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Abstract

Purpose—The burden of esophageal cancer (EC) continues to rise, and non-invasive screening
tools are needed. Methylated DNA markers (MDMs) assayed from plasma show promise in
detection of other cancers. For EC detection, we aimed to discover and validate MDMs in tissue,
and determine their feasibility when assayed from plasma.
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Experimental Design—Whole-methylome sequencing was performed on DNA extracted from
37 tissues (28 EC; 9 normal esophagus) and 8 buffy coat samples. Top MDMs were validated by
methylation specific PCR on tissue from 76 EC (41 adeno, 35 squamous cell) and 17 normal
esophagus. Quantitative allele-specific real-time target and signal amplification was used to assay
MDMs in plasma from 183 patients (85 EC, 98 controls). Recursive partitioning (rPART)
identified MDM combinations predictive of EC. Validation was performed in silico by
bootstrapping.

Results—From discovery, 23 candidate MDMs were selected for independent tissue validation;
median area under the receiver operating curve (AUC) for individual MDMs was 0.93. Among 12
MDMs advanced to plasma testing, rPART modeling selected a 5 MDM panel (FER1L4, ZNF671,
ST8SIAL, TBX15 ARHGEF4) which achieved an AUC of 0.93 (95% CI: 0.89-0.96) on best-fit
and 0.81 (95% CI: 0.75-0.88) on cross-validation. At 91% specificity, the panel detected 74% of
EC overall, and 43, 64, 77, and 92% of stages I, 11, I11, and IV, respectively. Discrimination was
not affected by age, sex, smoking, or body mass index.

Conclusion—Novel MDMs assayed from plasma detect EC with moderate accuracy. Further
optimization and clinical testing are warranted.

Keywords

DNA methylation; esophageal Neoplasms/prevention and control; biomarker; epigenomics;
sequence analysis; DNA

INTRODUCTION

Esophageal cancer (EC) ranks as the 6t most common cause of cancer death worldwide,
with 456,000 new cases and 400,000 deaths each year(1). Two main subtypes of EC,
esophageal adenocarcinoma (EAC) and esophageal squamous cell carcinoma (ESCC), are
both increasing in incidence in different parts of the world (2).

Unfortunately, patients often present when symptomatic with advanced stage disease (3).
Consequently, 5-year survival rates are less than 20% in developed countries and less than
5% in many developing countries (1,3-5). Early stage disease, however, is associated with
substantially improved survival of 80-90% at 5 years (6,7). Therefore, pre-symptomatic
early detection of EC could change outcomes with this deadly disease (8).

Screening for EC has yet to be implemented for the general population. Early detection by
endoscopy may have a role in geographic regions with high prevalence, but is difficult to
administer in most countries due to its invasiveness and high cost (9). Blood testing offers
the appeal of noninvasiveness and ready distribution, but sufficiently accurate markers have
yet to be developed.

Blood-based biomarkers for EC have been investigated in small studies; these include
circulating tumor cells, autoantibodies, microRNA, and aberrantly methylated DNA (10-
14). Acquired aberrant covalent DNA methylation is an epigenetic modification, which
promotes oncogenesis by altered gene expression. Hypermethylation of CpG islands in
promoter regions can silence tumor suppressor genes, while hypomethylation of repetitive
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gene elements may lead to genomic instability and activation of oncogenes (15). DNA
methylation events appear to be less heterogeneous than mutations; for example, studies in
primary tumor tissues show that as few as 4 methylated DNA markers (MDMSs) achieve
nearly perfect discrimination between GI neoplasms and controls (16-22). Furthermore,
technological advances in assay chemistry have dramatically improved the analytical
sensitivity for MDMs in plasma to allow detection of low copy numbers associated with
early stage cancer, notably of the liver and stomach (19,23).

Our group and others have systematically applied next-generation sequencing techniques to
expand the list of candidate MDMs of gastro-intestinal cancers and demonstrated feasibility
for plasma testing in several phase I and Il clinical studies (19,23). Additionally, novel assay
chemistry, specifically quantitative allele-specific real-time target and signal amplification
assay (QUARTS), achieves very high analytical sensitivity for circulating cell-free DNA, but
has not yet been applied to EC (20,23).

We hypothesized that: 1) next-generation DNA sequencing would identify novel and highly
discriminant MDMs of EC (EAC and ESCC); 2) MDMs would be confirmed in independent
tissues; and, 3) MDMs would show clinical feasibility for detection of EC when assayed
from plasma-extracted DNA.

METHODS

Overview

The investigative design comprised four sequential case-control studies (Figure 1). First, we
performed unbiased whole methylome sequencing by reduced representation bisulfite
sequencing (RRBS) on DNA extracted from frozen primary tumor and control tissues to
identify novel differentially methylated regions (DMRs) of the genome, followed by
technical validation using quantitative methylation specific PCR (qMSP) on the same frozen
samples. Technically validated DMRs were then biologically validated on independent
formalin-fixed paraffin-embedded (FFPE) tissue samples. DMRs showing highest
discrimination by a priori criteria were carried forward as candidate MDMs for plasma
testing. Finally, QUARTS was used to assay DNA extracted from archival plasma samples
from EC case and control patients. For each sample, QUARTS products were normalized by
plasma volume and g-actin (ACTB).

To distinguish differentially methylated regions of genomic DNA extracted from tissues
(DMRs) from circulating fragments of methylated DNA used as tumor markers, we refer to
the latter as methylated DNA markers (MDMs). All laboratory testing was performed by
personnel blinded to clinical data. For the phase I clinical study, all clinical data were
reviewed by a single clinician (YQ) prior to un-blinding of MDM assay results by the lead
statistician (DWM).

Patients and samples

All study procedures were conducted after approval from the Mayo Clinic Institutional
Review Board. Studies were conducted in accordance with ethical principles from the
Declaration of Helsinki. Tissues used in RRBS & technical validation steps were obtained
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from the Esophageal Adenocarcinoma and Barrett’s Esophagus registry (EABE), which
enrolled patients with EAC, ESCC, and healthy controls, under informed consent between
December 2010 and September 2015. Esophageal tumor tissue was sampled in treatment-
naive patients prior to endoscopic therapy, surgery, radiation, or chemotherapy. Healthy
control tissues were from individuals free from any prior esophageal neoplasm or Barrett’s
esophagus. De-identified buffy coat samples were also sequenced to control for and then
exclude regions of leukocyte DNA with elevated methylation, due to their potential to cause
high background in plasma (24). FFPE tissues used for biological validation were obtained
from the Mayo Clinic Tissue Registry, an archive of clinical tissue specimens maintained by
the Mayo Clinic Department of Anatomic Pathology. All frozen and FFPE tissues underwent
research histopathology review by an expert gastrointestinal pathologist (TCS) prior to
macro-dissection and DNA extraction.

For the plasma study, frozen archives of the EABE Registry provided EDTA-buffered
plasma samples from EC patients. A second archive of patients free from cancer was
enrolled from a 7-county regional population between December 2015 and July 2017. From
these, we selected plasma samples from age- and sex-matched control patients.

All plasma samples were collected in EDTA buffer and processed by the Mayo Clinic
Biospecimens Accession and Processing laboratory. Referent to the time of plasma
collection, cases were required to be free from exposure to local/regional therapy or
systemic chemotherapy, and free from any primary cancer outside of the esophagus,
excluding non-melanoma skin cancers; controls were required to be free from any cancer
within 5-years of sample collection. Staging referent to the time of plasma sample collection
was determined using the 8t edition of the American Joint Committee on Cancer (AJCC)
classifications (25).

Laboratory methods and assays

Discovery & technical validation—DNA was isolated from macro-dissected frozen
tissue sections using the DNeasy 96 blood and tissue kit (Qiagen, Hilden Germany). DNA
from buffy coat samples was purified using the QlAamp DNA Mini kit (Qiagen). DNA yield
was measured fluorometrically on a plate reader with the Quant-iT Pico-Green dsDNA assay
reagents (Invitrogen, Carlsbad CA). Samples were bisulfite-converted using the Zymo
EZ-96 DNA Methylation kit (Zymo Research, Irvine, CA) and amplified with SYBR Green

I detection using the LightCycler 480 (Roche Diagnostics, Indianapolis IN). RRBS was
performed as previously described (19).

Sequencing results were processed by Illumina (San Diego CA) pipeline modules for image
analysis and base calling. Secondary analysis was performed using SAAP-RRBS (26).
Briefly, reads were cleaned-up using Trim-Galore (Babraham Institute, Cambridge UK) and
aligned to the GRCh37/hg19 reference genome build with whole genome bisulfite sequence
Mapping program (BSMAP) (27). Methylation ratios were determined by calculating C/(C
+T) or conversely, G/(G+A) for reads mapping to the reverse strand, for CpGs with coverage
> 10X and base quality score = 20.

Clin Cancer Res. Author manuscript; available in PMC 2020 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Qinetal.

Page 5

For technical validation, qMSP primers for candidate DMRs were designed with
Methprimer software (University of California, San Francisco, CA) as previously described
(26). Oligonucleotides were synthesized by IDT (Coralville, 1A). Prior to use, gMSP assays
were quality-control tested on bisulfite converted and unconverted methylation (+/-)
controls to verify amplification. Assay standards were dilutions of bisulfite converted and
Sssl treated genomic DNA, which ensured absolute quantification. Results were expressed
as fractional methylation using the bisulfite-treated PCR product of AC7B as a marker for
total DNA in each sample, and analyzed logistically.

Biological validation in tissue—The same gMSP assays then were run on DNA
extracted from independent FFPE case and control tissues. DNA was purified using the
QlAamp FFPE Tissue Kit (Qiagen), bisulfite treated with the Zymo kit, and amplified with
SYBR Green | detection using the LightCycler 480 as above.

Plasma study—DNA from independent EC patients and cancer-free controls was purified
and bisulfite converted from 3—-4mL of plasma using a proprietary semi-automated silica
bead DNA extraction method developed to maximize analyte recovery and sample
throughput (20). The eluted DNA was subsequently treated with ammonium bisulfite and re-
purified to remove polymerase inhibitors. The DMR sequences for 12 MDM candidates
were used to construct modified QUARTS triplex assays, as previously described (21). This
technology platform was selected for its high analytical sensitivity, which is at least 10-fold
higher than that of conventional gMSP. Triplexes were assayed on the LightCycler 480
(Roche) and all results were normalized by plasma volume and by AC7B amplified from
each sample.

Statistical Analysis

Discovery—To identify candidate DMRs from the RRBS data set, the percentage of
methylation was compared between cases, tissue controls, and buffy coat controls at each
mapped CpG. For this comparison, a tiled reading frame within 100 base pairs of each CpG
was used to identify DMRs of interest, specifically areas where methylation in controls was
<5%. Regions were analyzed only if the variance of methylation percentage across
subgroups was >0 and the total depth of coverage per sample group was =200 reads (10
reads per subject on average). The sample size requirements were estimated as previously
reported (19). In brief, the highest background for methylation in controls was assumed to
be 5%, and a >3x increase in the odds ratio was considered biologically relevant. At a
coverage depth of 10 reads, >18 samples per group were required to achieve 80% power
assuming binomial variance inflation factor of 1, with a two-sided test at a significance level
of 5%. To account for loss of power in case of greater variance inflation, we further
restricted sites with a minimum read depth of 20. Following variance-inflated logistic
regression, candidate DMRs were ranked according to p-value, area under the receiver
operating characteristics curve (AUC), methylation fold-change ratio (FC), and absolute
methylation difference between cases and controls (AM).

Biological validation—MDM candidates were first selected from those with AUCs and
FC values within the top 40% of those that advanced through technical validation. In
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addition, MDM s that detected additional tumor samples not represented by the top 40%, or
showing high discrimination for other GI cancers, were also included (16-20,23).

For the confirmation of each MDM in independent FFPE samples, those with a lower 95%
ClI bound for the estimated AUC exceeding 0.7 were deemed to have acceptable accuracy.
Assuming an estimated AUC of 0.8, to achieve this bound of acceptance at a one-sided
significance level of 0.05, a minimum of 35 cases per cancer subtype were required with a
case: control mix of 2:1.

Plasma study—Marker selection for the plasma study was limited to 12 candidates which
were representative of both EAC and ESCC, had the lowest amplification of leukocyte DNA,
and could be assayed from the shortest (<100bp) amplicon size. Recursive partitioning
(rPart) was used to develop a prediction model for cancer based on the QUARTS assay
products of individual MDM and combinations of multiple MDMs. AUCs for individual
MDMs and the predicted probability of cancer from the fitted rPart tree were used to assess
accuracy. It was estimated that a minimum of 97 patients in the case group and 97 in the
control group would provide 80% power to distinguish an estimated AUC of =0.8 from a
null value of 0.7 with a two-sided test of significance set at the 5% level.

In silico cross-validation was performed by generating 500 boot-strapped subsets (with a
training: testing ratio of 2:1) of the original data. The reproducibility of the entire panel of
MDMs was estimated by averaging sensitivity, specificity, and AUC across the 500
simulated datasets. The potential influence of clinical subtypes on prediction accuracy was
assessed by comparing stratified AUCs. All tests were performed at the 5% level of
significance.

To measure the biological relevance of MDMs brought into the plasma study, expectation
maximization values of RNA sequencing data were obtained from publically available data
sets of EAC primary tumor samples (The Cancer Genome Atlas, TCGA) and normal
esophagus tissues (Genotype Tissue Expression Project) using the XENA browser and the
DESeq? analysis (28,29).

In order to evaluate the specificity of the MDMs for esophageal cancer in comparison to
other common cancers, we downloaded DNA methylation data from TCGA from Genomic
Data Commons (GDC) portal (https://portal.gdc.cancer.gov/), June 2018 (46-50), and
extracted data for cancers from the esophagus, colon/rectum, liver, and lung. Methylation
data in TCGA was derived from tissue based studies using Infinium Human Methylation
450K BeadChip containing 450 CpG sites. EAC and ESCC were evaluated both separately
and combined. Because of the platform differences, we mapped the CpG sites from the 450k
array to the genomic coordinates of our selected MDMs, and those with at least one CpG
site mapped were kept for evaluation (average methylation was obtained if more than one
CpG site were mapped in a region). Tumor tissue was used as site-specific cases, and tumor-
adjacent normal tissue was used as site-specific controls. Methylation was measured as an
average beta value, which is equivalent to methylation ratio from bisulfite sequencing. Box
plots of case versus control were generated for each cancer type. One way ANOVA along
with TukeyHSD was used to determine overall and pair-wise methylation differences among
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different cancer types for each MDM; mean methylation difference and adjusted p-values for
multiple testing were obtained accordingly.

RESULTS

Discovery & technical validation

DNA from frozen esophageal tissue was available from 28 EC cases (18 EAC, 10 ESCC)
and 17 normal controls (9 normal esophagus without synchronous Barrett’s esophagus or
EC and 8 normal buffy coat samples from patients without history of cancer)(Figure 1).
Sequencing yielded on average 25 million reads that mapped to the GRCh37/hg19 genome
assembly with 3 million CpGs having 210X coverage. Of these, approximately one million
occurred in regions designated as CpG islands. Pre-specified filtering criteria for candidate
DMRs included AUC = 0.90, ,FC =50, AM > 0.15, p-value < 0.01, CpG density of 0.05 —
0.3, and a minimum range of 40 base pairs. Our software identified ~185,000 EAC and
~99,000 ESCC DMRs with a variance >0, DMRs were reduced to 94 (EAC) and 88 (ESCC)
by these criteria.

Thirty-four EAC and 34 ESCC assays were selected for technical validation; gMSP testing
on the sequenced cases and controls resulted in AUCs which ranged from 0.60 to 0.99
(median 0.88), FCs of 4 to >1000 (median 26), and AM of 0.0082 to 0.54 (median 0.19). We
also calculated intra-class correlation to assess the reliability of the MDM results.
Coefficients ranged from 0.00016 — 0.98 (median 0.95) indicating high reproducibility for
the majority of markers.

Thirteen MDMs hypermethylated in both EAC and ESCC (ARHGEF4, Chr10.102,
Chr19.402, DLX4, DMRTAZ, GRINZD, KCNA3, TBX15, TSPYL5, ZNF132, ZNF610,
ZNF671, ZNF781), 5 EAC specific MDMs (Chr9.999, ELMO1, FGF14, ST8SIA1, and
ZNF568), and 5 MDM s that were recurrently methylated in other cancers (BMP3, FERIL4,
IKZF1, NDRG4, OPLAH) were chosen for biological validation (16-20,23).

Biological validation in tissue

The independent tissue cohort included 41 patients with EAC, 35 patients with ESCC, and
17 normal controls without EC or BE (Figure 1). Groups were age- and sex-balanced. Buffy
coat samples from 24 patients free from cancer were also run as controls.

Discrimination by candidate MDMs on independent tissue validation is summarized (Table
1). AUCs for the independent EAC tissue comparison against normal esophageal mucosa
were 0.44 — 0.99 (median 0.93); and 0.33 — 1.00 (median 0.87) for ESCC tissue. AUCs for
EAC compared to buffy coat were 0.85 — 1.00 (median 0.97); AUCs for ESCC compared to
buffy coat were 0.80 — 0.99 (median 0.91). Median FCs were 54 for EAC compared to
normal esophagus, 10 for ESCC compared to normal, 811 for EAC compared to buffy, and
454 for ESCC compared to buffy.

We selected 12 MDMs (ARHGEF4, ELMO1, ST8SIAL, OPLAH, FERIL4, TBX15,
ZNF671, IKZF1, TSPYL5, NDRG4, BMP3, and DMRTAZ) for the plasma study. Gene
expression analysis of publically available RNA sequencing data in EAC and normal
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esophagus show significant up- or down-regulation for 9 of 11 MDMs which annotate to
coding regions (Supplemental Table 1). Oligonucleotides were redesigned in a modified
QUARTS format to hybridize to the exact regions addressed with the gMSP primers.

Plasma study

Plasma samples from 85 independent and unique EC cases and 98 normal controls without
cancer or BE were tested. Patient characteristics are summarized in Table 2. Clinical TNM
staging algorithm was used according to AJCC 8™ edition classification.

Cases included 76 EAC, 9 ESCC, and represented all stages: | (n=14), 1l (h=14), 1ll (n=31)
and IV (n=26). Cases and controls were well-balanced for age, sex, and BMI, but there was
a significantly higher number of former smokers among case patients (p<0.001).

After normalization to the ACTB internal control, individual MDMs had an AUC of 0.64—
0.78. ELMO1 and NDRG4 were 100% specific (Figure 2). Plots of MDM level distributions
show substantial separation between cases and controls for most individual candidates
(Supplemental Figure 1).

The rPART modeling process selected a 5-marker combination (FERIL4, ZNF671,
ST8SIA1, TBX15, ARHGEF4) normalized by ACTB as the most discriminant panel. At a
specificity cut-off of 91% by the model, the MDM panel detected 74% of EC overall, 74%
of EAC, and 78% of ESCC (Figure 3A). By stage, the panel was able to detect 43% stage I,
64% stage 11, 77% stage 111, and 92% stage 1V disease (Figure 3A). The rPART model
yielded an area under the receiver operating characteristics curve of 0.93 (95% CI: 0.89-
0.96) on best-fit and 0.81 (95% CI: 0.75-0.88) on cross-validation (Figure 3B).

Clinical covariates (age, sex, smoking, and weight) had no significant effect on the
performance of our panel of biomarkers (Table 3).

Site-specificity of MDMs for esophageal cancers

Using microarray data from TCGA, 7 of our 12 markers were successfully mapped. Using
this information, we were able to compare the methylation levels of these MDM s in tissue
from EAC and ESCC, versus other common cancer types (Supplemental Figure 2).
Supplemental Table 2 shows pair-wise comparisons of methylation between EC with each of
the other cancer types. 7BX15was the only marker from the 5-MDM panel that mapped to
the TCGA data. 7BX15 methylation ratios were significantly higher for both EAC and
ESCC compared to all other cancers in the comparison, except colorectal cancer. For
DMRTAZ, methylation ratios were significantly higher for EAC and ESCC combined than
for all other cancers.

DISCUSSION

Current strategies for early detection and prevention of EC rely on demographic
stratification followed by endoscopy in high-risk individuals. However, this approach is cost-
prohibitive and insensitive in the general population, as over 80% of EAC is diagnosed de
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novo (30). An inexpensive, non-invasive, and standardized screening tool such as a blood
test that could be applied to a wider population at risk for EC would be transformative.

One means by which this could be achieved is through identification of highly discriminant
markers, such as MDMs, for EC that could be applied to liquid biopsies. Ours was the first
comprehensive whole-methylome discovery effort on differential methylation across both
ESCC and EAC. In the first phase of our study, thousands of novel DMRs for EC were
discovered through whole-methylome sequencing on DNA from frozen tissue. The top
performing DMRs were then validated technically using a more clinically applicable
platform, MSP. Carrying forward, the DMRs were biologically validated in independent
FFPE tissue, which confirmed high discrimination. Through this rigorous filtering and
independent validation process, DMRs were carefully selected as candidate MDMs with
minimal risk of false discovery.

The 12 MDMs with highest discrimination in tissue were subsequently tested in a large,
independent plasma study of EC case patients and normal controls. While the purpose of this
investigation was to identify MDMs based on their discrimination for EC and not to evaluate
their function, it is noteworthy that each of the top candidate MDMs has biological
associations with tumorigenesis (cell cycle, signaling, and transcriptional regulation) which
lends confidence that our discovery process led to bona fide epigenetic biomarker candidates
(Supplemental Table 1). Similar to reports in other cancers, we have observed that these
MDMs alter gene expression through both up and down-regulation in esophageal cancer.
Although DNA methylation canonically has been thought to silence gene expression through
hypermethylation in promoter regions, more recent studies have found that methylation can
occur anywhere in the genome; regulation of transcription can even be influenced by remote
enhancers or repressors that only contact a gene via chromatin folding (36—39).

In plasma, a panel of 5 MDMs accurately detected EC, demonstrating feasibility for a non-
invasive MDM plasma assay for detection of EC. Unlike earlier studies on biomarkers for
esophageal cancer, updated clinical staging was determined for all cases according to AJCC
8t edition, and all stages were included in our study (25). Although our study was not
designed to study the effect of MDMs on prognosis, our markers are in fact highly correlated
with stage of disease, which predicts survival. MDMs may also be potentially useful as
markers of residual disease or cancer recurrence following surgery for curative intent.
Furthermore, MDMs are broadly informative and can be site specific (32).

Not only could an MDM panel be used to target those at risk for EC on the basis of BE or
endemic ESCC, it may potentially be used for screening in the general population as part of
a universal cancer screening tool. By aggregating the prevalence of multiple cancers, such a
universal tool could revolutionize our approach to screening less-prevalent cancers, and
prediction of tumor site can efficiently direct the evaluation of test-positive patients (31, 32).

Optimal site prediction for EAC and ESCC was not the primary goal of this study. It was
anticipated from prior experiments that markers selected for EC detection in the present
study would be methylated in other GI cancers (23,40). It is also known that there are
additional MDMs that readily distinguish between foregut and hindgut neoplasms in tissue

Clin Cancer Res. Author manuscript; available in PMC 2020 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Qinetal.

Page 10

studies, plasma assays, and in stool assays (22, 41). In TCGA data examined in the present
study, the MDMs we interrogated in plasma are methylated in other GI cancers, most
commonly colorectal cancer. However, DMRTAZ showed significantly greater
hypermethylation in esophageal cancers relative to all other aerodigestive cancers studied. It
is therefore anticipated that a panel of MDMs can be further optimized for site-specific
cancer detection, as is the focus of our ongoing research.

Although the MDM panel was less sensitive for stage | disease (43%, 95% Cl 18-71%),
where detection would be the most impactful, it is worth noting that the sensitivity for other
blood-based tests, and even endoscopy has not been specifically reported for stage | disease.
In addition, our samples were collected and processed on generic platforms that were
developed before recent advances in nucleic acid preservation technology, and therefore not
optimized for recovery of cell-free tumor DNA. This could have led to DNA degradation,
decreased recovery of markers, and, accordingly, an artefactual reduction in sensitivity.
Newer nucleic acid preservation media are now known to prevent degradation and improve
recovery of target DNA while also reducing plasma contamination from leukocyte lysis
during processing, transport and storage (33). Sample collection and processing optimization
will therefore be a critical goal of future prospective studies.

Although our study suggests the feasibility of a plasma-based test for detecting EC, there are
several important limitations to consider. We were constrained by our relatively small
regional population for ESCC cases. To maximize statistical power, ESCC and EAC were
incorporated in the same cohort for the training of a 5-marker model in plasma. This was
supported by the significant overlap of MDMs observed between the two cancers. All
MDMs discovered in ESCC performed well in EAC (Table 1). Because our plasma cohort
consisted mostly of EAC, MDMs specific for EAC were chosen for biological validation.
Mapping 7 of our MDMs to methylation data available in TCGA (Supplemental Figure 2)
showed that similar to our results, all MDMs except those chosen specifically for EAC were
similarly methylated in both cancers. Therefore, although we agree that EAC and ESCC are
biologically distinct cancers, there is significant overlap in their methylation signatures
which may reflect that MDMSs are more representative of the host organ epithelium, rather
than the underlying tumor biology. Similar patterns have also been observed in liver tumors
arising in different underlying chronic disease states (42). These epigenetic similarities
allowed us to select representative candidates for both cancer types in combination.

Our plasma cohort did not include patients with Barrett’s esophagus as a disease-control
group. This is because detection of MDMs in plasma appears to be dependent on invasive
characteristics of tumors such as angiogenesis, tumor necrosis and metastatic potential; thus,
we do not anticipate false positive MDM results in plasma assay due to underlying non-
dysplastic BE (35). Support of this hypothesis comes from studies of methylated SEPTING
in plasma for detection of colorectal neoplasms; the adenoma detection rate by this plasma
marker fell at/below the false positive threshold, indicating that invasive cancer is most
likely required to introduce cancer-specific methylated DNA into plasma (43). The markers
we have piloted in plasma for EAC do include recently described markers of BE (34).
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While the population of the present study is 80% white, we have tested the ESCC markers in
larger independent cohorts of patient tissues from geographically and ethnically distinct
regions (China, Iran and India)(44). DNA samples obtained from minimally invasive balloon
cytology scrapings have also confirmed that MDMs for ESCC discovered in this study are
represented in high grade dysplasia and ESCC in patients from central China (45).

Finally, the cross-validation AUC, while strong (0.81) was lower than that of the best fit
(0.93). A larger clinical study is needed to measure MDM performance with greater
precision. Prospective collection will also permit optimization and standardization of storage
and processing conditions, referent to older EDTA collected archives, anticipated to improve
recovery of MDM targets in early stage cancers.

In conclusion, our study demonstrates early feasibility for the noninvasive detection of EC
by assay of informative MDMs in plasma. This approach has potential value in EC
screening, prognosis, and surveillance applications. Further investigation is indicated to
optimize sample collection and processing, assay configuration, and MDM panel selection,
as well as to validate findings in larger prospective clinical studies.
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Translational Relevance

Esophageal cancer is a lethal disease for which no effective screening tool exists at a
population level. An inexpensive, automatable, and non-invasive screening tool could
transform the future of this disease. Ours was the first whole-methylome sequencing of
both esophageal adenocarcinoma and squamous cell carcinoma. Through our discovery
in tissue, differentially methylated regions highly discriminant for both types of cancer
were identified. These subsequently underwent robust rounds of validation in
independent tissue samples. Ultimately, plasma assays for candidate methylated DNA
markers were developed; a 5-marker panel achieved an AUC of 0.81 on cross-validation,
and 0.93 on best-fit for discrimination of esophageal cancer from normal controls, when
assayed from plasma. In addition, marker sensitivity in plasma was directly related to
cancer stage, suggesting potential for prognosis and surveillance. These data suggest
feasibility of a non-invasive test for detection of esophageal cancer and open the door for
further optimization and clinical investigation.
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Figure 1.
Study flow diagram.

EAC, esophageal adenocarcinoma; ESCC, esophageal squamous cell carcinoma; PCR,
polymerase chain reaction; QUARTS, quantitative allele-specific real-time target and signal
amplification.
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Figure 2.
Beta-actin corrected methylation intensity in DNA markers assayed from plasma.

Each column on the x-axis represents an individual patient’s sample; each row on the y-axis
represents the methylation specific PCR product by QUARTS assay for each marker on a
logarithmic scale. A 91% specificity threshold was selected by the rPart model. Increasing
yellow-red color spectrum reflects increasing methylation intensity above the 91st percentile
value of the control patient samples.
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1-Specificity

A. At a specificity cut-off of 91% by the model, the 5-marker panel was able to detect 43%
stage I, 64% stage 1, 77% stage 111, and 92% stage IV disease. The marker panel detected
74% of esophageal cancer overall, 74% of esophageal adenocarcinoma, and 78% of
esophageal squamous cell carcinoma. Confidence intervals are shown. B. Overall
discrimination of esophageal cancer by methylated DNA marker panel assayed from plasma:
areas under the receiver operating characteristic curves for best-fit and cross-validation

analyses

(and 95% confidence intervals) are shown.

AUC, area under the receiver operating characteristics curve.
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Discrimination of methylated DNA markers for esophageal cancer during biological validation in DNA
extracted from tissues.

Table 1.

MDM AUC (EAC) p-value AUC (ESCC) p-value
ELMOL* 0.99 <.0001 0.74 0.0003
FGF14 0.93 <.0001 0.45 0.0223
Chr9.999 0.83 <.0001 0.51 0.0102
STSSIALY 0.98 <.0001 0.59 0.0003
ZNF568 0.91 0.1588 0.75 0.8952
ARHGEE4” 0.79 0.0001 0.81 <.0001
DLX4 0.75 0.0389 0.70 0.5563
DMRTA2* 1.00 <.0001 1.00 <.0001
GRIN2D 0.99 <.0001 0.88 <.0001
KCNA3 0.92 <.0001 0.60 0.0288
Chr10.102 0.44 0.8974 0.33 0.7419
Chr19.403 0.66 0.0124 0.61 0.0154
TBX15* 0.93 <.0001 0.91 <.0001
TSPYL5™ 0.95 <.0001 0.90 <.0001
ZNF132 0.88 <.0001 0.75 <.0001
ZNF610 0.97 <.0001 0.87 <.0001
ZNF6717 0.89 <.0001 0.89 <.0001
ZNF781 0.99 <.0001 0.94 <.0001
OPLAH ™ 0.94 <.0001 0.77 0.0004
IKZE1™® 0.92 <.0001 037 0.0086
FER1L4™ 0.92 <.0001 0.69 0.0002
NDRG4™* 0.96 <.0001 0.54 0.0537
BMP3* 0.96 <.0001 0.50 0.0181

*
Markers advanced to further testing in plasma study.

Page 21

AUC (EAC) Tissue: Median area under the receiver operating curve for discrimination of esophageal adenocarcinoma from normal esophagus.

AUC (ESCC) Tissue: Median area under the receiver operating curve for discrimination between esophageal squamous cell carcinoma from normal

esophagus.
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Clinical characteristics of patients in the plasma study.

Table 2.

Case (N=85) Control (N=98) p-value
Age, median (IQR) 67 (59, 74) 68 (58, 73) 0.888
Male sex, n (%) 77 (90.6%) 84 (85.7%)  0.433
Caucasian race, n (%) 81 (95.3%) 82 (83.7%) 0.155
History of smoking, n (%) 54 (63.5%) 36 (36.7%) <0.01
Current alcohol use, n (%) 35 (41.2%) 37 (37.8%) 0.192
BMI, median (IQR) 29.8(25.4-33.1) 27.7(25.2-30.8)  0.221
EAC, n (%) 76 (89%)
ESCC, n (%) 9 (11%)
Stage
I,n (%) 14 (16%)
11, n (%) 14(16%)
11, n (%) 31 (37%)
IV, n (%) 26 (31%)

Page 22

IQR, interquartile range; BMI, body mass index; Cl, confidence interval; EAC, esophageal adenocarcinoma; ESCC, esophageal squamous cell

carcinoma
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Effect of clinical covariates in plasma study on area under the receiver operating curve (AUC) of the 5-marker
panel, AUCs and 95% confidence intervals are shown.

No Yes p-value

Age>65
Male

0.95(0.9-1)  0.91(0.86-0.96)  0.30
097(0.92-1)  0.92(0.88-0.96)  0.12

TobaccoUse  0.92 (0.87-0.97)  0.92 (0.86-0.98) 0.97

Obese

0.93(0.87-0.98) 0.92(0.87-0.98)  0.92
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