since this is meant to be a screening test before
more involved testing, it is important for medical personnel to simultaneously assess the
risk profile of the patient to determine whether additional cancer types associated with
RASSF1 should also be considered. Similarly, the use of a multiplex approach could also
increase the sensitivity of the screening assay, particularly for diagnostic use, as opposed to
simply screening.

Lastly, methylation has also been demonstrated to underly numerous conditions
unrelated to cancer, including bipolar disorder, tuberculosis predisposition, hepatocellular
carcinoma, and depression [45–48]. This implies that modification of our current method
could yield additional assays that would potentially improve screening and early detection
of several different disorders. We hope that this paper underscores the utility of epigenetic
modifications in disease screening, and the importance of designing fast, accessible, and
accurate methylation-based tests.
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