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Esophageal adenocarcinoma (EAC) is an aggressive cancer characterized by a high risk of relapse 
post-surgery. Current follow-up methods (serum carcinoembryonic antigen detection and PET-CT) 
lack sensitivity and reliability, necessitating a novel approach. Analyzing cell-free DNA (cfDNA) from 
blood plasma emerges as a promising avenue. This study aims to evaluate the cost-effective and 
genome-wide cell-free reduced representation bisulfite sequencing (cfRRBS) method combined with 
computational deconvolution for effective disease monitoring in EAC patients. cfDNA methylation 
profiling with cfRRBS was performed on 162 blood plasma samples from 33 EAC cancer patients and 
28 blood plasma samples from 20 healthy donors. The estimated tumor fraction for EAC patients at 
the time of diagnosis was significantly different from the healthy donor plasma samples (one-sided 
Wilcoxon rank-sum test: p-value = 0.032). Tumor fractions above 15% and focal gains/amplifications 
in MYC (chr8), KRAS (chr12), EGFR (chr7) and NOTCH2 (chr1) were observed in four samples of distinct 
patients at the time metastatic disease was detected. This study showed feasibility to estimate 
tumor fractions in blood plasma of EAC patients based on cfDNA methylation using cfRRBS and 
computational deconvolution. Nevertheless, in this study only cancer patients with evidence of 
metastatic disease show high tumor fractions and copy number alterations.
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Esophageal adenocarcinoma (EAC) is a histological subtype of esophageal cancer that occurs in the lower part of 
the esophagus. It is an aggressive cancer with a poor five-year survival of only 25%, despite improved multimodal 
treatment regimens. The current gold standard for the diagnosis of EAC is based on imaging techniques and 
requires an upper endoscopy with a tissue biopsy for confirmation. Treatment consists of neoadjuvant therapy 
(depending on tumor and lymph node stage) and surgical resection of curable (localized) disease. Despite these 
interventions, the risk of relapse and metastasis remains notably high post-surgery: 35% of the patients that 
received neoadjuvant therapy and surgery (CROSS trial) eventually relapse (i.e. local recurrence or metastasis), 
despite apparently curative and complete tumor resection1. Routine follow-up methods used in most centers 
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include gastroscopy (with biopsy), computed tomography (CT) and positron emission tomography (PET) if a 
relapse is suspected based on symptoms (ESMO guidelines). The combination of the last two imaging modalities 
(PET-CT) is more sensitive and specific for the detection of local recurrence and distant metastasis compared 
to PET alone2,3. However, PET-CT is only done in follow-up when metastasis or local recurrence is suspected 
from the CT scan or increasing serum carcinoembryonic antigen (CEA) values (in some centers). Unfortunately, 
distinguishing small tumor lesions from normal esophageal metabolic activity or post-radiation esophagitis 
using PET-CT within 2–3 months post-operatively is unreliable4. Moreover, CEA values have shown not to be 
reliable for EAC, with sensitivities between 19 and 39% for detecting recurrence and specificity of 89%5. Given 
high chance of relapse post-surgery, there is an urgent need for improved disease monitoring of EAC patients to 
identify patients at risk for relapse.

Analysis of cell-free DNA (cfDNA) from blood plasma offers a minimally-invasive approach to follow-up 
the tumor during therapy as plasma sampling can be performed longitudinally. Through active secretion via 
vesicles and apoptosis/necrosis of cancer cells, cfDNA originating from tumor cells (ctDNA) is released in 
the bloodstream. Genomic analyses of circulating tumor DNA (ctDNA) in blood plasma have shown great 
potential in the context of diagnosis, treatment response monitoring and minimal residual disease detection in 
various cancer types6. Another advantage of cfDNA monitoring is that cfDNA is mostly shed from the various 
tumor (sub)clones at both primary and metastatic sites and therefore better represents the tumor heterogeneity. 
An important challenge with cfDNA isolated from a cancer patient’s blood plasma is that it also contains 
cfDNA originating from healthy cells7. For that reason, mutation detection for disease monitoring requires 
prior knowledge about the mutations that are present in the tumor when using a targeted deep sequencing 
approach, or need to sequence cfDNA from white blood cells to enable correction for clonal hematopoiesis 
of indeterminate potential (CHIP) variants. Given the tissue-specificity of DNA-methylation profiles8, this 
genome-wide approach can be used to discriminate tumor-derived cfDNA fragments from those originating 
from healthy cells. Subsequently, the fraction of tumoral fragments can be calculated, which might be indicative 
for the tumoral burden.

For various cancer entities cfDNA methylation profiling of longitudinally collected plasma samples has shown 
to be promising for disease monitoring9–11. For esophageal cancer methylome-wide studies have solely focused 
on esophageal squamous cell carcinoma12. For EAC, cfDNA methylation has mostly been studied for diagnostic 
and screening purposes13,14. Regarding disease monitoring using cfDNA, so far only one relevant study was 
done, where authors showed that hypomethylation of LINE-1 was associated with EAC development15.

We put forward that monitoring the tumoral cfDNA fraction in blood plasma through DNA methylation 
profiling may aid in the follow-up of patients with esophageal adenocarcinoma and pinpoint the patients at risk 
for relapse. To enable cost-effective genome-wide methylation profiling on highly fragmented and low abundant 
cfDNA, cell-free reduced representation bisulfite sequencing (cfRRBS) is used as described16–18. From these 
DNA methylation profiles, the tumoral fraction can be estimated using computational deconvolution17. In this 
study, we aim to evaluate the potential of genome-wide cfRRBS in combination with deconvolution for disease 
monitoring in 33 EAC patients (predominantly T3 tumor stage) that were eligible for surgery and received neo-
adjuvant therapy.

Results
Quality control of the cfRRBS sequencing data
cfRRBS sequencing was successfully performed on 200 cfDNA samples isolated from blood plasma of 33 EAC 
patients (162 samples, nine repeated samples) and of 20 healthy donors (28 samples) as well as 7 FFPE EAC tissue 
samples. All samples included in this study showed high sequencing quality and were included in downstream 
analyses. The median number of raw sequencing reads per sample was 23.75 M (range 10.67–165.84  M) 
(Supplementary Fig. 1A). All samples had an acceptable conversion rate (greater than 95%17), with a median 
bisulfite conversion percentage of 99.6% (range 97.7–99.8) (Supplementary Fig.  1B). Enzymatic digestion of 
the DNA by MspI results in fragments with CpG rich ends, thus mapped reads were expected to mostly map 
to these regions. The median percentage of bases mapping to these bait regions (MspI regions between 20 and 
200 bp) was 89.48% (80.79–95.05%) (Supplementary Fig. 1C). The median mapping efficiency (aligned reads/
(aligned + ambiguous + discarded reads) * 100) was 65.48% (60.93–72.26%) (Supplementary Fig.  1D). The 
median sequencing read length was 41.01 bp (36.95–42.54 bp). Overall, the read length in sequencing run 128 
was slightly shorter compared to other runs (Supplementary Fig. 1E), but can be explained by the hard trimming 
settings used for these samples due to complete adapter sequence removal in the demultiplexing step. Per patient 
at least three collected blood plasma samples were included in this study, divided over six sequencing runs. 
Hierarchical clustering (Euclidean distances with Ward.D clustering) of the blood plasma samples based on 
the beta values (output Bismark pipeline) showed clustering by patient rather than by sequencing run, thus 
indicating no batch effect (Supplementary Fig. 2).

Estimated tumor fractions in EAC patients at diagnosis and healthy controls
In order to estimate the EAC tumor fraction in the cfDNA samples, beta values were used as input for 
computational deconvolution with MethAtlas (NNLS-based method). The estimated tumor fractions of the 162 
EAC samples (from citrate blood collection tubes) and 14 healthy donor samples (from EDTA blood collection 
tubes) show tumor fractions between 0 and 31% (Fig.  1A). For EAC patients the median estimated tumor 
fraction at the time of diagnosis (t0) is 2.2% (0.0–22.6%), for healthy donors the median is 1.6% (0.0–2.6%) 
which is a significant difference (one-sided Wilcoxon rank-sum test: p-value = 0.032). Based on the highest 
estimated tumor fraction in the healthy donor samples, a cut-off value of 2.6% was set as lower limit for detection 
of EAC derived cfDNA.

Scientific Reports |        (2024) 14:31112 2| https://doi.org/10.1038/s41598-024-82325-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


The comparison of tumor fractions in citrate tube EAC samples with EDTA tube healthy controls could be 
justified as the estimated tumor fractions in EDTA versus citrate plasma originating from the same healthy donor 
(six healthy donors) did not show a statistically significant difference (Wilcoxon signed-rank test: p-value = 0.46) 
(Fig. 2, Supplementary Table S1). The reproducibility of our approach was demonstrated by generating cfRRBS 
libraries from cfDNA isolated from two different blood plasma aliquots from nine patients at one specific 
timepoint. The median difference in estimated tumor fraction between the replicates of the nine cases that were 
re-prepped and re-sequenced was 0.6% (0.1–1.8%), and showed high reproducibility (Wilcoxon signed-rank 
test, p-value = 0.89) (Supplementary Fig. 3).

Increased tumor fractions after surgery for patients with metastatic disease
An important advantage of liquid biopsy sampling is the possibility to perform longitudinal analysis. 
Longitudinal analysis of the estimated tumor fractions showed an increase within one week after surgery (t2, 
Fig. 1A), which is a significant increase compared to samples at the time of diagnosis (t0) (Wilcoxon signed-rank 
test: p-value = 2.0e−3). While this tumor fraction increase from t0 to t2 coincided with an increase in cfDNA 

Fig. 1.  Dynamic change of tumor fractions and cfDNA concentration in plasma from EAC patients. (A) 
Boxplots of estimated EAC tumor fractions in the patient cfDNA sampled at different timepoints and in the 14 
healthy donor samples. Based on the highest estimated tumor fraction of the healthy donor samples, a cut-off 
was set at 2.6%. (B) cfDNA concentration (ng/µL) in blood plasma of healthy donors and EAC patients at the 
different timepoints.
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concentration (Fig. 1B) (Wilcoxon signed-rank test: p-value < 0.0001), there was no correlation between tumor 
fraction and cfDNA concentration (R2 < 0.01; p-value = 0.57) (Supplementary Fig. 4).

Next, we performed a more detailed longitudinal analysis of the estimated tumor fractions using a heatmap 
visualization, centering all patients’ timelines around the time of surgery (timepoint t1) (Fig. 3A). The time of 
metastasis (black squares) and time of death (red crosses) was indicated in the heatmap. From 6/19 patients with 
metastatic disease (no adjuvant therapy), a blood plasma sample was collected within one month of the detected 
metastasis. Three of these patients (ID25, ID48 and ID55) had estimated tumor fractions above 15% (dark blue 
color) between two and five months after surgery, and all eventually died due to disease progression (between 4.5 
and 9.5 months after detection of metastasis) (Fig. 3B–D). Patient ID4 has a bone metastasis that was detected six 
months after surgery, but the blood sample collected at that time showed no increase in tumor fraction. Patient 
UZL11 had a liver metastasis detected shortly after surgery. The estimated tumor fraction in the blood plasma 
sample collected few weeks earlier showed an estimated tumor fraction of 8.5%. The last patient with a blood 
sample collection around the time of the detected metastasis was patient ID58. This was the only patient with a 
tumor fraction above 15% at the time of diagnosis and was also the only patient with metastatic disease (lymph 
nodes) at the time of diagnosis.

Copy number variation analysis points at amplified oncogenes
In addition to methylation profiles, copy number variation (CNV) profiles can be retrieved from cfRRBS data 
(200 kb bin sizes). Focal gains/amplifications were observed in all four samples that had estimated tumor 
fractions above 15% (Fig. 4A–D). These focally gained/amplified regions encompass genes that are associated 
with tumorigenesis in EAC: MYC (chr8), KRAS (chr12), EGFR (chr7) in three samples collected post-surgery 
(ID25, ID48 and ID55, respectively) and NOTCH2 (chr1) in a diagnostic sample (ID58). For patient ID48, this 
focal gain/amplification was also observed earlier, in the blood plasma sample that was collected three weeks 
after surgery (sample ID48_EAC_3; tumor fraction 10.1%) (Supplementary Fig. 5). For two cases (ID25 and 
ID48) we also analyzed the resected tumor tissue and confirmed the presence of the focal amplification using 
shallow whole genome sequencing (sWGS) (Supplementary Fig. 6A,B). Comparison of the cfRRBS-based CNV 
profile of the cfDNA with the sWGS-based CNV profile of the tumor tissue showed that the less abundant 
aberrations (heterozygotic losses or gains) are (almost) not detected in the cfRRBS data.

Discussion
The current methods for follow-up of patients with EAC are imaging-based techniques such as (PET-)CT, and 
endoscopy with biopsies. As blood-based biopsies offer many advantages, we aimed to evaluate the potential 
of genome-wide cfDNA methylation profiling using cfRRBS in combination with deconvolution for disease 
monitoring of EAC cancer patients. The cfRRBS method is cost-effective and allows methylation profiling of 
fragmented cfDNA in plasma. Unlike panel/targeted sequencing for mutation detection, cfRRBS does not 
require prior knowledge about the (epi)genetic profile of the tumor. Nevertheless, mutation detection is known 
to be a sensitive and specific method for the detection of low allele frequencies in cfDNA with low tumoral 
fractions. For example, for longitudinally collected blood samples from EAC patients, allele frequencies as low 
as 0.1% were reported based on TP53 mutations (the most common mutation detected in EAC)19. The exact 
sensitivity and specificity of cfRRBS for disease monitoring of EAC patients has to be determined in a separate 
follow-up study, in which the cfRRBS method is compared to other methods.

In this study we showed the feasibility of using this method in combination with computational deconvolution 
to estimate tumoral cfDNA fractions allowing disease monitoring of EAC patients. We used MethAtlas as 
deconvolution tool given our successful application in pediatric and adult solid tumors17,18,20. Importantly, we 
could show that the pipeline is robust, generating reproducible results in replicate experiments and when using 
different blood collection tubes (such as citrate and EDTA tubes).

Fig. 2.  Tumor fractions in matched plasma samples collected in two blood collection tubes. No significant 
difference (paired Wilcoxon rank-sum test, p-value = 0.46) in EAC tumor fraction between six matched 
healthy donor plasma samples collected in citrate and EDTA blood collection tubes.

 

Scientific Reports |        (2024) 14:31112 4| https://doi.org/10.1038/s41598-024-82325-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


The overall estimated tumor fractions of the (predominantly stage T3) cancer patients are low (0–22.6%) 
and were significantly different from healthy individuals (0.0–2.6%). Based on the estimated tumor fractions in 
healthy donors, a cut-off value 2.6% was applied (highest estimated tumor fraction in the healthy donors). This is 
a conservative approach, and further statistical analyses based on a larger dataset are needed to more accurately 
establish a cut-off value that optimizes either sensitivity or specificity.

In our data we observed an increase in tumor fraction only in blood samples (4/6) that were collected around 
the time (within a month) metastatic disease was clinically detected. This may explain the low tumor fraction 
at the time of diagnosis (when no metastasis was present). Moreover, the mean tumor fraction at the time of 
diagnosis for EAC patients was 3.7%, which is slightly lower than reported for EAC in literature (7%, based on 
variant allele fractions)21. Overall, the low tumor fractions in patients with lower tumor stages (T1–T3) and 
non-metastatic disease patients (at the time of diagnosis), as is the case in our study, is consistent with reports 
from literature19,21,22.

Intriguingly, both cfDNA concentration and estimated tumor fraction peak within one week after surgery 
(timepoint t2). An increase in cfDNA concentration after surgery is expected, as the surgical resection causes 
release of healthy cfDNA23. Similarly, an overall increase in cfDNA up to four weeks after surgery has been 
reported for colorectal and bladder cancer23. An increased tumor fraction after surgery however is rather 
surprising as no additional ctDNA is expected in circulation when the tumor is removed. The lack of correlation 
between cfDNA concentration and tumor fraction suggests that the increase in tumor fraction is not a result 
of the increase in cfDNA concentration. For deconvolution, we have used a reference dataset based on cfDNA 
methylation profiles generated with cfRRBS of healthy donor cfDNA and FFPE tumor tissue DNA from EAC 
patients. Moreover, DNA methylation profiles based on publicly available whole genome bisulfite sequencing 

Fig. 3.  Dynamic change in estimated tumor fraction in longitudinally collected blood plasma samples from 33 
EAC patients. (A) Heatmap showing estimated tumor fractions per patient and sampled timepoint. The x-axis 
indicates the time in months relative to the time of surgery (timepoint t1). Grey boxes indicate tumor fractions 
below the cut-off of 2.6%, blue between 2.6% and 15% and dark blue more than 15%. (B–D) Timelines 
showing increasing tumor fractions of three patients that eventually presented with a tumor fraction that is 
higher than 15% (after surgery).
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Fig. 4.  CNV profiles based on cfRRBS data show aberrations in plasma samples with tumor fractions above 
15%. (A) CNV profile of ID25_EAC_4, showing a focal gain/amplification in chromosome 8; (B) CNV profile 
of ID48_EAC_4, showing a focal gain/amplification in chromosome 12; (C) CNV profile of ID55_EAC_3, 
showing a focal gain/amplification in chromosome 7; (D) complete CNV profile of ID58_EAC_0 and a 
zoomed in profile of chromosome 1. The profile of this patient blood sample collected at the time of diagnosis 
showed a focal gain/amplification in chromosome 1.
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data from healthy esophageal tissue and healthy stomach tissue was included in the reference dataset to rule out 
that the increased tumor fraction was a result of an increase in healthy esophageal/stomach cfDNA. However, 
this was not the case as healthy tissue fractions did not increase (data not shown). Further refinement of the 
reference dataset and use of other deconvolution tools could be investigated to improve specificity.

By analyzing longitudinal samples, we identified four patients with increased estimated tumor fractions 
(> 15%) that matched with the clinical diagnosis of metastasis, suggesting a clinically relevant signal. Whether 
the increase in tumor fraction with this cfRRBS workflow is detected prior to current diagnostic tools (PET-CT) 
remains to be further investigated and requires additional sampling points along the timeline. However, for 
the 2/6 patients for which blood plasma samples were collected at the time of metastatic disease, we could not 
observe a similar increase in estimated tumor fraction, demonstrating that this biomarker is only marginally 
relevant within this patient group. Future follow-up studies should focus on determining the sensitivity of 
the tumor fraction estimation with the cfRRBS method with computational deconvolution, and compare the 
outcomes directly to clinical data (e.g. PET-CT data) obtained at the same time.

Lastly, our results demonstrate that DNA copy number variation profiles (CNV) can be retrieved from cfRRBS 
data. Even though the generated CNV profiles are noisier compared to more conventional methods like sWGS, 
abundant aberrations (focal gains/amplifications) could be identified in blood plasma samples with estimated 
tumor fractions greater than 15%. These focal gains/amplifications involved regions that included MYC, KRAS, 
EGFR and NOTCH2. Three out of four of these gene gains/amplifications have been previously reported in 
literature in the context of EAC: MYC, KRAS and   EGFR  amplification have been reported in approximately 
30%, 14% and 15% of EAC cases, respectively24. While NOTCH2 amplification has not yet been reported in 
EAC, the Notch signaling pathway is known to play an important role in cell proliferation, differentiation and 
apoptosis, and dysregulation has been shown to contribute to tumorigenesis25.

In this proof-of-concept study, cfRRBS followed by computational deconvolution with MethAtlas was 
used to estimate tumor fractions in the blood plasma of EAC patients. This approach has demonstrated its 
value in three studies17,18,20, but is also characterized with some limitations that warrant consideration for 
future improvements. A limitation is that cfRRBS uses bisulfite conversion of unmethylated cytosines which 
is a chemical treatment that may cause further DNA degradation. Future developments might be directed 
towards enzymatic-based conversion or long-read sequencing approaches. A further limitation is that cfRRBS 
covers on average 3M CpG sites, which is higher compared to microarray platforms (27K or 450K CpGs), 
but lower compared to, for example, whole genome bisulfite sequencing (28M CpGs) or CapSeq Epi26 (5.5M 
CpGs). However, the computational deconvolution approach uses median beta values of CpG clusters and 
therefore incomplete coverage of CpGs will minimally impact the results. A final limitation and potential future 
improvement is the choice of deconvolution algorithm. In this study and previous studies, we have demonstrated 
a good performance with the MethAtlas tool. However, other more recently developed tools8,27 might further 
improve the sensitivity of EAC detection. Finally, as EAC is a highly heterogenous cancer type, expanding the 
FFPE tissue sample set in the reference data may improve the accuracy.

This study shows the feasibility of using cfRRBS and computational deconvolution for tumor fraction 
estimation in cfDNA isolated from blood plasma of EAC patients. Moreover, for some cases, copy number 
variations, including gains/amplifications, could be identified from the cfRRBS sequencing data. However, given 
the rather low tumor fractions in patients with stage T1-T3 EAC disease, the clinical utility of this approach for 
tumor monitoring is likely to be limited to patients that develop metastatic disease. More sensitive methylation 
profiling and deconvolution approaches that can also accurately detect lower tumor fractions are warranted for 
further clinical application in this disease type.

Methods
Sample collection
Blood was drawn into Vacuette Tube 9 mL 9NC Coagulation sodium citrate 3.2% (Greiner Bio-One) tubes from 
33 EAC patients at different timepoints during treatment (162 collections in total) (Table 1, Supplementary File 
1). Patient plasma samples were divided into seven time categories (t0–t6). In case more than one plasma sample 
per patient was categorized in one timepoint, only the sample that was first collected was included for statistical 
analyses between timepoints. Blood samples from 20 age-matched healthy donors were collected in BD Vacutainer 
Plastic K2EDTA (Becton Dickinson and Company, n = 18) and PAXgene Blood ccfDNA Tube (Qiagen, n = 9) 
blood collection tubes. Sample collection was approved by the ethics committee of Ghent University Hospital 
(registration numbers B670201628317, B670201628319 and B670201733701). Plasma samples were collected at 
Ghent University Hospital (UZ Ghent) or University Hospital Leuven (UZ Leuven) and all patients signed an 
informed consent prior to blood collection. Blood samples were processed at room temperature within 10 h after 
collection, except for ID37_EAC_0, UZL2_EAC_4, UZL14_EAC_1, UZL16_EAC_3, UZL16_EAC_5 and ID22_
EAC_7 (processed within 22 h). Blood samples from EAC patients were prepared by double-spun centrifugation 
(two times 10 min at 2500g). Plasma was aliquoted in 2 mL DNA LoBind PCR clean tubes (Eppendorf) and 
stored at − 80 °C until further processing. Blood samples from healthy donors were prepared by double-spin 
centrifugation (EDTA tubes, two times 10 min at 2500g) or single-spun centrifugation (PAXgene tubes, 15 min 
at 1900g). Tumor tissue samples (FFPE: formalin-fixed, paraffin embedded) from seven EAC patients were 
obtained through the Department of Pathology of the Ghent University Hospital. For each patient, tumor tissue 
was collected from slides with hematoxylin–eosin stained FFPE sections. Per patient, tumoral regions were 
macro-dissected and collected in a 1.5 mL DNA LoBind PCR clean tube (Eppendorf).

DNA isolation
cfDNA from plasma from 33 EAC patients and 20 healthy donors was purified from 0.9–2.5 mL (mean: 2.0 mL) 
using the Maxwell RSC LV ccfDNA kit (Promega), according to the manufacturer’s instructions. Plasma was 
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Characteristic EAC patients Healthy donors

Total 33 20

Mean age in years (range) 64 (52–78) 69 (45–91)

Gender

 Male 28 (85%) 12 (60%)

 Female 5 (15%) 8 (40%)

Sample collection timepoint Total: 162

NA

 t0 = before treatment 30

 t1 = after CRT, before surgery 30

 t2 = 4–6 days after surgery 27

 t3 = 1 week–3 months after surgery 31

 t4 = 3–6 months after surgery 20

 t5 = 6–12 months after surgery 9

 t6 = > 12 months after surgery 15

Clinical tumor stage

NA

 T1 0

 T2 4

 T2–3 1

 T3 25

 T4 1

 NA 2

Pathological tumor stage (yp)

NA

 Tis 1

 T0 3

 T1/T1a/T1b 5

 T2 3

 T2-T3 1

 T3 20

Clinical lymph node stage

NA

 N0 3

 N0–1 1

 N1 13

 N2 12

 N2–3 1

 N+ 1

 NA 2

Pathological lymph node stage (yp)

NA

 N0 12

 N1 6

 N2 9

 N3 5

 N3b 1

Neoadjuvant therapy

 CROSS 30

 FLOT 2

 CDDP/5FU 1

Continued
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thawed at 37 °C and processed immediately. For samples with plasma volumes below 2 mL, 1× PBS (Gibco, 
Thermo Fisher Scientific) was added up to 2 mL before adding an equal amount of binding buffer and 140 µL 
beads. Samples were incubated for 45 min on the Multi Bio RS-24 Rotator (Biosan) to allow binding of cfDNA 
to the magnetic beads. cfDNA was recovered with the fully automated protocol on the Maxwell RSC device in 
75 µL elution buffer (Promega). All cfDNA samples were stored at − 20 °C.

DNA was isolated from FFPE tumor tissue samples using the QIAamp DNA FFPE Tissue kit (Qiagen) 
following the manufacturer’s recommendation, except using deparaffinization solution (Qiagen) instead of 
xylene. DNA was eluted in 50 µL ATE buffer (Qiagen) and stored at − 20 °C.

DNA quantification and quality assessment
cfDNA was isolated from 162 plasma samples from 33 EAC patients (3–11 longitudinal samples per patient) 
and 28 plasma samples (EDTA and/or PAXgene tubes) from 20 healthy donors. To determine the robustness 
of the workflow, 9 EAC plasma samples were re-prepped and re-sequenced once (n = 8) or twice (n = 1) 
(Supplementary Table S2). The median cfDNA concentration measured by TapeStation (Agilent) was 0.22 ng/
µL (0.01–5.72 ng/µL) (Supplementary Table S3). Typically, cfDNA has an average fragment length of around 
170 bp. High molecular weight (HMW) DNA, originating from lysed cells, consists of larger fragments (greater 
than 700 bp). Based on fragment analysis, all samples had a cfDNA/HMW ratio greater than one (median: 5.98; 
range 1.15–54.56). The DNA concentration from the seven tumor tissue samples was measured with a Varioskan 
LUX Microplate Fluorometer (Thermo Scientific) using the Quant-iT™ 1X dsDNA kit (broad range) according 
to the manufacturer’s protocol. The median concentration was 32.27 ng/µL (22.49–139.50 ng/µL).

cfRRBS library construction
Library construction for cfRRBS was performed as described16. The input amount for cfDNA samples was aimed 
at 10 ng in 11.1 µL. Due to low cfDNA concentration in blood plasma, it was not possible to use 10 ng as input 
for some samples. The median cfDNA input amount for library preparation was 4.38 ng (0.66–48.50 ng) for the 
patient and healthy donor plasma samples (n = 200), and the input for the tissue samples was 200 ng (n = 7). 
If necessary, eluate volumes were concentrated by means of vacuum centrifugation (Eppendorf, Concentrator 
Plus, program V-AQ at 30 °C) and nuclease-free water was added to a volume of 11.1 μL. Afterwards, 0.5 µL 
of 0.01 ng/µL unmethylated lambda phage spike-in DNA was added to the eluate. After library construction, 
libraries were cleaned by magnetic bead selection (AMPure XT beads, NEB) and eluted in 0.1× TE buffer. The 
libraries were visualized with the Fragment Analyzer (Agilent) and quantified with a Varioskan LUX/Fluoroskan 
Microplate Fluorometer (Thermo Scientific) using the Quant-iT™ 1× dsDNA kit (high sensitivity). The median 
library concentration was 15.0 ng/µL (0.6–68.69 ng/µL). Libraries were equimolarly pooled and quantified using 
the Kapa library quantification kit (Kapa Biosystems). Sequencing was done in six separate runs, on the NovaSeq 
6000 (Illumina) instrument (for details see Supplementary Table S4).

Pre-processing of the sequencing data
Pre-processing of the sequenced libraries was done using an in-house developed Bismark pipeline as described 
by Van Paemel et al.17. First, demultiplexing of the data (bcl files) was done using bcl2fastq2 v2.20.0. Adapter 
trimming was done with TrimGalore v0.6.6 (flags --three_prime_clip_R1 1 -- three_prime_clip_R2 1 --clip_R1 
3 -- clip_R2 4 to remove methylation bias at the three or five prime end due to the MspI restriction digest). For 
sequencing run 128 hard trimming was needed as Illumina adapter sequences were incorrectly removed and raw 
sequencing data (bcl files) were not available anymore (flags --three_prime_clip_R1 3 --three_prime_clip_R2 3 
--clip_R1 3 --clip_R2 4).

Bismark v0.23.1 (default parameters) was used for mapping to GRCh37. Mapped reads were sorted 
using SAMtools v1.14. For paired end sequencing reads, clustering duplicates were removed using 
Picard v2.21 with the following parameters: OPTICAL_DUPLICATE_PIXEL_DISTANCE = 12,000 (for 

Characteristic EAC patients Healthy donors

Mandard scorea

NA

 1 3

 2 6

 2–3 1

 3 13

 3–4 1

 4 7

 5 2

Table 1.  Blood plasma sample characteristics. This table shows an overview of the characteristics of the 
collected blood plasma samples from the 33 EAC patients and 20 healthy donors. Clinical tumor staging 
indicates staging at the time of diagnosis, pathological staging is done by the pathologist after neoadjuvant 
therapy and tumor resection (yp). aMandard scoring is performed on resected tumors to assess tumor response 
after neoadjuvant therapy. This scoring system ranges from 1–5, where 5 indicates no response and 1 indicates 
good response (no residual cancer cells found). CROSS ChemoRadiotherapy for Oesophageal cancer followed 
by Surgery Study, FLOT 5-fluorouracil, Levofolic, oxaliplatin, Taxotere, CDDP/5FU cisplatin/5-fluorouracil.
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NovaSeq 6000), REMOVE_SEQUENCING_DUPLICATES = true, TAGGING_POLICY = OpticalOnly, 
READ_NAME_REGEX = [a-zA-Z0-9] + :[0–9] + :[a-zA-Z0-9] + :[0–9] + :([0–9] +):([0–9] +):([0–9] +)_[0–
9] + :[a-zA-Z0-9] + :[0–9] + :[a-zA-Z0-9] +\+ [a-zA-Z0-9] + (for dual index).

Bait regions are defined as MspI regions between 20–200 bp in GRCh37. CollectHsMetrics (Picard v2.21.6) 
was used to determine the number of reads covering these regions. The output of the in-house developed 
Bismark pipeline are coverage files, that includes the coverage of each methylated and unmethylated cytosine. 
Based on these coverage files, beta values are determined (per cytosine, reads methylated C/total reads of that C).

Establishing tumor fractions through data deconvolution
cfDNA tumor fractions were estimated using computational deconvolution of the cfDNA methylation profile. To 
select the most informative regions, differentially methylated region (DMR) selection was performed between 
the healthy donor samples (EDTA tubes only) and the seven EAC FFPE tissue samples using the default settings 
in DMRfinder v0.3. The resulting 9195 clusters were all used for the deconvolution. As reference dataset for 
deconvolution we used cfRRBS data from 14 healthy donor plasma samples (EDTA), cfRRBS data from seven 
EAC FFPE tissue samples, as well as publicly available whole genome bisulfite sequencing data from healthy 
esophagus tissue samples (n = 2) and stomach tissue samples (fundus, n = 3; body, n = 3). Data deconvolution 
to estimate tumor fractions was done using MethAtlas (default settings), based on non-negative least squared 
(NNLS) matrix decomposition28. Data visualization was done using R v4.2.329. Statistical tests were applied to 
compare estimated tumor fractions between healthy donors and cancer patients (at time of diagnosis) using 
the Wilcoxon rank-sum test (unpaired data) and Wilcoxon signed-rank test (paired data) of the R package coin 
(v1.4-3).

Data availability
Raw DNA sequencing data (cfRRBS data) that was generated in this study is deposited in the European Ge-
nome-phenotype Archive (EGA) under accession number EGA50000000482. Processed data (beta values) of 
all sequenced samples are available from ArrayExpress under accession number E-MTAB-14370. R scripts to 
generate the figures in this manuscript are available on GitHub (https://github.com/VIBTOBIlab, repository 
name: cfRRBS_EAC).
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