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ABSTRACT

Introduction: Methylated circulating tumour DNA (ctDNA) blood tests for BCAT1/IKZF1 (COLVERA) and
SEPT9 (Epi proColon) are used to detect colorectal cancer (CRC). However, there are no ctDNA assays
approved for other gastrointestinal adenocarcinomas. We aimed to characterize BCAT1, IKZF1 and SEPT9
methylation in different gastrointestinal adenocarcinoma and non-gastrointestinal tumours to determine
if these validated CRC biomarkers might be useful for pan-gastrointestinal adenocarcinoma detection.
Methods: Tissue DNA methylation data from colorectal (COAD, READ), gastroesophageal (ESCA, STAD),
pancreatic (PAAD) and cholangiocarcinoma (CHOL) adenocarcinoma cohorts within The Cancer Genome
Atlas were used for differential methylation analyses. Clinicodemographic predictors of BCAT1, IKZF1 and
SEPT9 methylation, and the selectivity of hypermethylated BCAT1, IKZF1 and SEPT9 for colorectal
adenocarcinomas in comparison to other cancers were each explored with beta regression.

Results: Hypermethylated BCATT1, IKZF1 and SEPT9 were each differentially methylated in colorectal and
gastroesophageal adenocarcinomas. IKZF1 was differentially methylated in pancreatic adenocarcinoma.
Hypermethylated DNA biomarkers BCAT1, IKZF1 and SEPT9 were largely stable across different stages of
disease and were highly selective for gastrointestinal adenocarcinomas relative to other cancer types.
Discussion: Existing CRC methylated ctDNA blood tests for BCAT1/IKZF1 and SEPT9 might be usefully
repurposed for use in other gastrointestinal adenocarcinomas and warrant further prospective ctDNA studies.
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Introduction

Five million new gastrointestinal cancers were diagnosed in
2020, accounting for a quarter of all newly diagnosed cancers
worldwide (World Cancer Research Fund International 2020).
Together, colorectal (9.4%), stomach (7.7%), oesophagus (5.5%)
and pancreatic (4.7%) cancers contributed to over one-quarter
of global cancer-related deaths (Sung et al. 2027).
Adenocarcinomas are the most common type of gastrointestinal
cancers, found as the majority of colorectal, stomach and pan-
creatic cancers, as well as intrahepatic cholangiocarcinoma and
a rising number of oesophageal cancers (between 5 and 66%,
varies by geographic location) (Massarweh and El-Serag 2017;
Arnold et al. 2020). Early detection is vital in improving treat-
ment options and outcomes as most cancers are diagnosed at
a late stage. While CRC screening programs have been estab-
lished across Europe, the Americas, Asia and Oceania, uptake of
faecal-based screening tests remains suboptimal, and there are
no other simple and non-invasive tests in use for screening of
other gastrointestinal cancers (Navarro et al. 2017; Australian
Institute of Health and Welfare 2023). Further, existing blood

biomarkers commonly used to monitor cancer recurrence; pro-
tein biomarkers carbohydrate antigen 19-9 (CA 19-9) and carci-
noembryonic antigen (CEA), are not reliable for detection of
gastrointestinal adenocarcinoma (Maestranzi et al. 1998). There
is an urgent need to improve non-invasive detection of gastro-
intestinal cancers to reduce disease burden and mortality.
Development of  gastrointestinal adenocarcinomas
involves genetic mutations and extensive epigenetic alter-
ations which silence the expression of tumour suppressor
genes and/or activate oncogenes, contributing to changes in
tumour growth, initiation and metastatic potential (Laird
2003). DNA hypermethylation is a common epigenetic aber-
ration which can be used as a biomarker for cancer diagno-
sis, treatment monitoring and prediction of response
(Levenson 2010). DNA hypermethylation can be detected in
tiny fragments of circulating tumour DNA (ctDNA) released
by the tumour into the plasma, and are detected more fre-
quently than cancer-associated mutations (Locke et al. 2019).
DNA methylation-based ctDNA assays offer a cost-effective
and minimally invasive alternative to detect cancers com-
pared to current technologies, highlighting their value as a
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diagnostic tool. Quantitative methylated ctDNA assays can
also reflect disease burden; reducing in abundance after
tumour resection or efficacious cancer treatment and high-
lighting their utility in treatment monitoring, recurrence sur-
veillance and detection of minimal residual disease
(Sanz-Garcia et al. 2022).

While many candidate hypermethylated biomarkers have
been investigated for detection of gastrointestinal adenocar-
cinoma, few have been translated into clinical use. Two
real-time PCR-based methylated ctDNA biomarker assays in
clinical use for detection of colorectal adenocarcinoma
include the United States Food and Drug Administration
(FDA)-approved Epi proColon (Epigenomics AG), a CRC
screening test for methylated SEPT9 in patients with a history
of non-adherence to other screening methods, and COLVERA
(Clinical Genomics); a laboratory-developed test measuring
the combination of methylated BCAT1 and/or IKZF1 with
Medicare coverage for minimal residual disease and recur-
rence monitoring in CRC (Mitchell et al. 2014; Potter et al.
2014; Mitchell et al. 2016; Johnston et al. 2023).

Methylated SEPT9 was first identified alongside 55 other
candidate CRC biomarkers using methylation-sensitive restric-
tion enzyme discovery in colorectal tissue and blood
(Lofton-Day et al. 2008). Methylated BCAT1 and IKZF1 were
identified as candidate CRC biomarkers alongside 30 other
biomarkers (including SEPT9) using data from the Illumina
HumanMethylation27 (27K) BeadChip array in tandem with
gene expression and genome-wide DNA methylation analy-
ses (Mitchell et al. 2014). All three biomarkers underwent fur-
ther clinical development based on the high frequency of
DNA hypermethylation in primary colorectal cancer (CRC) tis-
sue and low frequency of methylation in the circulating cell
free-DNA in plasma from healthy controls. There are currently
no FDA-approved ctDNA assays for other gastrointestinal
adenocarcinomas, all of which have poorer survival outcomes
than CRC (Sung et al. 2021). Since gastrointestinal adenocar-
cinomas arise from tissues within the same embryonic layer
(Bhatia et al. 2023), methylated biomarkers may therefore be
shared between different gastrointestinal adenocarcinomas.
Thus, repurposing existing methylated ctDNA assays used for
detection of CRC, may also detect other gastrointestinal ade-
nocarcinomas, offering potential for rapid clinical implemen-
tation as a pan-gastrointestinal blood test.

The aim of this study was to characterize the methylation
of BCAT, IKZF1 and SEPT9 in different gastrointestinal adenocar-
cinoma tissues and further compare this to the methylation of
BCAT1, IKZF1 and SEPT9 in non-gastrointestinal tumour tissues
to determine if these validated CRC biomarkers may also be
useful for pan-gastrointestinal adenocarcinoma detection.

Materials and methods
Overview

The results published here are based upon data generated
by the TCGA Research Network (Weinstein et al. 2013). Given
that the methylated ctDNA blood tests for BCAT1, IKZF1 and
SEPT9 were designed for colorectal adenocarcinoma, differen-
tial methylation analyses were performed on different
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gastrointestinal adenocarcinomas for an unbiased overview
of the performance of BCATI, IKZF1 and SEPT9 with respect
to other significantly methylated probes. The association
between the clinicodemographic variables and BCAT1, IKZF1
and SEPT9 hypermethylation within gastrointestinal adenocar-
cinomas was analyzed, and the B-values were assessed across
all TCGA cancer datasets to characterize the discriminatory
ability of hypermethylated BCAT1, IKZF1 and SEPT9 for gastro-
intestinal adenocarcinoma.

Ethics statement

All deidentified data used in this study obtained from a pub-
licly accessible database. Ethical approval to conduct the
observations within this study is not required.

DNA methylation datasets

Publicly available tissue DNA methylation data and accompa-
nying clinical information collected from patients diagnosed
with cancer were obtained from the Genomic Data Commons
using the TCGAbiolinks package (Supplementary Table S1;
Colaprico et al. 2016). DNA methylation data were harmo-
nized prior to downloading, using pipelines described in the
GDC Data User’s Guide (NCI Genomic Data Commons 2022).
GrCh38-annotated f-values from the lllumina Infinium
HumanMethylation450 (450K) BeadChip were obtained for
each TCGA DNA methylation dataset. Masked probes, probes
annotated to non-CpG or common SNPs, cross-reactive
probes, or probes lacking DNA methylation measurements
were removed prior to downstream analysis. Where applica-
ble, measurements from replicate observations obtained from
the same tissue sample were averaged.

Differential methylation analysis

Gastrointestinal adenocarcinoma datasets were subject to
differential methylation analysis for both probes and regions
separately. B values were converted to M-values, and differ-
entially methylated probes were identified in normal vs.
tumour  separately for  colorectal adenocarcinoma
(TCGA-COAD and TCGA-READ), gastroesophageal adenocarci-
noma (TCGA-ESCA and TCGA-STAD), pancreatic adenocarci-
noma (TCGA-PAAD) and cholangiocarcinoma (TCGA-CHOL)
using the empirical bayes method within limma (Ritchie
et al. 2015), followed by differentially methylated region
analysis using DMRcate (Peters et al. 2015) with default set-
tings. TCGA-ESCA and TCGA-STAD datasets were combined
in adenocarcinoma analyses due to a lack of normal tissue
(n=2) within the TCGA-STAD dataset. Tumours within the
TCGA-ESCA dataset were divided into adenocarcinomas and
squamous cell carcinomas, and squamous cell carcinomas
were not classified as gastrointestinal adenocarcinomas. A
probe or region was considered differentially methylated if it
had a false discovery rate (FDR)-adjusted p-value < 0.05.
Volcano plots were created using and ggplot2 (Wickham
et al. 2019). Genomic regions were visualized using IGV-Web
(Robinson et al. 2023).


https://doi.org/10.1080/1354750X.2024.2340663

196 G. LAVEN-LAW ET AL.

Probe annotations

All probes were annotated to GrCh38 genes using TCGA meta-
data, and further annotated to CpG island annotations that
incorporated: 1) shores: regions of up to 2kb from a CpG
island; 2) shelves: regions from 2 to 4kb from a CpG island;
and 3) open sea: the rest of the genome, from the UCSC Table
Browser (Karolchik et al. 2004). GENCODE v36 was used for
gene annotation, with promoters defined as +2kb to —0.2kb
from the gene of interest transcription start site, as per the
GenomicRanges package (Lawrence et al. 2013). Probes anno-
tated to BCATI, IKZF1 and SEPT9 and used for downstream
B-value analyses are listed in Supplementary Table S2. BCATI-
and IKZF1-associated probes were identified based on overlap-
ping amplicons produced in the COLVERAd methylated BCAT1
and IKZF1 ctDNA real-time PCR assays, using primers obtained
from publicly available data (Pedersen et al. 2015). As no
probes covered within the TCGA lllumina Infinium 450K
BeadChip array overlapped amplicons produced in the
FDA-approved methylated SEPT9 Epi proColon real-time PCR
assay (Church et al. 2014), the two closest probes flanking
either side of the amplicon produced in the Epi proColon test
were selected as representative for SEPT9 (Supplementary
Table S2). One of these probes (cg12783819) was filtered out
from many comparisons due to insufficient measurements in
samples subject to methylation analysis. Observations on
methylation B-values were averaged within each biomarker, as
up to two probes were annotated for each amplicon.

Statistical analysis

Data analyses were performed in RStudio using the tidyverse
and gtsummary packages (Sjoberg et al. 2021; Wickham et al.
2019). Methylation B-values for BCAT1, IKZF1 and SEPT9 were
used for all clinicodemographic and inter-cancer analyses
because they are more biologically interpretable when com-
pared to M-values and more closely correspond to the per-
centage methylation of a given site (Du et al. 2010). Where
available, age data was dichotomized into under 50years ver-
sus 50years and older, consistent with the definition of
early-onset cancer (Harrold et al. 2023). For observations on
CRC, tumours were grouped into lesions affecting the left
colon (rectum, sigmoid colon, descending colon, and splenic
flexure) or right colon (transverse colon, hepatic flexure,
ascending colon, and caecum). Heatmaps of methylation at
BCAT1, IKZF1 and SEPT9 were visualized for all gastrointestinal
adenocarcinomas within the TCGA dataset using tidyheatmaps,
where data were clustered based on Euclidean distance using
complete linkage (Engler 2022). All other visualizations were
performed using ggplot2 (Wickham et al. 2019). Normal vs.
tumour B-values were compared using a Wilcoxon rank sum
test. The effect of tumour staging on methylation was com-
pared first using a Kruskal-Wallis rank sum test, with post-hoc
comparisons analyzed using Wilcoxon rank-sum test. Pearson’s
Chi-squared (for categorical variables) and Wilcoxon or Kruskal-
Wallis tests (for continuous variables) were used as indicated in
table legends. Methylated biomarkers BCAT1, IKZF1, and/or
SEPT9 were considered positive where $>0.25, interpreted as
partial methylation or hypermethylation.

Beta regression was used to compare predictors of BCATT,
IKZF1 and SEPT9 methylation in colorectal adenocarcinomas by
multivariable analysis. The selectivity of methylated BCATT,
IKZF1 and SEPT9 was compared between colorectal adenocar-
cinomas and all other tumours (inclusive of both gastrointesti-
nal and non-gastrointestinal tumours) using univariate beta
regression. Yardstick was used to create receiver-operating
characteristic curves (ROC) and calculate the area under curve
(AUCQ) for BCATI, IKZF1 and SEPT9 methylation in (a) specified
gastrointestinal adenocarcinoma tissues over all other tumour
tissues available from TCGA (Supplementary Table S1), and (b)
specified gastrointestinal adenocarcinoma tissue over their cor-
responding normal controls (Kuhn et al. 2023).

Results

Methylation of BCAT1, IKZF1 and SEPT9 in different
gastrointestinal cancers

CpG sites within or immediately flanking those detected by
BCAT1, IKZF1 and SEPT9 ctDNA blood tests were frequently
hypermethylated in gastrointestinal adenocarcinomas (Figure
1(A), Supplementary Figure S1A-D). The demographic and clini-
cal characteristics of gastrointestinal adenocarcinomas are sum-
marized in Table 1. BCAT1, IKZF1 and SEPT9 methylation was
significantly higher in both colorectal and gastroesophageal
adenocarcinoma when compared to corresponding normal tis-
sue (Figure 1(B); mean delta -values (tumour - normal) ranged
0.30-0.42 and 0.23-0.33 for colorectal and gastroesophageal
adenocarcinoma, respectively), even when divided into different
stages (Supplementary Figure S2A-B). Pancreatic adenocarci-
noma contained significantly higher methylation of BCAT1, IKZF1
and SEPT9 when compared to normal tissue (Figure 1(B), mean
B-values BCATT1; 0.09 vs. 0.25, IKZF1; 0.03 vs. 0.30, and SEPT9; 0.07
vs. 0.24 for normal vs. tumour, respectively), but only BCATT and
IKZF1 were increased at every stage of pancreatic cancer when
compared to normal tissue (Supplementary Figure S2C).
Cholangiocarcinomas were infrequently methylated at BCATT,
IKZF1 and SEPT9 (Supplementary Figure S1D), and neither BCATT,
IKZF1, nor SEPT9 methylation was able to differentiate normal
bile duct tissue from cholangiocarcinoma (Figure 2(B),
Supplementary Figure S2D). When each type of gastrointestinal
adenocarcinoma was compared to their corresponding normal
tissues, the highest AUC for BCATT and IKZF1 were seen for col-
orectal adenocarcinomas (Supplementary Figure S3, 0.94 and
0.90 for BCATT and IKZF1, respectively), followed by pancreatic
adenocarcinoma (Supplementary Figure S3, 0.81 and 0.99 for
BCAT1 and IKZF1, respectively). For methylated SEPTY, the high-
est area under the ROC curve when compared to corresponding
normal tissue was for colorectal adenocarcinoma followed by
gastroesophageal adenocarcinoma (Supplementary Figure S3,
AUC 0.97 and 0.84, respectively).

Differential methylation of BCAT1, IKZF1 and SEPT9 in
gastrointestinal adenocarcinoma

Differential methylation analyses were performed on colorectal
adenocarcinoma, gastroesophageal adenocarcinoma, pancre-
atic adenocarcinoma and cholangiocarcinoma to determine
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Figure 1. BCATI1, IKZF1 And SEPT9 are hypermethylated in gastrointestinal adenocarcinomas. (A) Heatmap showing BCAT1, IKZF1 and SEPT9 methylation
(B-value) in gastrointestinal adenocarcinomas (n=1,093 tumours). (B) Methylation of BCAT1, IKZF1 and SEPT9 in normal tissue versus tumour for (in order from
left to right) colorectal adenocarcinoma (n=45 normal and 396 tumour), gastroesophageal adenocarcinoma (n=18 normal and 484 tumour), pancreatic adeno-
carcinoma (n=10 normal and 177 tumour) and cholangiocarcinoma (n=9 normal and 36 tumour). ns, no significant difference; *, p<0.05; ***, p<0.001 by
wilcoxon rank sum test. (C) Gene browser tracks showing the sites detected by the BCATT, IKZF1 and SEPT9 test (‘amplicon’), corresponding CpG annotation and
overlap of differentially methylated regions (coloured bars) called in gastrointestinal adenocarcinoma.

whether ctDNA-associated CRC biomarkers were independently HumanMethylation450  BeadChip  array  (Figure  1(C),
differentially methylated in gastrointestinal adenocarcinoma Supplementary Figure S4A-D). The total number of differen-
across the ~450,000 CpG sites detected in the Infinium tially methylated probes and regions within each dataset are
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Table 1. Clinicodemographic characteristics and corresponding BCAT1, IKZF1 and SEPT9 methylation in gastrointestinal adenocarcinomas (n=1093).
Colorectal Gastroesophageal Pancreatic
adenocarcinoma, adenocarcinoma, adenocarcinoma, Cholangiocarcinoma,

Variable N N=396 N=484 N=177 N=36 p-Value

Age group 1079 0.006
50years or older 332 (85%) 439 (92%) 158 (89%) 32 (89%)
Under 50years 9 (15%) 36 (7.6%) 19 (11%) 4 (11%)

Sex 1090 <0.001
Male 211 (54%) 336 (69%) 99 (56%) 16 (44%)
Female 182 (46%) 148 (31%) 78 (44%) 20 (56%)

Race 995 <0.001
White 283 (79%) 324 (76%) 155 (90%) 31 (86%)
Asian 2 (3.3%) 90 (21%) 11 (6.4%) 3 (8.3%)
Black/African-American 64 (18%) 13 (3.0%) 7 (4.0%) 2 (5.6%)

Ethnicity 840 0.3
Not Hispanic or Latino 340 (99%) 316 (98%) 131 (96%) 33 (94%)
Hispanic or Latino 5 (1.4%) 8 (2.5%) 5 (3.7%) 2 (5.7%)

Prior malignancy 1090 0.005
No 364 (92%) 467 (96%) 160 (90%) 29 (83%)
Yes 30 (7.6%) 21 (4.3%) 17 (9.6%) 6 (17%)

Stage 1036 <0.001
| 55 (15%) 63 (14%) 15 (8.6%) 19 (53%)
Il 3 (38%) 148 (33%) 150 (86%) 9 (25%)
1] 21 (32%) 203 (45%) 4 (2.3%) 1 (2.8%)
[\ 4 (14%) 38 (8.4%) 6 (3.4%) 7 (19%)

Methylation (B-value)
BCAT1 1093 0.55 (0.47, 0.65) 0.43 (0.18, 0.56) 0.21 (0.09, 0.37) 0.13 (0.06, 0.42) <0.001
IKZF1 1093 0.53 (0.43, 0.59) 0.53 (0.43, 0.58) 0.38 (0.03, 0.49) 0.02 (0.02, 0.04) <0.001
SEPT9 1093 0.61 (0.54, 0.67) 0.48 (0.26, 0.58) 0.22 (0.02, 0.41) 0.02 (0.01, 0.02) <0.001

Methylated biomarker positivity (%)
BCAT1 1093 373 (94%) 339 (70%) 80 (45%) 14 (39%) <0.001
IKZF1 1093 321 (81%) 397 (82%) 107 (60%) 6 (17%) <0.001
SEPT9 1093 389 (98%) 364 (75%) 82 (46%) 5 (14%) <0.001
At least one of the above biomarkers 1093 396 (100%) 446 (92%) 140 (79%) 16 (44%) <0.001
At least two of the above biomarkers 1093 379 (96%) 374 (77%) 91 (51%) 9 (25%) <0.001
BCAT1 +IKZF1+ SEPT9 1093 308 (78%) 280 (58%) 38 (21%) 0 (0%) <0.001

Categorical variables depicted as n (%); Continuous variables depicted as median (IQR). Biomarkers were considered positive where 3>0.25.
Data analyzed using either Pearson’s Chi-squared test or Kruskal-Wallis rank sum test as appropriate.

summarized in Supplementary Table S3. BCAT1, IKZF1 and
SEPT9 were differentially hypermethylated in colorectal adeno-
carcinoma and gastroesophageal adenocarcinoma (Figure 1(C),
Supplementary Figure S4A-B). While probes annotated to
BCAT1, IKZF1 and SEPT9 were differentially hypermethylated in
pancreatic adenocarcinoma, only /IKZF1 was annotated to a dif-
ferentially hypermethylated region which overlapped the sites
detected using the <ctDNA blood test (Figure 1(C),
Supplementary Figure S4C). BCATI, IKZF1 and/or SEPT9 were
neither differentially methylated probes, nor regions in cholan-
giocarcinoma (Figure 1(C), Supplementary Figure S4D).

Predictors of BCAT1, IKZF1 and SEPT9 methylation in
gastrointestinal adenocarcinoma

A multivariable assessment of demographic and clinical pre-
dictors for all combined gastrointestinal adenocarcinoma tis-
sue hypermethylation in BCAT1, IKZF1 and SEPT9 are listed in
Table 2, and analyses limited to CRC are available in
Supplementary Table S4. Overall, individuals aged under
50years had significantly lower levels of BCAT1 methylation
compared to those aged over 50years (Table 2, odds ratio
[OR] 0.77), females had significantly lower levels of IKZF1
methylation compared to males (Table 2, OR 0.83), and SEPT9
tumour methylation was raised in individuals of Asian descent
(Table 2, OR 1.46). When limited to CRC, left-sided lesions
were more likely to have reduced IKZFT methylation and
increased SEPT9 methylation when compared to right-sided

lesions (Supplementary Table S4, OR 0.66 and 1.15 for IKZF1
and SEPTY, respectively). BCAT1 and SEPT9 methylation was
significantly lower in all other gastrointestinal adenocarcino-
mas when compared to colorectal adenocarcinomas. While
there was no significant difference in IKZF1 methylation
between colorectal and gastroesophageal adenocarcinomas
(Table 2), we found that oesophageal adenocarcinomas con-
tained higher BCAT1 and IKZF1 methylation when compared
to gastric adenocarcinomas (Supplementary Table S5, OR 0.75
and 0.58 for BCATT and IKZF1, respectively). While IKZF1 and
SEPT9 methylation remained consistent independent of can-
cer stage, reduced BCATT methylation was observed with
gastrointestinal adenocarcinomas staged at Il and IV (Table
2). All (100%, n=396/396) colorectal adenocarcinomas, 92%
(n=446/484) of gastroesophageal adenocarcinomas, and 79%
(n=140/177) pancreatic adenocarcinomas were positive for at
least one of either methylated BCAT1, IKZF1 or SEPT9 (Table 2,
Supplementary Figure S5A). Permutations of methylated
BCAT1, IKZF1, and SEPT9 positivity offered limited ability to
discriminate between different gastrointestinal adenocarcino-
mas (Supplementary Figure S5A).

Selectivity of methylated BCAT1, IKZF1 and SEPT9 for
gastrointestinal cancers

Given that BCATI, IKZF1 and SEPT9 are validated ctDNA bio-
markers for CRC, and that DNA shed from any tumour can
contribute to the cell-free DNA within an individual, we
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Table 2. Predictors of BCAT1, IKZF1 and SEPT9 methylation in gastrointestinal adenocarcinomas.

BCAT1 IKZF1 SEPT9

Predictor OR 95% Cl p-Value OR 95% Cl p-Value OR 95% Cl p-Value
Age group

50years or older 1.00 - 1.00 - 1.00 -

Under 50 0.77 0.65 - 0.91 0.002 0.90 0.73 - 1.10 0.293 0.87 0.72 - 1.05 0.145
Sex

Male 1.00 - 1.00 - 1.00 -

Female 0.94 0.84-1.04 0.224 0.83 0.73 - 0.95 <0.005 0.96 0.85 - 1.08 0.470
Race

White 1.00 - 1.00 - 1.00 -

Asian 0.99 0.83 - 1.17 0.884 0.97 0.79 - 1.19 0.780 1.46 121 - 1.76 <0.001

Black/African-American 0.95 0.79 - 1.14 0.592 0.92 0.73 - 1.15 0.457 0.86 0.70 - 1.06 0.167
Pathology

Colorectal 1.00 - 1.00 - 1.00 -

adenocarcinoma

Gastroesophageal 0.50 0.44 - 0.56 <0.001 0.92 0.79-1.07 0.266 0.40 0.34-0.46 <0.001

adenocarcinoma

Pancreatic 0.30 0.25-0.35 <0.001 0.50 0.41-0.61 <0.001 0.18 0.15-0.22 <0.001

adenocarcinoma

Cholangiocarcinoma 0.25 0.19-0.34 <0.001 0.21 0.15-0.31 <0.001 0.09 0.06-0.12 <0.001
Overall stage

| 1.00 - 1.00 - 1.00 -

Il 0.84 0.72 - 1.00 0.044 0.94 0.77 - 1.15 0.573 1.04 0.87 - 1.25 0.662

1] 0.87 0.73 - 1.03 0.206 0.94 0.77 - 1.16 0.574 0.99 0.82 - 1.20 0.929

v 0.79 0.63-0.98 0.036 0.82 0.63-1.08 0.160 1.08 0.84 - 1.38 0.550

Data analyzed using multivariable beta regression, limited to n=938 complete observations. OR; odds ratio. Cl; confidence interval.

compared methylation of BCATT, IKZF1 and SEPT9 in colorec-
tal adenocarcinomas (i.e. TCGA-COAD/TCGA-READ) to that of
all tumour types represented within TCGA to characterize the
ability of methylated BCATI, IKZF1 and SEPT9 to differentiate
between different cancers. BCATT methylation was most prev-
alent in colorectal adenocarcinoma and reduced in all other
cancer types (Figure 2(A)), including commonly diagnosed
cancers such as breast, prostate, and lung cancer. IKZF1
methylation was significantly more prevalent in oesophageal
adenocarcinomas when compared to colorectal adenocarci-
noma (OR 1.51 [95% confidence interval 1.22-1.85]) and did
not significantly differ between colorectal, gastric adenocarci-
noma, nor prostate adenocarcinoma (Figure 2(A)). SEPT9 was
most frequently methylated in colorectal adenocarcinoma
and bladder urothelial carcinomas (Figure 2(A)) and signifi-
cantly reduced in all other cancer types (Figure 2(A)). SEPT9
methylation was observed in oesophageal, head and neck,
and cervical squamous cell carcinomas, albeit at a signifi-
cantly reduced methylation level when compared to colorec-
tal adenocarcinomas (Figure 2(A)). BCATT had the greatest
performance in differentiating colorectal adenocarcinoma
from all other cancer types, followed by SEPT9 (AUC 0.94 and
0.85, respectively, Figure 2(B), Supplementary Table S6). When
tumours were assessed for methylated biomarker positivity,
the combination of BCATT+SEPT9 (with any IKZF1 result) was
most selective for colorectal adenocarcinoma in all cancer
types above all other permutations (Supplementary Figure
S5B, AUC 0.89). Out of the three assessed biomarkers, IKZF1
had the highest AUC for gastroesophageal adenocarcinoma
(AUC 0.79, Figure 2(B), Supplementary Table S6). Similarly,
IKZF1-positive tumours were most selective for gastroesopha-
geal adenocarcinomas (AUC 0.77, Supplementary Figure 5B).
The highest combined AUC for detection of gastrointestinal
adenocarcinoma over all other cancer types was observed
with methylated BCATT (AUC 0.83, Figure 2(B), Supplementary
Table S6), or when at least two methylated biomarkers were

positive out of BCAT1, IKZF1 or SEPT9 using a cut-off of
$=0.25 (AUC 0.78, Supplementary Figure 5B).

Discussion

The high incidence and mortality from gastrointestinal cancers
across the world shows a clear need for test that is sensitive
and specific. Many discovery studies report long lists of candi-
date biomarkers, but few of these biomarkers reach FDA
approval (Paulovich et al. 2008). Further, commonly used
blood-based tumour biomarkers for gastrointestinal adenocar-
cinoma are limited to protein biomarkers CA 19-9 and CEA,
which are limited in use for treatment monitoring or detection
or residual or recurrent disease, and are also raised in benign
gastrointestinal diseases such as gastritis, peptic ulcers, duode-
nitis, esophagitis, diverticulitis, jaundice, pancreatitis and cir-
rhosis (Maestranzi et al. 1998). Repurposing existing CRC
biomarkers already in clinical use, including the BCAT1/IKZF1
(COLVERA) or SEPT9 (Epi proColon) methylated ctDNA assays
for the detection of gastrointestinal adenocarcinoma may
enable rapid translation into clinical use. Herein we observed
frequent and selective hypermethylation of BCAT1, IKZF1 and/
or SEPT9 in colorectal adenocarcinoma, oesophageal adenocar-
cinoma, gastric adenocarcinoma and partially in pancreatic
adenocarcinoma, highlighting the value of these existing
ctDNA assays to be adapted for use as a non-invasive assay for
detection of pan-gastrointestinal adenocarcinoma.

The present study assessed the methylation of BCATI,
IKZF1 and SEPT9 in a variety of normal and tumour tissues.
However, these biomarkers must be detectable in plasma
from people with cancer at a significantly higher rate than
that of healthy individuals to warrant further development
as a ctDNA assay for pan-gastrointestinal adenocarcinoma.
Previous work has shown that methylated ctDNA biomark-
ers for BCAT1, IKZFI and SEPT9 were able to detect colorec-
tal adenocarcinoma with a sensitivity of 65%, 68% and
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Figure 2. BCATI, IKZF1 And SEPT9 methylation is more prevalent in gastrointestinal adenocarcinoma when compared to other cancer types. (A) Forest plots
comparing methylation of BCAT1, IKZF1 and SEPT9 in different cancers relative to colorectal adenocarcinomas (n=396 colorectal adenocarcinomas vs. 8601 other
tumours). Data analyzed using beta regression. (B) Receiver operating characteristic curves summarizing the sensitivity and discriminatory ability (herein termed
specificity) for BCAT1, IKZF1 and SEPT9 methylation in gastrointestinal adenocarcinomas over all other cancers described in (a).

70%, respectively (Church et al. 2014; Pedersen et al. 2015), adenocarcinoma (Symonds et al. 2016; Lamb and Dhillon
and have undergone further development as tests for both  2017; Pedersen et al. 2023). Preliminary studies adapting
screening and post-operative follow-up of colorectal the methylated BCAT1/IKZF1 ctDNA assay have also shown



promise in oesophageal, gastric and pancreatic adenocar-
cinoma (Symonds et al. 2018A; Chan et al. 2022; Winter
et al. 2022A). Similarly, we found that the combination of
methylated BCAT1, IKZF1 and SEPT9 were excellent at
detecting gastrointestinal adenocarcinomas, but were not
effective at discriminating between different types of gas-
trointestinal adenocarcinoma. As such, it might be recom-
mended that individuals who test positive to existing
COLVERA (BCAT1/IKZF1) or Epi proColon (SEPT9) assays
undergo Dbi-directional endoscopic and colonoscopic
follow-up, or in cases of potential metastatic recurrence,
radiological scans for investigation of gastrointestinal
adenocarcinoma.

Importantly, methylated plasma ctDNA assays require
low rates of methylation in the plasma circulating cell-free
DNA from healthy individuals; of which ~84% comes from
cells of haematopoietic lineage, ~0.9% from colorectal epi-
thelial cells, ~0.8% from pancreatic epithelial cells, and ~0%
from gastroesophageal epithelial cells (Moss et al. 2018). It
has already been established that BCATI, IKZF1 and SEPT9
methylation is low in white blood cells obtained from
healthy individuals (Mitchell et al. 2016), making them suit-
able candidates to differentiate ctDNA from normal circulat-
ing cell-free DNA. Further studies have shown that IKZF1
and SEPT9 possess hyper-stable methylation (or lack thereof)
in plasma samples from healthy individuals (Shvetsov et al.
2015; Zaimi et al. 2018). While BCAT1 and SEPT9 are partially
methylated in normal colorectal cells, established ctDNA
assays for BCATI/IKZF1 and separately for SEPT9 highlight
the suitability of these biomarkers to differentiate CRC from
contaminating circulating cell-free DNA originating from
normal gastrointestinal epithelial cells (Mitchell et al. 2014;
Potter et al. 2014; Mitchell et al. 2016). These data also
highlight the need for caution in adapting BCATT and SEPT9
for other non-invasive biomarker tests, such as stool-based
biomarkers, due to the abundance of low-level methylation
of these biomarkers present in normal gastrointestinal epi-
thelial cells, which may be shed through normal cell turn-
over into faeces.

While BCAT1, IKZF1 and SEPT9 tissue methylation were dis-
criminatory for gastrointestinal adenocarcinoma over a vari-
ety of other tumour types when assessed both in isolation or
when combined, we also observed methylated /KZF1 and
SEPTY in tissue from prostate adenocarcinoma and bladder
urothelial carcinoma, respectively. Previous studies have
shown that ctDNA is more readily detectable in patients with
gastrointestinal cancer when compared to prostate cancer
(Bettegowda et al. 2014). Accordingly, the methylated BCAT1/
IKZF1 ctDNA assay has previously shown poor sensitivity for
prostate adenocarcinoma, suggesting that is unlikely to be a
common contributor to an unexplained positive blood test in
the context of a negative endoscopy/colonoscopy (Symonds
et al. 2018A; Winter et al. 2022B). ; As methylated SEPT9 was
prevalent in bladder urothelial carcinoma, it is possible that
methylated SEPT9 may benefit from further development as
a urine biomarker, and urine cytology may be recommended
as a rule-out test for individuals who test positive for Epi pro-
Colon but negative at endoscopy/colonoscopy.
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The present study identified independent predictors of
BCAT1, IKZF1 and SEPT9 methylation, including age, sex and
race. The relationship between age and increased methyla-
tion has been well described (Hannum et al. 2013).
Accordingly, BCAT1 and SEPT9 methylation was reduced in
gastrointestinal adenocarcinomas obtained from individuals
aged under 50years. Female sex was associated with reduced
IKZF1 methylation, consistent with observations on global
methylation from other studies (Zhang et al. 2011). Finally,
people of Asian descent had higher rates of SEPT9 tumour
methylation. This observation is consistent with previous
findings, where SEPT9 had a greater diagnostic sensitivity for
CRC in people of Asian descent (Hu et al. 2019), and high-
lights the value of using a panel of ctDNA biomarkers to
compensate for potential diagnostic disparities by racial and
ethnic status that may be encountered when a sole bio-
marker is assessed.

Panel-based methylated multi-cancer blood tests have
been previously investigated for lung, gynaecological, upper
and lower gastrointestinal cancers (Liu et al. 2020). The
next-generation sequencing-based Galleri (GRAIL Inc) blood
test is currently undergoing trial for asymptomatic individuals
in the United Kingdom (Swanton et al. 2022). Galleri's
panel-based approach allows prediction of the primary can-
cer type for clinical follow-up, but can result in unnecessary,
invasive and prolonged follow-up tests (162days), especially
in individuals with a false-positive blood test (Wise 2022). In
contrast, methylated BCATI, IKZF1 and SEPT9 appear largely
gastrointestinal adenocarcinoma-specificc, where a positive
blood test can be confirmed through targeted gastrointesti-
nal diagnostic follow-up.

While methylated BCAT1, IKZF1 and SEPT9 each show
value in detecting colorectal, oesophageal, gastric and some
pancreatic adenocarcinomas, they were not the most differ-
entially methylated regions assessed within each of the ana-
lyzed datasets. The biomarker discovery process for SEPT9
commenced prior to the availability of methylation arrays
(Lofton-Day et al. 2008). Similarly, BCATT and IKZF1 were
shortlisted as candidate methylated biomarkers based on
coverage within the lllumina HumanMethylation27 BeadChip
(Mitchell et al. 2014), limiting the pool of available candidate
biomarkers by more than 16x fewer CpG sites than those
analyzed within the current study. As next-generation
sequencing technologies have become more affordable, fur-
ther advances in genome-wide methylation technologies
have been made. As such, it is possible that new candidate
biomarkers with greater sensitivity and specificity for gastro-
intestinal adenocarcinomas may be discovered and devel-
oped with more contemporary ‘omic’ approaches.

Similarly, methylated BCAT1, IKZF1 and SEPT9 were not
identified as the most promising candidates for detection of
cholangiocarcinoma. Methylated biomarkers with better dif-
ferential capacity for cholangiocarcinoma have previously
undergone early development in plasma ctDNA assays
(Andresen et al. 2015) and could be considered for further
development within an integrated methylated biomarker
panel alongside BCATT, IKZF1 and SEPT9.

While the methylated BCAT1/IKZF1 (COLVERA) and methyl-
ated SEPT9 (Epi proColon) ctDNA assays have similar biological
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rationale and test methodologies, Epi proColon remains the
only ctDNA method approved by the United States FDA for CRC
screening in individuals who have declined first-line screening
tests (Shirley 2020). While methylated BCAT1/IKZF1 has been
investigated for CRC screening (Symonds et al. 2016; 2018B),
COLVERA was developed and used for recurrence monitoring
and detecting minimal residual disease in CRC. The most com-
monly used tools for surveillance of gastrointestinal adenocarci-
noma recurrence are low-sensitivity and low-specificity protein
biomarker blood tests including CEA or CA 19-9, in combination
with radiological scans. Given the high rate of BCATI, IKZF1,
and/or SEPT9 methylation in gastrointestinal adenocarcinomas,
we consider further work up of these ctDNA assays justified.
This could be either as a gastrointestinal cancer screening test
option for individuals non-compliant for other screening meth-
ods, or as a ctDNA-based recurrence surveillance tool alongside
diagnostic radiology.

Herein, we used in silico data to demonstrate hypermeth-
ylation of BCAT1, IKZF1, and SEPT9 in different gastrointestinal
adenocarcinomas and rationalize further development of
existing methylated ctDNA blood tests; COLVERA and Epi
proColon, for pan-gastrointestinal adenocarcinomas. An
important limitation of this study surrounds use of in silico
methylation array data as a proxy for a methylation-specific
gPCR ctDNA assays. First, we were unable to characterize
methylation of each biomarker over the entire region
detected within the COLVERA and Epi proColon assays,
instead limiting observations to one to two probes located
either internally (BCAT1, IKZF1) or immediately flanking (SEPT9)
the regions detected by the corresponding COLVERA and Epi
proColon ctDNA assays. Secondly, our positivity and selectiv-
ity analyses, beta regression, and ROC curves were performed
using tissue, and not plasma cell-free DNA. Given that the
vast majority of cell-free DNA come from haematopoietic
cells, or sometimes tumour cells (particularly in late-stage
cancers), a low positivity rate of BCAT1, IKZF1 and SEPT9 in
cell-free DNA from most (cancer-free) individuals would be
expected. Further, a tumour methylated for BCAT1, IKZF1 and/
or SEPT9 may not be detectable in the blood ctDNA, nor
shed into circulation, for a variety of reasons including
tumour size, site, stage, and pathophysiological reasons. As
such, results from tissue methylation arrays presented herein
should be extrapolated to methylation-specific qPCR tests
with caution. Regardless, our data provides valuable evidence
to show that primary gastrointestinal adenocarcinomas are
hypermethylated for BCAT1, IKZF1 and SEPT9 at a rate higher
than other non-gastrointestinal cancers, rationalizing further
development and application of methylated BCAT1, IKZF1 and
SEPT9 qPCR-based assays for pan-gastrointestinal adenocarci-
noma. This study is the first to directly assess methylation of
BCAT1, IKZF1 and SEPT9 in pan-gastrointestinal adenocarci-
noma tissue. BCATI, IKZF1 and/or SEPT9 were frequently
methylated in colorectal, oesophageal, gastric and some pan-
creatic adenocarcinomas, highlighting the value in adaption
of these existing ctDNA assays for broader detection of gas-
trointestinal adenocarcinoma. The results presented warrant
further prospective studies to investigate the accuracy of
these blood-based biomarkers for detection of gastrointesti-
nal cancers other than colorectal cancer.
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