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In Brief

This study provides the largest
proteomic characterization in
esophageal adenocarcinoma
(EAC), analyzing proteins from
5879 genes across 23 patients.
GPA383 is identified as a key EAC-
selective biomarker
overexpressed in a significant
portion of EAC patients. Potential
biomarkers characterized by RNA
to protein dysregulation are
uncovered by proteogenomic
analysis. The EAC-selective
overexpression of genes including
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Highlights

e Largest multi-omic characterization in EAC.

e Protein quantitation from 5,879 genes across 23 EAC patients tissues.
e GPAS3S, significantly over-expressed in EAC.

e Tumor-selective, post-transcriptional protein regulation in EAC.
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Efforts to address the poor prognosis associated with
esophageal adenocarcinoma (EAC) have been hampered by
a lack of biomarkers to identify early disease and therapeutic
targets. Despite extensive efforts to understand the somatic
mutations associated with EAC over the past decade, a gap
remains in understanding how the atlas of genomic aberra-
tions in this cancer impacts the proteome and which somatic
variants are of importance for the disease phenotype. We
performed a quantitative proteomic analysis of 23 EACs and
matched adjacent normal esophageal and gastric tissues.
We explored the correlation of transcript and protein abun-
dance using tissue-matched RNA-seq and proteomic data
from seven patients and further integrated these data with a
cohort of EAC RNA-seq data (n = 264 patients), EAC whole-
genome sequencing (n = 454 patients), and external pub-
lished datasets. We quantified protein expression from 5879
genes in EAC and patient-matched normal tissues. Several
biomarker candidates with EAC-selective expression were
identified, including the transmembrane protein GPA33. We
further verified the EAC-enriched expression of GPA33 in an
external cohort of 115 patients and confirm this as an
attractive diagnostic and therapeutic target. To further
extend the insights gained from our proteomic data, an in-
tegrated analysis of protein and RNA expression in EAC and
normal tissues revealed several genes with poorly correlated

protein and RNA abundance, suggesting posttranscriptional
regulation of protein expression. These outlier genes,
including SLC25A30, TAOK2, and AGMAT, only rarely
demonstrated somatic mutation, suggesting post-transcrip-
tional drivers for this EAC-specific phenotype. AGMAT was
demonstrated to be overexpressed at the protein level in EAC
compared to adjacent normal tissues with an EAC-selective,
post-transcriptional mechanism of regulation of protein
abundance proposed. Integrated analysis of proteome,
transcriptome, and genome in EAC has revealed several
genes with tumor-selective, posttranscriptional regulation of
protein expression, which may be an exploitable vulnerability.

Esophageal cancer is the seventh most common cancer
worldwide and the sixth leading cause of cancer death (1).
Esophageal adenocarcinoma (EAC) is now the prevalent histo-
logical subtype in Western countries and continues to increase in
incidence (2, 3). Gastro-esophageal reflux is thought to be the
main driver of the development of EAC as refluxed bile and
gastric acid combine to create a carcinogenic environment in the
distal esophagus. In this environment, the normally squamous
lined esophagus undergoes a metaplastic change to columnar
mucosa, known as Barrett’s esophagus, which can progress
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over time through dysplasiato EAC (4). If treated by resection ata
mucosa-confined, often asymptomatic, early stage, the 5-year
overall survival approaches 90% (5). However, despite recent
advances in the detection and surveillance of Barrett’s esoph-
agus, the majority of patients with EAC still present with symp-
tomatic, advanced disease, and the prognosis remains grave
with a 5-year overall survival of less than 20% (6, 7).

Encouraging advances have been made in systemic
chemotherapy regimens for EAC (8), yet most remain resistant
to chemotherapy. The lack of validated early detection
methods, the late presentation of symptomatic cancers, and
the aggressiveness of this tumor type combine to lead to a
highly lethal disease (9). Identifying an EAC-specific biomarker
could improve the detection of invasive disease within a pre-
malignant Barrett’s esophagus segment using either
advanced imaging techniques during endoscopy or on ex vivo
cytology specimens or have application in imaging for cancer
staging or, in selected cases, as a therapeutic target (10).

Despite knowledge of the genetic changes in EAC devel-
oped during large-scale sequencing efforts, no dominant
driver oncogene or EAC-specific biomarker has been identi-
fied (11) and this impairs efforts to develop screening tools.
Many imaging tools are directed at protein targets, yet few
studies of global protein abundances have been performed in
EAC. Shotgun proteomics is an ideal technique to explore
tissue protein abundances in a hypothesis-free context (12).
Our previous work remains one of the most extensive prote-
omic studies to date in EAC and explored protein abundances
by shotgun proteomics in seven patients (13). In this current
study, we significantly extend this to 23 patients but also
improve proteome coverage by leveraging newer generation
mass spectrometry (MS) instruments.

Previous studies have explored EAC pathogenesis by
genomic or transcriptomic methods (14, 15) or proteomics in
isolation (16, 17). With developments in sequencing and pro-
teomic techniques, combining DNA, RNA-seq, and proteomic
analysis from the same tissue has become a realistic prospect
and can illuminate mechanisms of protein abundance regu-
lation and potentially reveal EAC-specific biomarkers
obscured in previous single-omic studies.

In this biomarker discovery study, we characterize changes
in protein and RNA abundance in EAC and generalize these
results to a broader cohort. We identified EAC-specific
changes in the ratio of protein to RNA abundance, which we
propose originate through posttranscriptional regulatory
mechanisms. These new insights may allow the development
of EAC-specific diagnostic or therapeutic tools.

EXPERIMENTAL PROCEDURES
Ethical and Institutional Approvals
All patients gave prospective, written, informed consent to the use

of tissue, clinical data, and publication of results arising. Ethical ap-
provals were provided by the Lothian Local Research Ethics

Committee, the Tayside Committee on Medical Research Ethics, and
the National Research Ethics Service (NRES) Committee East of En-
gland, Cambridge South (references 06/S1101/16, 10/S1402/33, 10/
HO0305/1). Institutional approval was provided by the National Health
Service (NHS) Lothian Research and Development (references 2006/
W/PA/01 and 2011/W/ON/27). Patients were deidentified at the time of
consent to the use of tissue and clinical data and therefore no patient-
identifiable data have been included. The studies in this work abide by
the Declaration of Helsinki principles.

Experimental Design and Statistical Rationale

Sample Size—Proteomic data have been included in this work from
samples from a total of 23 patients with EAC analyzed by tandem
mass tag (TMT) LC-MS/MS. Raw peptide reporter ion data were ob-
tained for seven patients from our previous publication (13), and we
generated new data for 16 patients. All subsequent analysis steps in
the proteomic informatic analysis included all 23 patients. Due to the
very limited available published data on the EAC proteome and as this
was a hypothesis-generating study, a formal power calculation was
not undertaken to determine the sample number for proteomic anal-
ysis. This was determined based on similar discovery-phase proteo-
mic studies using human tumor tissue and the availability of high-
quality clinical material.

Due to the risk of false-positives because of the relatively small
sample size in the discovery cohort, verification of proposed proteo-
mic biomarkers was performed by immunohistochemistry (IHC) using
a tissue microarray containing formalin-fixed, paraffin-embedded
cores from multiple tissue types from an independent cohort of 115
patients with EAC.

Our previous proteomic data suggested high technical reproduc-
ibility with the majority of sample variance coming from between pa-
tient variability (13). The number of biological, rather than technical,
replicates was maximized for the available reporter ion channels to
address this (supplemental Fig. S1, B-F).

Tissue Sampling—Fresh biopsies surplus to diagnostic re-
quirements representing tumor, proximal normal squamous esoph-
agus, and distal normal gastric tissue were collected from resection
specimens from patients undergoing surgery for locally advanced
esophageal or esophagogastric junctional adenocarcinoma within
30 min of specimen resection. The use of patient-matched, tumor
adjacent normal tissues provided a patient level control to identify
tumor-enriched protein expression. Biopsies were snap-frozen in
liquid nitrogen and maintained at —80 °C until processing. All biopsies
were deidentified at the time of collection, subjected to frozen section
and histopathological review by a specialist upper gastrointestinal
pathologist to confirm tissue of origin, and only tumor samples with
>50% tumor cellularity proceeded to analysis with the remaining bi-
opsy used for proteomic analysis and, in cases with sufficient material,
DNA and RNA extraction and sequencing.

Tissue Processing for Proteomics—Tissue samples (median sample
mass = 17 mg) were processed to tryptic peptides as previously
described (13) (detailed protocol in Supplemental Methods). Briefly,
samples were homogenized using a bead-mill, lysed in 4% SDS lysis
buffer at 20:1 buffer to biopsy mass, sonicated, and buffer-exchanged
using 30 kDa cut-off spin columns (Millipore). Buffer-exchanged ly-
sates were reduced and alkylated before protein concentration
determination using the RC-DC protein assay (Bio-Rad) according to
the manufacturer’s instructions. Lysates were digested overnight at 37
°C using trypsin (sequencing grade, Promega) at a 1:100 enzyme-to-
protein ratio (w/w). Tryptic peptides solutions were lyophilized using a
SpeedVac concentrator (Savant SPD121P, Thermo Fisher Scientific)
and resuspended in 50 pl 100 mM triethylammonium bicarbonate prior
to tandem mass tag (TMT) labeling.
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TMT Labeling—TMT label tags were individually resuspended in
41 pl of anhydrous acetonitrile at room temperature (RT). Tryptic
peptide samples were labeled with 20.5 pl of the corresponding TMT
label reagent (supplemental Fig. S1A) at RT for 1 h before reaction
quenching using 4 pl of 5% hydroxylamine for 15 min. TMT-labeled
samples were pooled in low peptide retention tubes (Pierce), lyophi-
lized, reconstituted in 0.1% (v/v) formic acid in MS-grade water
(Thermo Fisher Scientific), desalted using Micro SpinColumns C18
(Harvard Apparatus), and lyophilized again.

Fractionation—The samples from seven initial patients described in
our prior published work were fractionated by OFF-GEL electropho-
resis as previously described (13). Subsequent pooled TMT-labeled
samples for this work were fractionated using the Pierce high-pH
reversed-phase peptide fractionation kit (Thermo Fisher Scientific)
into eight peptide fractions according to the manufacturer’'s in-
structions (Supplemental Methods). All fractions and the subsequent
flow-through were then subjected to LC-MS/MS.

Mass Spectrometry—Individual peptide fractions were subjected to
mass-spectrometry (MS) using a Q-Exactive Orbitrap Plus equipped
with the Flex nano-electrospray ionization source and stainless steel
needle (20 pm ID x 10 pm tip ID). The needle voltage was set to 3.1 kV,
and the scan range was 200 to 2000 m/z. Full MS resolution was set to
70,000, automated gain control (AGC) target to 3 x 106, and maximum
injection time was set to 50 ms. For MS/MS analysis, the mass res-
olution was set to 35,000, the AGC target to 1 x 10°%, and the
maximum injection time to 120 ms. The isolation width for tandem
mass spectrometry (MS/MS) was set to m/z 1.5, and the top 15 ions
were selected for fragmentation, singly charged ions, and ions bearing
a charge higher than +7 were excluded from MS/MS. Dynamic
exclusion time was set to 20 s.

Database Searching and Peptide Identification— For the 16 patients
with new MS data generated in this study, Thermo Fisher Scientific
RAW files were converted using msconvert (18) to mzML files. Data-
base searches were performed using MS-GF+ (19) (v2019.04.18)
against a custom database of Ensemble v94 proteins concatenated
with reverse decoy sequences and common contaminants. Peptide-
spectrum matching (PSM) was conducted with the following param-
eters: 10 parts per million precursor tolerance, tryptic cleavage termini
with up to two missed cleavages, peptide length of 6 to 40 amino
acids, fixed cysteine carbamidomethylation, fixed TMT 6 plex modi-
fication (229.1629 Da) on any lysine terminus, variable modification
(-187.152366 Da) on any lysine residue to account for acetylation
rather than TMT modification, and variable methionine oxidation. In-
dependent false discovery rate (FDR) calculations were made at each
stage of identification using Scavenger (19, 20) (v0.1.29) with a
threshold of 1% FDR at the PSM peptide and protein level, and two
unique peptides required for protein identification.

Quantitative Analysis of Proteomes—For quantitative analysis, re-
porter ion intensities were extracted from mzML files using the pyO-
penMS (21) package with a 0.01 Da tolerance. Summary peptide
reporter ion intensities were derived from the sum of all corresponding
PSM reporter ion intensity values.

To allow integration with the paired RNA expression data and
avoid confounding from the uncertainty in transcript and protein
isoform identification, all peptides mapping to a unique gene
(Ensembl gene identifier; ENSG) were grouped under that gene
identifier. To obtain relative expression between patient-matched
tissues for a given gene, the ratio of peptide reporter ion intensities
was calculated and then the geometric mean of ratios was calculated
for each gene as previously reported (13). Only peptides unique to an
ENSG were used for quantification. A summary relative expression
value between tumor and normal esophagus (TvE) and tumor and

normal gastric tissue (TvG) was calculated for each gene across
patients and technical replicates using a meta-analysis approach
with a fixed-effect model as previously described (13). Welch's
modified t test was used to test the hypothesis that relative protein
abundances in the TvE and TvG ratios were not different from the
protein abundances of any technical replicates (TvT, EVE, and GvG).
The Benjamini-Yekutieli method (22) was used to correct for multiple
hypothesis testing, and the FDR- corrected significance threshold
was set to p <0.05.

For the correlation of protein and RNA abundance, the geometric
mean of all peptide reporter ion intensities for tumor tissues only was
calculated for each ENSG for each patient. The meta-analysis with a
fixed-effect model approach was then applied to combine patients,
weighting the contribution of each patient according to the inverse of
the variance of the geometric mean intensity.

External Proteomic Data—Raw peptide abundances from normal
tissues were obtained from external published MS data (23, 24).
Peptide intensities were processed using the same principles as the
EAC samples, pooling all unique peptides that map for each ENSG
identifier, and deriving a geometric mean for each ENSG.

To account for differing MS instruments, fractionation methods, and
possible experimental batch effects, three sequential steps of
normalization were applied to the combined dataset of our study and
previous publications. The normalization consisted of a sample
loading normalization, followed by the trimmed mean of M-values and
quantile normalization (code available on request).

Immunohistochemistry—Tissue microarrays (TMAs) were con-
structed as previously reported (13). Cores on the array included
patient-matched normal esophagus, normal stomach, ECA, normal
lymph nodes, and lymph node metastases (where present)
(supplemental Fig. S5). TMA blocks were sectioned at a thickness of
5 pm and placed on positively charged slides (Thermo Fisher Scien-
tific) to maximize core adherence. IHC was performed using BOND lI|
autostainer with antibodies to GPA33 (Abcam, ab108938, 1:250
dilution), (Sigma, HPA018858, 1:100 dilution) or insulin-like growth
factor-binding protein 1 (IGF2BP1) (Sigma, HPA002037, 1:500 dilu-
tion) incubated for 20 min at RT and detection using the Leica Bond
Polymer Refine Detection kit (DS9800; Leica Biosystems), following
the manufacturer’s instructions. Sections representing normal colonic
epithelium and normal tonsillar tissue were stained in parallel as
positive and negative controls.

Assessment of the IHC intensity staining of TMA cores was per-
formed by two expert histopathologists reaching consensus scores,
and these samples were graded from 0 to 3 (0 = nil, 1 = weak, 2 =
moderate, and 3 = strong). Representative IHC images and corre-
sponding intensity scores are shown in (supplemental Fig. S2A). Cores
with significant artifacts (i.e., folded tissue) or loss of tissue material
were excluded from the analysis.

EAC RNA-Seq Data— RNA expression values were derived by RNA-
seq for 264 EAC samples as part of the ICGC ESAD project as pre-
viously described (11). A total of seven tumors evaluated by shotgun
proteomics in this study also had paired RNA-seq data generated. For
these seven patients, unprocessed FASTQ files were mapped to the
hg38 reference genome using STAR aligner (v2.6.1). The resulting
binary alignment map (BAM) files were then used to quantify gene
expression with RSEM (v1.3.3, https://deweylab.github.io/RSEMY/),
obtaining normalized transcript per million (TPM) values for each
unique ENSG.

RNA expression results from a further 257 EAC samples were
derived as described in Frankell et al. (11), and expression values in
TPM reads were obtained for each unique ENSG quantified for each
additional patient.
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External RNA-Seq Data—To complement our study of EAC, tran-
script expression values (obtained as TPM values) from normal
esophageal samples and a wide range of other normal tissues were
incorporated from two external studies - the Wang et al. (23) dataset
and the genotype-tissue expression consortium dataset (GTEx con-
sortium) analyses of normal human tissues (25). Transcript expression
from normal tissues was pooled with EAC samples and normalized
together at the ENSG level using the trimmed mean of M-values and
quantile normalization (26). The GTEx data were downloaded from the
GTEx Portal on 12/13/2018.

EAC Whole-Genome Sequencing—Whole-genome sequencing
data from 454 ECAs generated during the International Cancer
Genome Consortium ECA cancer genome project (ICGC ESAD) were
included in the study. Tumors were sequenced at a mean depth of
70x coverage in EAC (minimum depth 52x) and a mean depth of 42x
coverage in patient-matched germline tissue (minimum depth 29x).
Data from 420 tumors were previously published in Frankell et al. (11),
while data from 34 newly processed samples were included in this
study. Raw unprocessed FASTQ files were aligned to the human
reference genome (hg38) using bwa (v0.7.17), and duplicate reads
were marked using Picard tools (v2.18.23). Genomic variants were
called using the genome analysis toolkit best practices Mutect2
(v.4.1.3) and filtered against a germline sample for each patient.
Germline variants were also labeled in the same step using data from
the 1000 genomes project (27). The resulting variant files were an-
notated using VCF2MAF (28), combined with Ensembl variant effect
predictor, and then processed using custom scripts in R (version
4.1.0, https://www.r-project.org/).

RESULTS
Aberrant Expression in the EAC Proteins

To identify proteins with enriched or EAC-specific expres-
sion, patient-matched samples representing the primary tu-
mor and adjacent normal esophagus and stomach were
collected from resection specimens from 23 patients under-
going esophagectomy for EAC (Fig. 1, cohort clinical and
pathological characteristics in Tables 1 and 2). A total of 5879
gene products were quantified in at least one patient across
the three different tissues (1% FDR at the PSM, peptide, and
protein levels) (supplemental Tables S1 and S2). Exploring the
expression of proteins between adjacent patient-matched
tissues revealed relative overexpression of several proteins
in EAC compared to surrounding normal tissues (Fig. 2).
Although data were collected using various experimental
procedures, no batch effects were observed following
normalization and technical replicate ratios clustered together
(supplemental Fig. S3). Although our ratiometric expression
analysis cannot uncover protein abundances that are specific
to EAC, we found that none of the proteins detected in the raw
data had unique peptide reporter ion signatures that were
exclusively present in EAC tissue, indicating that there were
no proteins detected with entirely EAC-specific expression.
Proteins ubiquitously identified across patients were generally
from “housekeeping” or cytoskeletal genes and few proteins
with tissue-enhanced expression profiles were detected in
more than 75% of patients.

We once again identified epithelial cell adhesion molecule
(EPCAM) as being highly expressed in EAC compared to

surrounding normal tissues and have previously validated this
expression pattern (13). Glycoprotein A33 (GPA33) is a cell
surface glycoprotein that has been identified as expressed in
intestinal tissues and colorectal and gastric cancer and has a
putative role in cell adhesion (29, 30). We quantified GPA33 in
eight patients’ tissues and demonstrated 4-fold higher
expression in EAC than both patient-matched normal squa-
mous esophagus and normal stomach. Proteins with known
expression in intestinal tissues such as intelectin-1 (31) and
villin (32) were found to be enriched in EAC, likely reflecting the
origin of this cancer from intestinal metaplasia of the esoph-
agus (33). Other proteins previously demonstrated to be
overexpressed in EAC were also identified (DSG2 (34), GATA6
(11, 35), or REG4 (36)), as well as many other novel genes
presenting enriched expression in EAC.

We focused on EAC-enriched proteins, defining those
pragmatically as quantified in the majority of our samples (at
least 60%) and significantly overexpressed in EAC compared
to both normal esophagus and stomach (FDR-adjusted p <
0.05). Nineteen members of the RNA-binding motif (RBM)
protein family were identified in this study and four (RBM3,
RBM6, RBM25, and RBMX) demonstrated EAC-enriched
expression. RBM3 was at least 2-fold overexpressed in EAC
compared to both normal esophageal and normal gastric
tissues.

Cancer-testis antigens have long been held as compelling
targets for specific cancer therapies or biomarkers for cancer
screening due to their highly restricted tissue expression (37).
We identified several cancer-testis antigens as EAC-enriched,
including melanoma-associated antigen family members
MAGEA4, MAGEA10, MAGED2, and MAGEB?2. This group of
genes has a well-established role in other cancers and
MAGEA4 has been previously demonstrated to be overex-
pressed in esophageal cancer (38). Due to its EAC-enriched
expression, MAGEA4 is a compelling target for immunother-
apeutic approaches. Clinical trials are already underway for
MAGEA4-directed adoptive T-cell therapies for patients with
MAGEA4-enriched expression in esophageal cancer (39, 40)
(https://clinicaltrials.gov/ct2/show/NCT04752358). For this
reason, we evaluated another cancer-testis antigen; insulin-
like growth factor 2 mRNA binding protein (IGF2BP1) which
was expressed in 10% of patients in this cohort. This gene
was over-expressed in EAC compared to patient-matched
adjacent normal tissues. There is little published literature on
the role of this protein in EAC and we, therefore, sought to
validate its expression by IHC.

Validation of GPA33 and IGF2BP1 as EAC-Enriched
Proteins

IGF2BP1 is an RNA binding protein with expression in a
wide range of fetal tissues and several cancers but the
expression in adult tissues is limited to the testis, ovary,
prostate, and kidney (41). A recent study reported higher
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expression of IGF2BP1 in colonic adenocarcinoma relative to  from formalin-fixed, paraffin-embedded archival tissues rep-
normal colonic mucosa in a set of 13 paired samples (42). resenting primary ECA, lymph node metastases (where pre-

The expression of IGF2BP1 in EAC was evaluated by IHC  sent), uninvolved lymph nodes, normal gastric mucosa, and
using a tissue microarray comprising patient-matched cores normal squamous esophageal samples. A total of 115
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TABLE 1
Cohort clinical characteristics

TaBLE 2
Cohort pathological characteristics

Clinical covariable Total Pathological covariable Total

Gender pT
Male 18 (78.3) T1b 3(13.0)
Female 5(21.7) T2 3 (13.0)

Age at diagnosis T3 15 (65.2)
Median (IQR) 66.6 (13.1) T4a 2 (8.7)

ASA Grade pN
| 11 (47.8) NO 6 (26.1)

Il 11 (47.8) N1 6 (26.1)
1] 1(4.3) N2 5(21.7)

Histology N3 6 (26.1)
Adenocarcinoma 23 (100) pM

Tumour location MO 23 (100.0)
Eso Mid 1/3 14.3) R
Eso Low 1/3 12 (52.2) RO 13 (56.5)
EGJ | 3 (13.0) R1 10 (43.5)
EGJ Il 3(13.0) TRG
EGJ Il 4 (17.4) TRG I-lll 0(0)

cT TRG IV 6 (26.1)

T2 14.3) TRG V 8 (34.8)
T3 22 (95.7) Missing 5(21.7)
cN N/A 4 (17.4)
NO 0 (0) o - - - :
N1 8 (34.9) . Abbreviations: pM, pathological metastass stage from eighth e.dl-
N2 11 (47.8) tion of the UICC TNM cancer staging manual (74); pN, pathological
’ nodal stage; pT, pathological tumor invasion stage; R, resection
N3 4 (17.4) . )
oM margin status; TRG, mandard tumor regression grade.
Mo 23 (100.0)

Preoperative chemotherapy were classified as high IGF2BP1 protein abundances, the
gxggx 12 (297'6) staining was confined mainly to a few scattered lymphocytes
6§ECF 1 24:3; or potentially nonspecific staining within gastric glands
None 4 (17.4) (supplemental Fig. S2B), suggesting that IGF2BP1 tends to be

Abbreviations: ASA, American Society of Anesthesiologists; ECF,
epirubicin, cisplatin, 5-fluorouracil; ECX, epirubicin, cisplatin, capeci-
tabine; EGJ, esophagogastric junctional; Eso, esophageal; IQR,
interquartile range.

patients' tissues were included in the array, all of whom had
undergone esophagectomy for ECA and 75% had no onco-
logical treatment prior to surgery. The clinicopathological
characteristics of these patients have been previously re-
ported (13).

Across the TMA, IGF2BP1 was highly expressed in 12% of
the EAC samples, a similar prevalence to the discovery cohort
undergoing shotgun proteomic analysis (identified in 2/23
patients). Expression was absent or very low in normal
esophageal squamous tissue (Fig. 3A). On analysis of patient-
matched cores, there were five EAC cases that showed
expression of IGF2BP1 with absent expression in the patient-
matched normal squamous tissue (Figs. 3B, C-50, C-25, C-
26, C-33, and C-86). These observations further support the
quantitative proteomic data. High IGF2BP1 protein abun-
dance was identified in 19% of EAC lymph node metastases
(Fig. 3A). Although around a quarter of uninvolved lymph
nodes (5/20 cases) and normal gastric mucosa (7/31 cases)

expressed in epithelial-derived tumor cells in EAC. However,
more than two-thirds (72%) of the EAC cases showed no
protein expression of IGF2BP1 by IHC. Overall, the data
suggest that IGF2BP1 protein can be considered to be a
moderately tumor-enriched biomarker in EAC, but it may only
be useful as a therapeutic target or diagnostic biomarker in a
limited proportion of patients. The role of IGF2BP1 expression
in lymphocytes remains to be determined but may impact the
utility of this biomarker in a clinical context for identifying EAC
lymph node metastases.

GPAS33 was highly expressed in around a third of the EAC
samples (33/110 cases) in the TMA (Fig. 3C), which is again
consistent with the prevalence in our proteomic cohort (EAC-
enriched expression in 8/23 patients). In contrast, only two
cases across all of the normal tissues (normal lymph node,
normal gastric mucosa, and normal esophageal squamous
epithelium) showed similarly high GPA33 expression (Fig. 3C
uninvolved node). Of the 43 patients with multiple tissue
types assessed by IHC, 14 (33%) showed high GPA33 pro-
tein levels in primary ECA. While sample numbers are low,
there are representative examples of agreement with primary
and metastatic lymph nodes with either high primary and
lymph node expression (1/1 patients, Fig. 3D, C13) or low
primary and either low or high lymph node expression (4/4

6 Mol Cell Proteomics (2024) 23(6) 100764
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Fic. 2. The landscape of protein abundance in EAC relative to patient-matched normal esophageal and normal gastric tissue in 23
patients. Relative expression of 5879 genes across EAC, normal squamous esophagus, and normal stomach in more than one patient. The size
of each point indicates the number of patients in which the protein has been quantified, and the color represents the number of peptides
quantified per protein. All values correspond to a weighted mean derived across patients with a geometric mean of the ratio of peptide reporter
ion intensities across all unique peptides mapping to a gene calculated for each patient. Symbols represent ENSG identifiers.

patients, Fig. 3D, C41, C44, C103, C113). For the patients
with high GPA33-expressing primary tumors, no normal tis-
sues had high expression. Similarly in all assessed normal
tissues (normal lymph node, normal gastric mucosa, and
normal esophageal squamous epithelium), there were only
two cases of high GPA33 staining (2/37 cores, Fig. 3D, C-
100, C-107). In both of these uninvolved lymph nodes, the
staining appeared to arise in a few lymphocytes
(supplemental Fig. S4). We further verified the staining
pattern with a second anti-GPA33 antibody (ab108938,
Fig. 3E) on a subset of the cohort (n = 62 patients) and found
a highly significant correlation in staining scores (Rho =
0.822, p < 0.001). Overall, these data demonstrate that
GPA33 has high EAC specificity and is worthy of further
exploration as an EAC biomarker and potential therapeutic
target.

Correlation of RNA and Protein Abundances in EAC

The correlation between RNA abundance and protein
abundance has been explored in mammalian cell systems and
using global methods in normal human tissues and cancer
(23-25, 43). Uncovering tissue-specific patterns of the regu-
lation of protein abundance independent of RNA abundance
implies a posttranscriptional regulatory mechanism, which
could represent a disease biomarker or drug target. The
control of protein abundance in normal and diseased tissues
is still largely unexplored for many genes and if occurring at
the posttranscriptional level would limit the relevance of
transcriptome analysis to understanding disease biology.
Conversely, the greater genome coverage of RNA-seq pro-
vides a distinct advantage over shotgun proteomics, and this
technique may be better suited to future translational studies
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Fic. 3. Expression of IGF2BP1 and GPA33 across a tissue microarray containing patient-matched primary esophageal adenocarci-
noma, involved (metastatic) lymph nodes, uninvolved lymph nodes, normal gastric, and normal squamous esophageal squamous. A,
immunohistochemistry (IHC) scores for IGF2BP1 protein abundances according to tissue type. B, scoring according to patient-matched tissue
samples, including tumor cores and/or involved and uninvolved lymph nodes along with normal gastric and normal esophageal squamous
tissues (total n = 53). C, IHC scores for GPA33 protein abundances according to tissue type. D, scoring according to patient-matched tissue
samples, including tumor cores and/or involved and uninvolved lymph nodes along with normal gastric and normal esophageal squamous
tissues (total n = 43). E, representative GPA33 IHC images showing similar staining patterns of two different anti-GPA33 antibodies. IHC staining
was evaluated according to 3,3 -diaminobenzidine (DAB) intensity. In (B) and (D), each core is identified by a core number, followed by path-
ological T-stage, N-stage, and tumor grade. GPA33, glycoprotein A33; IGF2BP1, insulin-like growth factor-binding protein 1.

in the case that protein and RNA abundance are well corre- By plotting genes according to both protein and RNA
lated. To explore this in EAC, we correlated the expression of  expression, we identify a group of 15 outlier genes with low
protein and mRNA in seven patients in our proteomic dis- protein-to-RNA expression ratios (Log, protein intensity < 26,
covery cohort who had sufficient tumor tissue to undergo both  Log, RNA TPM > 10; Fig. 4A, highlighted blue). Although these
RNA-seq and shotgun proteomics (supplemental Fig. S6, A- genes may have been identified in a transcriptome analysis as
H). These tissue-matched datasets present a unique oppor- highly expressed, they are less likely to be of interest from a
tunity to independently explore the decoupling of RNA and biomarker perspective due to low relative protein expression.
protein abundance. In contrast, we also identified a group of 30 outlier genes with

We quantified both RNA and protein abundance in EAC  high protein-to-RNA expression ratios (Log, protein intensity >
tissues in at least one patient across 5531 genes. Although 28, Log. RNA TPM < 8; Fig. 4A, highlighted red). These may
genome coverage and the strength of correlation varied not have been identified from a transcriptome-only analysis
across patients, there was a moderate correlation between and may well be biomarker candidates or therapeutic targets.
RNA and protein abundance overall (Spearman’s value of Several of these genes with high protein-to-RNA ratios are
0.46), in keeping with previous reports from other human tis- of interest, including RHNO1, CHFR, and CENPE
sues (23). (supplemental Fig. S6H). RHNO1 has been recently reported
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Fic. 4. Direct correlation of protein and RNA expression in EAC and normal squamous esophagus. A, patient-matched expression of
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SASBMB

Mol Cell Proteomics (2024) 23(6) 100764 9



Multi-Omic Analysis of Esophageal Adenocarcinoma

as a prognostic marker in colorectal cancer (44), renal, and
liver cancer, where the high expression is associated with a
poor prognosis (45). CHFR is an E3 ubiquitin ligase with a role
in cell cycle checkpoints and is known to be downregulated
EAC at the RNA level (46, 47). This was again demonstrated in
this analysis yet CHFR was highly expressed at the protein
level, highlighting the need to corroborate RNA expression
results with data at the protein level. Another gene following
this pattern of expression is CENPE, which is associated with
lung adenocarcinoma cell proliferation (48), and the expres-
sion is correlated with poor prognosis in EAC (49). It is
possible that protein abundance is not transcriptionally
controlled for these genes and therefore in future work their
expression must be studied directly at the protein level.

Tissue-Matched Protein-to-RNA Expression Ratios are
Representative of Global EAC Protein-to-RNA Expression
Ratios

We have directly assessed protein-to-RNA expression ra-
tios by undertaking both proteomic and RNA-seq analysis
from the same tumors from seven patients, yet it is not clear if
this small sample is representative of protein-to-RNA
expression ratios in EAC in general. To assess this, we used
RNA expression data derived from RNA-seq analysis of 264
EACs from patients in the OCCAMS study taking part in the
ICGC ESAD project. Protein expression in EAC alone derived
from the pooled analysis of the 23 patients presented in
Figure 2 was plotted against RNA expression derived from the
OCCAMS cohort on a gene-wise basis (Fig. 4B).

Most outlier genes with either a high or low protein-to-RNA
ratio identified on the matched tissue analysis presented a
consistent ratio in the unmatched analysis (Fig. 4C, Spear-
man’s r = 0.79, p < 0.001). Where differences were observed,
this was usually down to a difference in the quantified protein
abundances level accompanied by a high coefficient of vari-
ation between samples, e.g., S100A8, S100A9 or AKR1C1.
This may reflect challenges associated with protein quantita-
tion using a shotgun proteomic strategy and our stringent
approach using only uniquely identified peptides for protein
quantification. We, therefore, conclude that for most of our
outlier genes, the protein-to-RNA ratios identified in EAC are
robust.

Exploring Tissue Differences in Protein-to-RNA Expression
Ratio

Previous reports from analysis across a range of normal
human tissues suggest that protein-to-RNA ratio is both a
surrogate of translation rate and is gene intrinsic. It has been
proposed that protein-to-RNA abundance ratio, although
widely variable between genes, is preserved for a specific
gene across multiple tissue types (50-52). We used two
external datasets of tissue-matched RNA and proteomic
analysis, the GTEx consortium dataset, and the Wang et al.
dataset to evaluate the protein-to-RNA ratio of outlier genes

identified in our analysis of EAC in normal squamous esoph-
ageal tissue.

Outlier genes with consistent protein-to-RNA ratios across
both matched and unmatched EAC cohorts demonstrated
significantly different protein-to-RNA ratios in normal squa-
mous esophageal tissue in both the Wang et al. data (Fig. 4D)
and the GTEx data (Fig. 4E). Despite disparate experimental
strategies and quantitative proteomic methods between these
two large-scale studies, the protein-to-RNA ratios for outlier
genes were well correlated between studies (Fig. 4F, Spear-
man’s r = 0.71, p <0.001). This raises the possibility that there
are EAC-specific mechanisms of posttranscriptional control of
protein abundance at least for these outlier genes.

Several outlier genes (KRT5, ANXA1, SPRR3, S100A8, and
S100A9) demonstrated lower RNA expression in EAC when
than the normal esophageal tissue while still being highly
expressed at the protein level in both tissues. RHNO1 was
also demonstrated to have very low RNA expression in EAC,
leading to very high protein-to-RNA ratios in comparison with
normal tissues.

In contrast, when comparing the EAC data with the external
normal squamous esophageal data, other dysregulated
genes, including TAOK2, MAPKAPKS, and HIGD2A, appear to
have a higher protein abundance in EAC than normal squa-
mous esophageal tissue while presenting similar transcript
expression levels.

Exploring Changes of Protein to RNA Expressions Across
Tissues

We next compared protein-to-RNA ratios for outlier genes in
matched and unmatched EAC cohorts and the wider range of
normal tissues assessed in the GTEx and Wang et al. studies
to determine if these findings were generalizable to other
normal human tissues.

To shortlist 45 genes, we employed two distinct thresh-
olding criteria based on the combination of RNA intensities
and protein abundances in tumor samples. These thresholds
allowed us to capture a comprehensive set of genes,
demonstrating significant differences in RNA and protein
expression levels in tumor tissues.

The protein-to-RNA ratios across EAC and multiple tissues
for several outlier genes are summarized in Figure 5. We focus
on genes with extreme protein/RNA ratios or that display
significant differences in expression between tumor and
healthy tissues. To further explore the potential deregulation of
protein from RNA abundance during the development of EAC
from Barrett’s, genes associated with intestinal differentiation
or Barrett’s esophagus (AGMAT, HMGA1, EPHB2, OLFM4)
(33) were also included in Figure 5.

The striking finding is that the protein-to-RNA ratio is similar
for each gene across a wide range of normal tissues, in
keeping with prior reports that this is a gene-intrinsic property.
In contrast, however, in our analysis of EAC, there are widely
different protein-to-RNA ratios that are consistent between
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Fic. 5. Distribution of protein-to-RNA ratios for outlier genes across normal tissues and EAC. The genes included in this figure are the
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EAC, esophageal adenocarcinoma.

matched and unmatched cohorts for several outlier genes,
suggesting this property is not gene-intrinsic for these genes
in EAC.

For the genes previously reported to be associated with
intestinal differentiation or Barrett’s esophagus (HMGAT1,
EPHB2, and OLFM4) the protein-to-RNA ratios were similar
between normal tissues and EAC, suggesting regulation of
protein abundance is constant for these genes during the
development of EAC from Barrett’s esophagus. AGMAT,
however, has a higher protein-to-RNA ratio in EAC than a
wide range of normal tissues, suggesting this regulation
may be altered during Barrett’s carcinogenesis. We previ-
ously demonstrated that AGMAT was significantly overex-
pressed at the protein level in EAC compared to the patient-
matched normal squamous esophagus and gastric tissue
(Fig. 2), and AGMAT has recently been described with a role
in cancer by promoting tumorigenesis via MAPK signaling
(53). Together, these data confirm AGMAT is overexpressed
in EAC, and we propose this overexpression is post-
transcriptionally controlled. Further work is required to

understand the mechanism and the role of AGMAT in EAC
development.

Dysregulated Protein-to-RNA Ratio is not Driven by
Somatic Mutation

EAC is associated with a significant tumor mutational
burden (54), and so we next sought to determine if the somatic
mutation was correlated with posttranscriptional changes in
protein abundance for the outlier genes. Somatic variants
were only detected in 15 of the 45 outlier genes, with only 13
of them presenting amino acid changes and the mutant allele
frequency ranged from <1 to 3% (supplemental Fig. S7). This
low rate of somatic mutation, affecting less than 3% of the
total population despite high tumor sequencing coverage,
suggests somatic variants are not the driver of the protein-to-
RNA expression ratio changes for these outlier genes. We,
therefore, conclude the EAC-specific posttranscriptional
change in protein abundance revealed for the outlier genes is
driven by an alternative mechanism.
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DISCUSSION

In this study, we describe the expressed protein landscape
in EAC and matched adjacent normal tissues from 23 patients
undergoing surgical resection for locally advanced disease
and describe the relative expression of at least 5879 proteins
in these tissues. To our knowledge, this represents the largest
characterization of relative protein abundances in EAC in the
literature to date. In keeping with other published shotgun
proteomic studies, the majority of proteins were only identified
in a subset of the 23 patients. This may reflect a combination
of low proteome coverage, an intrinsic limitation in the
shotgun proteomic strategy, and interpatient heterogeneity.
Despite this, we gain valuable new insights into the expressed
protein landscape in this cancer.

We once again confirm EPCAM as highly expressed relative
to surrounding normal tissues and have previously validated
the EAC-specific expression of EPCAM (13). We also identi-
fied several RBM protein family members as demonstrating
EAC-enriched expression, including RBM3. In support of this
finding, RBM3 has been previously implicated in cancer and
reported to be overexpressed in esophageal and gastric
adenocarcinoma with particularly high expression in those
cancers with a background of intestinal metaplasia (55, 56).

We report several further proteins with EAC-enriched
expression, some of which are novel but others (INTL1,
VIL1, OLFM4, REG4, and ANXA13) have been previously
described as expressed selectively in intestinal tissue or
goblet cells, a histological marker of intestinal differentiation.
We propose this may reflect the origin of EAC from glandular
metaplasia of the esophagus. We further identify and validate
the EAC-enriched expression of GPAS33 in a third of patients
with EAC and the overexpression of IGF2BP1 in 10% of pa-
tients with EAC. The limited expression of GPA33 in patient-
matched normal tissues provides a compelling basis for
further development of this as an EAC biomarker for imaging
and cancer detection or development as a therapeutic target.
GPA33 has previously been demonstrated to be highly
expressed in gastric and colorectal cancer and human anti-
GPA33 antibodies are being evaluated as immuno-
oncological treatments (57-59). Early phase clinical trials of
monoclonal anti-GPA33 showed good safety and tolerability
(60), while other clinical trials investigating novel anti-GPA33
antibodies in colorectal cancer are ongoing (NCT02248805).

Although we did not identify any background normal
squamous expression and only limited nonspecific gastric
mucosal expression of GPA33, two cores from normal lymph
nodes across our validation TMA cohort demonstrated some
scattered GPA33-expressing cells, presumed to be lympho-
cytes (supplemental Fig. S4). A recent study has confirmed
GPAS33 expression in a subset of CD4-positive T-regulatory
cells with an immunosuppressive phenotype, which would
support our findings (61). The role of these cells in cancer
remains to be determined.

We further extended our analysis to seven patients in this
cohort by quantifying RNA expression by RNA-seq in the
same EAC tissues subjected to quantitative shotgun prote-
omics. We initially explored the correlation between protein
and RNA abundance in this tissue. The changes in expression
between protein and RNA abundances and how they are
regulated as part of normal tissue homeostasis are still being
delineated (62) and are only recently being evaluated in ma-
lignancy (63). However, it is clear that both protein degrada-
tion and synthesis pathways can be tightly regulated (64). The
former through post-translational modifications of proteins
targeting them toward proteasomal degradation and the latter
arises through post-transcriptional regulation decorrelating
RNA and protein abundances. Mutation, copy number varia-
tion, and epigenetic modification are well established to
modify protein abundances, and regulation of protein abun-
dance via posttranslational or posttranscriptional pathways is
likely another exploitable mechanism.

The combined analysis of protein and RNA expression in
tissue-matched EAC patients revealed two groups of outlier
genes with either high or low protein-to-RNA expression
ratios. We validated these findings by comparison of protein
abundance in EAC from our full proteomic cohort of 23
patients with RNA abundance from 264 EACs. We demon-
strate a moderate to good correlation (above 0.5 and below
0.9) in protein-to-RNA ratios between the matched and
unmatched cohorts for these outlier genes, suggesting our
cohort of seven patients was a representative sample of
EAC.

We next sought to determine if the protein-to-RNA ratios
observed for the outlier genes in EAC were consistent across
other tissue types, and therefore a gene-intrinsic phenome-
non, or if these findings were solely observable in EAC, a
tissue-specific phenomenon.

There have been two significant efforts to study the corre-
lation of RNA and protein abundances in normal tissue: the
GTEx project (24, 25) and the Wang et al. (23) dataset. We
used the available raw data from these studies to evaluate
protein-to-RNA ratios across normal tissues for our outlier
genes and found protein-to-RNA ratios to be well correlated
between these studies. Protein-to-RNA ratios for the EAC
outlier genes were similar across a wide range of normal hu-
man tissues in support of the previous reports that protein-to-
RNA ratio is gene intrinsic.

To our surprise, several outlier genes had very consistent
protein-to-RNA ratios across both matched and unmatched
EAC cohorts but demonstrated significantly different protein-
to-RNA ratios across all the normal tissues assessed in
GTEx and Wang et al. studies. We conclude that for these
genes, protein abundance is controlled by a post-
transcriptional mechanism, which is altered in EAC. This offers
a potentially cancer-specific targetable mechanism and is
worthy of further exploration.
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Outlier genes were associated with several pathways
including those involved in mitochondrial function and the
p38/MAPK signaling cascade. Both SLC25A30 and PTBP2
are described to influence mitochondrial function and promote
cancer cell proliferation (65, 66). Prior work has suggested
S100A9 is downregulated in the progression from Barrett’s
metaplasia to EAC but this only assessed expression at the
mRNA level (67), in contrast in a further study, the protein has
been found to be overexpressed in EAC in comparison to
Barrett’s tissue samples and upregulated in serum in patients
with EAC (68). Our findings further support these data and
emphasize the importance of evaluating protein abundances
directly.

Both MAPKAPKS and TAOK are members of the p38 MAPK
signaling pathway, which has a well-established role in
oncogenesis and is a potential therapeutic target (69, 70).
HIGD2A is upregulated in response to hypoxia (71), a likely
feature of the tumor microenvironment. It is possible, for these
outlier genes, post-transcriptional regulation of protein abun-
dance differs in EAC. It is not clear if these effects are unique
to EAC or more broadly represent a property of malignant or
diseased tissue. For selected candidates, altered post-tran-
scriptional regulation may offer a tumor-specific property that
could be exploited for diagnosis or therapy.

AGMAT was demonstrated to have a high protein-to-RNA
ratio in EAC and a significantly lower protein-to-RNA ratio in
other normal tissues. AGMAT was also overexpressed at the
protein level in EAC compared to both patient-matched normal
squamous esophagus and normal stomach. Based on these
data, we propose that the mechanism of overexpression of
AGMAT in EAC is posttranscriptional. The role of AGMAT in EAC
and the exact mechanism leading to protein overexpression are
worthy of further exploration in follow-up studies.

We have directly assessed global protein abundances in
EAC and patient-matched adjacent normal tissues in 23 pa-
tients but have only directly assessed RNA expression in the
same EAC tissue from seven of these patients. It is possible
our findings regarding protein-to-RNA expression ratio in EAC
were limited by statistical power. For this reason, we evalu-
ated RNA expression in a large external cohort of 264 EACs
and compared it with protein abundances from our cohort of
23 patients. In support of our findings, there was an excellent
correlation in protein to RNA expression between patient-
matched and unmatched cohorts.

We have also iterated our proteomic methods across time in
collecting these data. From our previous proteomic study, the
largest source of biological variation was found to be inter-
patient heterogeneity rather than technical variation. To
address this, we used data from the maximum number of
patients rather than selecting those with a more homogenous
experimental strategy. In support of our quantitative proteo-
mic findings, many of our EAC-enriched proteins have been
previously published as upregulated in EAC and both GPA33
and IGF2BP1 were overexpressed in a very similar proportion

of our discovery cohort and the external TMA validation
cohort.

The use of diverse proteomic and transcriptomic methods in
both GTEx and Wang et al. studies has the potential to
confound our conclusions. However, we have applied robust
normalization to deal with batch effects and we have only
explored relative abundances to further limit the impact of
variable quantitative dynamic ranges. A good correlation was
achieved for these two studies when comparing outlier
protein-to-RNA ratios in normal squamous esophageal tissue
in support of these methods. The use of these large external
datasets provided the capacity to explore protein to RNA in a
wide range of tissues beyond that achievable using our
dataset. We caution that detailed validation of our findings is
still required for candidate genes, where we propose EAC-
specific posttranscriptional regulation of protein abun-
dances. If confirmed, however, this novel finding may provide
a tumor-specific targetable mechanism with potential appli-
cations in diagnosis and therapy. The identification of protein
products arising from the candidate genes examined in this
study can be accomplished using blood samples. According
to the human protein atlas, RBM3, TAOK, and AGMAT can be
detected using MS, GPA33 can be identified through prox-
imity extension assay, and S100A can be quantified using
immunoassay techniques.

We hold the belief that for this cancer, early detection is
likely to be best achieved via a luminal endoscopic or cyto-
logical technique. In the future, it is possible that the plasma
proteome may hold value once the luminal environment is
understood, biomarker candidates identified and verified as
tractable for the early disease detection, and these robust
biomarkers confirmed to be detectable in plasma.

In this study, we use proteomic methods to present the
landscape of protein abundances in EAC and matched adja-
cent tissues. We identify several EAC-enriched proteins and
externally validate GPA33 as overexpressed in a third of pa-
tients with EAC. Therapeutic trials are already underway using
GPA33-directed therapies in other cancers, and our finding of
EAC-specific expression of this cell surface protein in a sig-
nificant proportion of patients provides evidence to extend
trials to consider patients with EAC.

We provide the first combined global analysis of protein and
RNA expression in EAC and identify several novel genes with
high or low protein-to-RNA expression ratios, suggesting the
decorrelation of RNA and protein abundance. We further
confirm these findings are specific to EAC for several candi-
date genes by undertaking a combined analysis of protein and
RNA expression across multiple normal tissue types using
external datasets and confirm these genes are not dysregu-
lated by somatic mutation. We finally identify AGMAT as
overexpressed at the protein level in EAC compared to adja-
cent normal tissues and identify the mechanism of over-
expression as post-transcriptional which, due to its EAC
specificity, may offer a targetable vulnerability.
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